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FOREWORD
This volume is a combined proceedings of the Invited Talks
delivered at the DAE Solid State Physics Symposia held at Indian
Institute of Technology, Madras during December 19-22, 1989 and
at Bhabha Atomic Research Centre, Bombay during January 1-4,
1991. It consists of two parts. The Part I and the Part II of
this volume constitute respectively the Volume 32 A and the
Volume 33 A of the series of the proceedings of the Invited Talks
presented at the Symposia.

Part I

This volume (32 A of the series) is the proceedings of the invited
papers presented at the 32nd Symposium on Solid State Physics sponsored
by the Basic Sciences Committee of the Board of Research in Nuclear
Sciences, Department of Atomic Energy at Indian Institute of Technology,
Madras, Dec. 19-22, 1989. The proceedings of the contributed papers
(Volume 32C) were brought out at the time of the symposium itself.
The inaugural function of this symposium was presided over by Dr.
R. Chidambaram, Director, BARC. The inaugural address was delivered by
Prof. V.G.K. Murthy, Dean, Academic Research, I.I.T. Madras.
410 participants registered in this symposium, which is a record for
the SSP Symposium, held outside Bombay. Six invited talks, nine seminar
talks, six thesis talks, 25 oral contributed papers and 345 poster
papers were presented at the Symposium.
Besides one informal group
discussion session on Cold Fusion was also held. The summing up was
done by Prof. R. Srinivasan.
In organisation of a symposium of this magnitude, enthusiastic and
willing help of a large number of colleagues at BARC and Madras was
received. I am grateful to all of them. My special thanks are due to
Dr. S.C. Gupta, Scientific Secretary of the symposium and Shrl M.R.
Balakrlshnan, Head, Library & Information Services Division at BARC,
Bombay for timely preparation of the Proceedings of the symposium. The
local arrangements, which were excellent, were ably managed by the team
led by Prof. R. Srinivasan (Local Convener). My special thanks to them
also.
Finally, I should like to thank Dr. R. Chidambaram, Director, BARC
and Dr. B.A. Dasannacharya, Director, Solid State and Spectroscopy
Croup, BARC for their guidance at all stages of the organisation of this
symposium.

(S.K. SIKKA)
Convener
Solid State Physics Symposium Committee
Trombay
Feb. 15, 1991
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Part II
The symposium held at Bhabha Atomic Research Centre,
Bombay was inaugurated by Dr. P.K. Iyengar, Chairman, Atomic
Energy Commission. There were 325 registered participants at the
symposium. The scientific programme of the symposium consisted of
7 invited talks, seminars on "Superconductivity" and "Neural
Networks", 14 thesis, 24 oral and about 250 poster presentations.
The proceedings of the contributed papers and abstracts of the
invited talks and seminars (Volume 33C) were brought out at the
time of the symposium itself and distributed to the participants.
The
originally
scheduled
invited
talks
by
Prof.P.R.Sarode, Prof. K.K.Srivastava and Dr. Debashish Chowdhury
were not presented. However , Prof.E.Fawcett of University of
Toronto, Canada gave an invited talk on "Inelastic Neutron
Scattering in Chromium and its Dilute Alloys". Dr. Anil Khurana
of University of Amsterdam, Netherlands gave an invited talk on
"Momentum Distribution Function in Strongly Interacting Fermi
Systems. Dr.M.Srinivasan of Neutron Physics Division, BARC, spoke
on "Cold Fusion ". Dr.G.Haridasan of Electronics Division, BARC
gave an invited talk on Neural Networks". The talk given by
Dr.Khurana could not be included in this volume. All the
remaining invited talks are included in the PART II of this
volume.
It is my duty to acknowledge the help and advice of the
Symposium Organising Committee during various phases of the
symposium. I am grateful to Shri M.R.Balakrishnan,
Shri
M.K.Raghavendra Rao and his colleagues of the Library &
Information Services Division for their untiring efforts in
meeting the deadlines of various printing schedules and bringing
out the proceedings of the symposium right on time.
I am very thankful to the members of the Solid State
Physics Division and High Pressure Physics Section but for whose
help and cooperation the local arrangements could not have been
done at such a short notice.The guidance and the advice given
from time to time by Dr.S.K.Sikka, Head, High Pressure Physics
Section and Dr. A.P.Roy, Secretary, Board of Research in Nuclear
Sciences is gratefully acknowledged.
I
am
very
grateful
and
sincerely
thank
Dr.B.A.Dasannacharya, Director, Solid State & Spectroscopy Group
and Dr. K.R.Rao, Head, Solid State Physics Division for their
constant encouragement, help and guidance in various aspects of
the symposium.
I am deeply indebted to Dr. R.Chidambaram, Director,
Bhabha Atomic Research Centre, Bombay for having consented to
hold the symposium in Bombay.

(K.R.P.M.Rao)
Convener
DAE Solid State Physics Symposium
BARC, Bombay
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NANOCRYSTALLINE

SOLIDS

G. Amarendra
Materials Science Division
Indira Gandhi Centre for Atomic Research
Kalpakkam 603 102, Tamil Nadu, India

Abstract

Nanocrystalline
solids are poly crystal line materials wherein the
grain size is of the order of few nanometers.
Nanocrystalline atomic
structure
consists of ordered crystalline
grains and disordered
interfaces in equal proportions,
giving rise to many novel physical
properties.
In the present talk, various aspects of nanocrystalline
materials are reviewed.

Introduction
Nanocrystalline
or nanophase solids consist of
polycrystals,
whose grain size is of the order of few nanometers (typically /v W
nm) [1,2J.
A schematic figure of nanocrystalline solid is shown in
Fig. 7.
As can be seen from the figure, the atoms within the
crystalline
grains are having crystalline order, while the atoms ^in
the interfaces or grain boundaries are located randomly or in a
disorderly
way.
Identifying
one interface with each of
the
crystalline grains, there will be about f**> W
interfaces/cm .
Due
to this large number of interfaces,
the chemical activity of these
materials is very high.
Detailed high resolution electron microscopy
and x-ray scattering
studies have revealed that the atoms in the
interfaces
are located in a gas-like disorder.
Thus in nanophase
structure,
the order due to crystalline grains and disorder due to
interfacial
atoms coexist together in equal footing.
As will be
discussed later, this aspect has interesting bearing on the physical
properties of these materials.

Preparation

of Nanocrystalline

Solids

Inert gas condensation,
i.e., evaporation of the material of
interest,
in inert gas environment,
is the standard method used for
synthesising the nanophase materials. A schematic of the experimental
set up is shown in Fig.2.
It consists of a UHV chamber with a
centrally
located liquid nitrogen
cooled cold
finger.
After
evacuating the chamber to UHV conditions,
very pure helium gas in the
pressure range 0.3 to 1 KPa is let into the chamber.
The sample kept
in a crucible is heated upto a high temperature to produce
required
vapour pressure.
The evaporated atoms are transported to the cold
finger by the aid of helium gas atoms and then they condense on the
cold finger.
After pre-determined
time of evaporation,
UHV is
restored in the chamber and the nanophase powder on the cold finger is

- 2 -

Fig. 1 Schematic
representation
of
atomic
arrangement
in
nanocrystalline
state.
Filled
circles represent
atoms
belonging to crystalline grain and open circles represent atoms
associated
with interfacial or grain boundary regions [After
Ref. 1,2].

SCRAPER
TiQUlO N2

\ /FUNNEL

PUMPS •«—

—n
COMPACTION
UNIT

Fig. 2

Schematic

sketch

of

inert, gas

condensation

chamber

[After
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removed by a scraper.
This nanophase powder is collected in a
compaction unit and is compacted in-situ under UHV conditions to form
pellets
with typical compaction pressure range of 1-2 GPa.
This insitu compaction is necessary in view of the large number of chemically
active interfaces.

Properties
The most direct means of characterising the nanophase
structure
is by high resolution transmission electron microscopy
(TEM),
which
provides
the grain size distribution and the average grain size.
Shown in Fig.3 is the grain size distribution
of nanophase
TiO
obtained using high resolution TEM [3J. Experimentally it is observed
that the average grain size of the nanophase material is dependent on
the evaporation temperature which determines the vapour pressure and
secondly, on the helium gas pressure during the evaporation.
Small
angle x-ray scattering methods have been used very effectively
in
obtaining
information about the nature of order prevailing
in the
interfacial regions. By calculating the x-ray scattering interference
function for various possible order/disorder for the interfacial atoms
and comparing
this with experimental interference function, it has
been found that the interfacial atoms do not exhibit even short range
order.
Figure 4 shows the measured
and computed
interference
functions of nanocrysta1line Fe of 6 nm grain size. The best fit with
experimental
data is obtained for the model with 6 nm
crystalline
grains with boundary or interfacial structure
consisting of four
atomic layers in which atoms are randomly arranged.
Some of the important physical properties of materials
measured
in nanocrystalline, glassy and crystalline state are shown in table I.
From table 1, it is evident that the underlying structure has clear
bearing on the physical properties of the material.
As can be
expected
from the relatively large number of loosely packed grain
boundary
atoms,
the density in nanophase state is lower than that of
crystalline and glassy state and this is clear from the Fe data. With
regard to saturation magnetization, which yields information about the
long-range magnetic order in the system, it is much lower in nanophase
form compared to crystalline and glassy state.
This will mean that
owing to the small grain size and large number of randomly
displaced
interfacial atoms, the net magnetization in the nanophase structure is
relatively less.
It is also seen that the specific heat in nanophase
state is enhanced compared to that of crystalline and glassy
state.
Detailed experiments performed on Cu with various grain sizes indicate
that the excess specific heat contribution decreases as the grain size
of the nanophase materials is increased.
Thus, it is expected that
the
vibrational and/or configurational
entropy effects due
to
interfacial atoms contribute to this enhancement of specific
heat.
The manifestation of the large number of Interfacial atoms with large
spatial relaxations' is clearly seen in thermal expansion
behaviour.
The coefficient
of thermal expansion in nanophase form of Cu (8 nm
grain size) is found to be very large compared to that of single
crystalline Cu. The most interesting aspect of nanophase structure i*
its profound influence on diffuslonal modes in the system.
Detailed
measurements
of tracer self-diffusion in Cu [5] have revealed an

200 -
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Fig.3
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Grain size distribution of as-compacted TiO- sample from TEH
data [After Ref.2],

10
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Fig.4 Comparison of the measured (solid line) and computed (dotted
line) interference functions for nanocrystalline Fe of 6 nm
grain size [After Ref. IJ.
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Table I Comparison OJ. ~ome of the measured physical properties in
nanocrystalline, glassy and crystalline state of material
[3,4]

Glass

Crystal

7.5

7.9

130

215

222

Fe

0.65

0.45

0.42

Cu

31

Self diffusion
Cu
(Activation energy
Kcal/mol)

13

47

Vickers
microhatdness

800

too

Property

Material

Density (g/cm )

Fe

Saturation
magnetization at
4 K (emu/g)

Fe

Specific

heat C

Nanocrystal

130-340 K (J/Kg)
Thermal expansion
coefficient
f 10-293 K (W ~6 K"

(Kgf/mm )
Compacted at
1.4 GPa pressure
at 700°C

TiO,

(12 nm
grain size)

(1.3 /
grain
size)

3001

NANOPHASE Ti O2

200

Fig.5

400
600
SINTERING TEMP,

WOO

Variation of average grain size as a function of sintering
temperature for nanophase TiO [After Ref.3],

600
100 1000
TEMP. (#C>

Fig.6

80(T

1200

1400

Vickers microhardness of TiO. measured at. room temperature as a
function of 30 min sintering at successively increased
temperature [After Ref.2].

enhancement
of self-diffusivity by large .. .-..,,
.it^d'e compared
to lattice diffusion.
Conventional grain to...
....•:
.-d diffusion,
operative in the case of polycrystalline .^:c = ;.-.I ;^ ^till inadequate
to explain this large increase in self-d i cfusivit i:
The connective
network of short diffusion paths, due to large r:ni>er of interfacial
atoms is expected to be responsible for this e -'r.?.-.~L I.*?,-:. .
Lastly, we focus out attention on nanophase TW , which has been
subjected to variety of experimental studies [3].
Shown in the table
1 are the vicker's microhardness values for nar.ophase (12 nm) as well
as conventional polycrystalline (1.3 urn) TiO, matp.iil,
both sintered
at 700 C with 1.4 GPa pressure.
As can be seen, the microhardness of
TiO
ceramic is enhanced by a factor of eight in nanophase
state
compared to polycrystalline material.
The grain size distribution of
nanophase
TiO
is already shown in fig.3.
Figure 5 shows the
variation
of the average grain size obtained from TEM analysis as a
function
of sintering temperature.
It is also of interest to note
that unlike commercial polycrystalline TiO (rutile) powders
which
need polyvinyl alcohol as compacting and sintering aid, nanophase TiO3
does not need any sintering aid owing to its large number of clean
surfaces.
As can be seen from fig.5, as the sintering temperature is
increased,
the average
grain size of nanophase TiO
increases and
beyond
800 C
clear restructuring
of the internal grain
size
distribution
can be seen.
Figure 6 shows the variation of vikcers
microhardness
as a function sintering temperature for nanophase
TiO
(12 nm, grain size) and polycrystalline TiO (1.3 pm, grain size).
It
is evident from the figure that for any given temperature uptoiQOO C,
the microhardness of TiO in nanophase form is much larger than that
of polycrystalline
TiO .
Secondly,
for any desired
value of
microhardnessf
nanophase
TiOy can be sintered
at much
lower
temperatures
than that of polycrystalline
TiO
Thirdly, for the
nanophase
TiO material,
sintering aids are not required.
From the
materials
processing point of view these are clearly advantages
that
nanophase form offers.
Another
aspect of interest in fig.6 is the onset of change in
microhardness for nanophase TiO2 that is observed around 500°C.
The
increase
in microhardness
can arise from the reduction
in open
volumeness
or porosity of the material,
brought ribout by grain size
distribution.
However,
as is evident from fig.b, noticeable
grain
growth in nanophase TiO occurs only around 8Q0cc.
This will mean
that at much lower microscopic scale that cannot be detected or probed
by TEM, the restructuring is taking place.
Such changes in open
volumeness
of the material can be effectively probed by a defectspecific
technique like positron annihilation spectroscopy (PAS) [6J.
Figure
7 shows the variation of positron lifetime parameters
viz.,
intensity I and lifetime *C corresponding to the voids in nanophase
TiO , as a function of temperature.
Such large positron lifetimes**
400 ps, which are typically exhibited by vacancy clusters or voids in
materials
are expected
to arise from low density regions
of
interfacial grain boundary regions.
The intensity I of this lifetime
component
signifies
the concentration or the number density of such
regions.
As the temperature is increased,
I shows a decrease from
room temperature
onwards but most notable is its sudden
decrease
beyond
500 C.
This clearly implies that beyond 500 C
temperature,

- aT •-

NANOPHASE
12nm, 1.4 GPa

13pm,
1.3pm,002GPa

i 1
i
200

Fig.7

400
600
800
TEMP. (*C)

1000

Variation of resolved positron lifetime and intensity component
corresponding
to voids as a function of temperature in TiO,
[After Ref.3].

there is a noticeable grain growth that is occuring at
microscopic
scale that leads to minimization of the open-volumeness or porosity of
the material.
Such an information about changes in microscopic scale
can only be obtained from defect-specific and sensitive
tools like
PAS.
Thus an effective
combination of TEM and PAS can provide
valuable
information
about structural
rearrangements
in
these
nanophase materials,
providing an understanding of the influence of
structural order on the physical properties of the materials.
Conclusions
The
nanocrystalline
materials
owing to their
very
small
crystalline
grain size, exhibit very interesting properties.
This
field is in its infancy and even the very formation and the stability
of the nanophi-se structure is not well understood to have a clear
understanding
of its physical properties.
There is a lot of open
interesting problems in this exciting field that needs to be tackled
by a variety of experimental and theoretical techniques.
Acknowledgements
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Argonne National Laboratory,
USA for technical discussions and
encouragement.

-9-

References
[!]

R. Birringer and H. Gleiter, in "Advances in Materials Science s
Engineering", ed. R.W. Cahn (Pergamon Press, 1908)

[2]

R.W. Siegel and H. Hahn, in "Current Trends in the Physics of
Materials",
ed. M. Yussouff (World Scientific, Singapore, 1987)
p. 403

[3]

R.W. Siegel, S. Ramasamy, H. Hahn, Li Zongquan, Lu Ting and R.
Cronsky, J. of Mater. Research (1988)

[4]

R. Birringer, U. Herr and H. Gleiter, Trans. Jap. Inst. Met. 27_,
43 (1986)

[5]

J. Horvath, R. Birringer and H. Gleiter, Solid State Commun. 62,
319 (1987)

[6]

"Positrons in
Berlin, 1979)

Solids",

ed.

P.

Hautojarvi

(Springer-Verlag,

SMALL

METAL PARTICLES A N D THE IDEAL FERMI GAS
Mustansir Banna
Tata Institute of Fundamental Research
Homi Bhabha Road, Bombay 400 005, India

1. INTRODUCTION
In this paper, we are concerned with the electronic properties of small
metal particles. By 'small' we mean a particle of a size intermediate between
that of a few-atom duster and the bulk solid - with a radius roughly in
the range 5 to 50 Angstroms. More important than the actual numbers,
perhaps, is the fact that the sizes of interest are much smaller than the
typical mean free path of an electron in a bulk sample. This provides
an a priori reason to expect size effects to show up strongly in electronic
properties, and experiments show that they do.
The most important advance in this area in recent years has been an
experimental one. It has become possible to use mass spectroscopy to separate small particles of an exactly determined mass without contamination
by particles of dose-by mass /1,2/. This has proved to be a very significant
step because physical properties turn out to show oscillatory dependences
on the size. In experiments on samples with a spread of sizes, oscillations
are averaged out, and their effects suppressed.
A key experimental finding is the existence of shell effects - as typified by
the occurrence of magic numbers /1-3/. These represent conglomerates of
atoms which are especially stable. The stability is associated with the filling
of electronic levels, rather than with structural stability coming from atomic
close-packing. Magic numbers show up not only in relative abundances,
but also in physical properties such as the ionisation potential, electrical
polarisabiUty and resonant optical response /1-4/. These experiments also
provide indirect, but strong, evidence that dusters take on distorted, nonspherical shapes away from the magic cases. From the point of view of
the present paper - which is primarily concerned with sorting out the size

-in-

dependences of various energy scales - magic iiumbe.as t-Agnify that there is
a scale proportional to the inverse linear dimension of the particle. This is
because magic numbers are relatively evenly spaced as a fm?cfcion of N1^
rather than iV, the number of free electrons in the particle.
The simplest theoretical model of a small metal particle was first proposed by Kubo /5,6/. It consists of a number of noninteracting electrons
(an ideal Fermi gas) confined to a finite volume. This model is simplified
in several respects. It ignores band structure effects, electron-electron interactions and realistic surface potentials. But it does have the essential
feature of the problem, namely the fact of finiteness, built into it. As such
it is worth understanding in some detail. The advantage is that one can
hope for an analytical understanding of overall trends in the size dependence, thus complementing numerical studies with more realistic starting
points (e.g. self-consistent jellium calculations /7,8/ or cluster calculations
/9,10/). We will explore some consequences of the noninteracting electron
model in this paper.

2. GENERAL CONSIDERATIONS
Let us see what we can say about the Fermi gas model without any
calculation at all. Since we are modelling systems in which the fermionic
density does not vary too much as the size is changed (like nuclei, and
unlike atoms) it makes sense, in the first approximation, to assign a sizeindependent value Ef to the Fermi energy. If L is a characteristic linear
dimension and kp the Fermi wave-vector, the number of one-electron states
below EF} which is an extensive quantity, is proportional to (kpL)*. The
mean spacing between successive states is thus <— EpI^kpL)*. However, the
mean spacing between successive energy levels (each of which may contain
many states) may be quite different, as the degeneracy of a level near the
Fermi energy may grow with the size.
The mean level spacing, which we denote 6L{E), depends on the symmetries of the confining potential and also upon commensurability effects.
If the confimW region has an irregularly enough shaped surface, all degen-
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eracies are lifted, and in that case Si(E) is given by Epf{kpL)1 / 6 , l l / . At
the other extreme of regularity is an isotropic harmonic potential which is
adjusted to keep the Fermi energy constant as the number of electrons is
varied /12,13/. In this case, the degeneracy of a level near the Fermi energy
is of order (kpL)2 while the spacing between levels is of order Ep/kpL.
In between the irregular surface model which exhibits no degeneracies
at all, and the harmonic model with its extremely large degeneracies, are
confining potentials with intermediate symmetry. It is members of this
-class that are studied here. It turns out in such cases that there are two,
distinct size-dependent energy scales /14,15/. The inner scale is the mean
level spacing Si(E), which was considered above. Besides, there is also
an 'outer' energy scale A which describes an oscillatory structure in the
density of states, on a scale which includes very many levels. A varies as
Ep/kpL, and is the energy scale which makes contact with the experimental observation of magic numbers and concommitant shell structure. An
interesting consequence of having two distinct energy scales is that there
are three regimes of temperature T. (i) If T is larger than A (but still much
smaller than Ep), all oscillations are washed out, and normal metallic behaviour results, (ii) If T is of the order of or smaller than A, but larger
than 6, the inner scale structure is averaged out, but not the outer scale
oscillations. The system is metallic insofar as there are very many states
within an energy T of the Fermi energy. However the shell-structure ripples
in the density of states have observable effects. We refer to this region of
temperature as the shell-metallic regime, (iii) Finally, if T is much smaller
than 8, energy levels above Ep are populated with an exponentially small
probability - giving rise to activated behaviour characteristic of a semiconductor.
3. THE MEAN LEVEL SPACING 6.
Consider an ideal Fermi gas confined in a finite region of volume V. We
will study two shapes - spheres and cubes. The motivation for studying
cubes is more theoretical than experimental, but as we shall see below both
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geometries are regular enough to display broadly similar characteristics on
both the inner (6) and outer (A) scales of energy.
The edge length of the cube is taken to be 2xL while the radius of the
sphere is (6x-2)l/*£.. With these definitions, a cube and a sphere with equal
values of L have equal volumes. Single particle states have energies given
by
Periodic Cube
2

v

»>«jr«r*=O f ±l,±2,---

(la)

Hard-walled Cube
D

n

** or z = 1, 2,3, ...

(16)

where ant is the location of the n'th zero of the /'th order spherical Bessel
function.
For the sphere, each distinct pair of the radial and orbital quantum
numbers (n, /) identifies a level. Each level is (21 + l)-fold degenerate, and
moreover both quantum numbers n and I depend linearly on kpL (as can be
seen, for instance, by using the Debye approximation for spherical Bessel
functions /12,16/). Since the number of states is proportional to (kpL)9
and there are ~ kpL states per level, the mean spacing between leveb must
be of the order of lj{kFLf.
A similar conclusion holds for the cube, but the argument is different.
From Eqs. la and lb we see that except for a constant factor, cL2 is given by
the sum of three squared integers. Degeneracies arise because it is possible
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for different sets (nx,ny,nz) to result in the same value of cL2. Now it is
known /17/ that the fraction of integers which can be written in at least
one way as the sum of three squares, approaches an asymptotic limit, 5/6.
Since each such integer corresponds to a level, the mean spacing between
levels is proportional to \jl?. Moreover, the degeneracy of each level must
be of order L in order to have an extensive total number of states.
How robust is the result 6i ~ EpftkpL)2, which we have seen holds both
for the sphere and the cube? Consider a rectangular parallelopiped with
sides 2icaL, 2r/3L and 2xyL. If the ratios a/fi} /3/-f and 7 / a are irrational,
it is not possible for distinct sets (nt,nv,nz)
to be degenerate. (We are
discounting the finite degeneracy coming from symmetry operations such
as an interchange of nx and nv or a sign change.) Consequently, in contrast
to the cube, no large degeneracies are possible, and the mean spacing varies
as l/(kpL)i in the incommensurate case.
What if at/fl, 0/j and 7/a are rational but not unity? We have investigated this case numerically, and find that, as with the cube, the mean
spacing varies as lf{kpL)2 for large enough values of kpL. But for kpL
lower than some characteristic crossover value, if the rational numbers in
question are close to quadratic irrationals, the mean spacing appears to be
~ lKkpLy. The crossover is being investigated at presei>u.
One might wonder whether the rational case has any significance at all after all, there are many more irrationals than rationals, and in that sense in
the 'space of shapes' (even if restricted to cuboids), rationally related sides
occur with zero probability. However, it may be argued that the shape
should not be chosen at random from the set of all shapes, but rather in
such a way as to minimize the energy. The most favourable shapes in this
sense are quite likely to be determined by rational ratios - for instance, the
relatively larger gap to the next excited level (~ 1/L2 in the commensurate case as opposed to —
- 1/L* in the incommensurate case) may indicate
larger stability. In this general form, the argument should apply as much
to ellipsoids (the presumed shapes of metal clusters) as to the rectangular
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boxea under discussion in the previous paragraph, but this assertion is yet
to be checked.
4. THE OUTER ENERGY SCALE A
Now let us turn to the outer scale fluctuations in the density of states.
The energy scale which characterizes these fluctuations is AL(E), which we
will see below, varies as Ep/kpL. These outer scale osculations are the ones
which relate to the shell effects and magic numbers seen in experiment.
A general theory for these oscillations in spectral properties was formulated by Balian and Bloch / 1 8 / and by Berry and Tabor /19/. Their results
can be generalized /14,15/ to study the finite temperature properties of the
Fermi gas, as sketched below.
The density p of fermions at temperature T and chemical potential ft is

±J

1

(2)

where i labels the one-electron states. For the regular systems under consideration here, i is specified by a set of quantum numbers denoted by m.
(For the box, m consists of the triad nx,ny,nz; for the sphere it consists
of the radial, and orbital quantum numbers n and I but there is an extra
factor of (21 + 1) in Eq. 2 to account for orbital degeneracy.) Let us recall
the Poisson sum formula of Fourier transform theory: if a function is evaluated at all integer points and then summed, the answer is the same if the
operation is repeated on its Fourier transform. On applying this result to
the sum over quantum numbers m we get

where r is the integer triplet {TX,TU,TZ).
(If the quantum numbers are
restricted to be positive, as for the hard-walled box and sphere, appropriate
step functions must be inserted before taking the Fourier transform).
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The principal advantage of Eq. 3 over Eq. 2 is that it provides a large
size expansion. To see this, notice firstly that the term with r = 0 gives
the familiar answer for the bulk or infinite volume limit. The other terms
contain m in the exponent, and since \m\ is typically of order of the size L
of the system, the exponent oscillates rapidly and contributes successively
less for larger values of r. Thus keeping just a few terms in the f sum gives
an accurate answer for large sizes.
Any particular term on the right hand side of Eq. 3 gives an oscillatory
contribution to the density, with a period proportioned to Ef/kpL\r\. The
longest finite period comes from |rj = 1, and corresponds to the energy
scale A.
For the periodic box the result is particularly simple and appealing
/14,15/. EVom Eq. 3 one finds that the right hand side just involves the
correlation function < alar > for the Fermi gas in the bulk. Thus, Friedel
oscillations in the bulk system get linked to oscillatory functions in the
density as a function of size.
Although both the cube and the sphere exhibit oscillations on the outer
scale A, the amplitude of oscillation depends on the shape. For kpL ^>
EF/T, the amplitude of oscillation dies down exponentially in both cases.
But for 1 < kFL < EF/T, the amplitude falls off as l/{kFL)2 for the cube
but only as l/(fc/?L)3/2 for the sphere.
Shell effects, namely oscillatory effects on the scale of A, remain appreciable so long as T does not exceed A. It is important to realize that
there are two ways in which shell structure can be probed: (i) as oscillations
in physical properties as a function of size (ii) as an oscillatory feature in
the density of states, for a fixed size. The experiments discussed in the
introduction provide striking evidence for type (i) oscillations. It would
be interesting to have evidence of shell structure from experiments in the
second category as well. A calculation shows that the imaginary part of
the dielectric constant C^UJ) shows pronounced oscillations as a function of
frequency /20/. But there does not seem to be unequivocal experimental
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evidence for such oscillations as yet.
However, the energy scale A does seem to show up in experiments on
Mie scattering, though as a line width rather than as an oscillatory feature.
Experiments show that the width T is inverse proportional to the radius
/21,22/. The reason for this, it has been argued /22/, is that F is inversely
proportional to the time r a ballistic electron moving with the Fermi velocity
vp takes to hit the wall. Since, r = Ax radius/vp, where A is a constant,
F should be proportional to (radius)"1 /23/. Notice that the linewidth T
determined thus is proportional to the outer scale of energy A.
5. CONCLUSIONS
For a Fermi gas confined in regularly shaped regions like a sphere or a
cube, there are two size-dependent energy scales of importance.
The inner scale 8 is the mean spacing between successive energy levels.
It is given by 6 ~ Ep/(kpL)7 for both the sphere and the cube. For cuboids
with irrationally related sides, 6 ~ Ep/(kpL)*. For cuboids with rationally
related sides, 6 ~ Epf{kpL)2 asymptotically, but there can be a crossover
to irrational-type behaviour at smaller valuer of hpL. The scale 6 governs
the very low temperature behaviour, which is semiconductor-like.
The outer scale A is associated with the shell structure that has been
seen in experiment. When 6 <C T < A, thermodynamic properties show an
oscillatory fluctuation around a smooth background as the size or energy is
varied. The period of the fluctuations is set by A for both the sphere and
the cube, but the amplitude is stronger for the sphere.
Existing experiments probe shell structure effects in physical observables
as the size is varied. While the associated energy scale A also seems to show
up as the linewidth of the Mie resonance, it would be interesting to have
experimental confirmation of oscillatory effects on the A-scale in the energy
spectrum of a system of a fixed size.
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DIMER MODELS A N D THEIR APPLICATIONS
IN STATISTICAL MECHANICS
Somendra M. Bhattacharjee
Institute of Physics, Bhubaneswar-751005
The uses of dimer models in describing the resonating valence bond wave function, and the two dimensional commensurate-incommensurate phase transition are
discussed.

I. INTRODUCTION
Dimer models were introduced in 1937 by Fowler and Rushbrooke/l/ to study
the behaviour of adsorbed diatomic molecules on a surface. Since then, such models
have been used to describle various physical processes. In this paper, we consider
only the close packed limit where all sites are occupied by dimers. The models and
the method of solution in two dimensions are discussed in section 2. In section 3
the use in resonating valence bond (R.VB) wave function is discussed. The critical
behaviour of the Kasteleyn model, an anisotropic model, is the topic of section 4
where its connection with the commensurate-incommensurate (CI) transition is also
discussed.
IL MODELS
Take any lattice and put dimers that connect only nearest neighbour sites. We
would require that all sites are occupied by dimers and each site is connected to
one and only ont of its neighbours. If n is the energy of a dimer on bond b, then
the energy of a particular configuration (a "covering" of the lattice) is just the sum
of the energies of the occupied bonds. (See Fig. 1.) The stat. mech. problem is to
evaluate the partition function

Ztlcfet ~i

where z\> = exp(-ej/W) and AT* is the number of b type dimers. It is the geometric
constraint that leads to the nontrivial thermodynamic behaviour of these models.
The square lattice model of Fig. la is the one first solved by Kasteleyn/2/ and
Temperley and Fisher/3/. Later on, as an application of the general method/4/,
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Fig. 1 (a)The dimere (thick lines) on a square lattice. The energy of a dimer
on a bond in the x (y) direction is ex[€y). For this particular covering the energy
is 2ex + 6ey. (b) The Kasteleyn model on a brick lattice with energies as indicated.
In the ground state, all the dimere are on the vertical bonds.

Kasteleyn solved the br.c law
>. i uf Fig. lb. This is the Kasteleyn model to
be used in section 4 for the CI tiansit.on.
Dimer models can be solved exactly in two dimensions by the Pfaffian technique
as formulated in Ref.4. In this method the partition function is represented by
the Pfaffian (defined below) of an antisymmetric matrix whose size is equal to the
number of lattice points. The number of Pfaffians necessary to describe the partition
function depends on the genus of the surface, but in the thennodynamic limit this
number does not matter.
The Pfaffian of a 2n x 2n antisymmetric matrix A with elements a^, is defined

as
w,Vi

(2)

where (pi, pa, ...p2n) is a permutation of the integers (1,2, ...2n), and Sp is the parity
of the permutation. An operational definition is Pf[A) = (df(l)] 1 / 2
For the dimer problem, the matrix elements are the Boltzmann factors z%.
However, the signs of the elements have to be chosen properly so that the all the
terms in the expansion of the Pfaffian come with the same sign. Kasteleyn/4/
showed that this can always be done in two dimensions, making the 2-d model
exactly solvable.
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m . RVB: A QUANTUM CASE
We now show/5/ how the nearest neighbour resonating valence bond (NNRVB)
wave function/6/ can be represented by a matrix. The analogy is with the Slater
determinant for fermions.
Let us consider a square lattice with spin half particles at the lattice sites. Let
us form the singlets |0»y >= 4j(| \i\f> ~\ U\j>) where | |,> and\ | t > are the
up and down eigenstates at site i, and pair up all the nearest neighbours. For a
particular covering the wave function \i>a > will be the product of the occupied
singlets. The NNRVB wave function is then taken a s l 0 > = £ | ^ c r > i a l l with the
same coefficient, and the sum is over all the coverings a. We choose the convention
that in |0i/ >, the first up spin is always on the same sublattice./6b/ It transpires
that the Pfaman representation is the proper way of representing this wave function
because of the close analogy with Eq. (1). AB an example, we show the wave function
for a 2 x 2 lattice with free boundary condition.

Fig. 2. A 2 x 2 lattice. The arrows are used in the construction of the matrix
A. The RVB wavefunction is |0 >= |^ l 2 > |0 34 > +|0 M > 1^32 >•

We now construct an antisymmetric matrix A:

(

0

-0J2

012

0

0

-0a 3

0

-014
0
where the sign of the element {ij) is positive if the arrow in Fig. 2 is in the

direction [ij), otherwise it is negative. From the definition of Pf(A) it follows
that |0 >= Pf[A). Another way of checking is to calculate the determinant and
then take the square root. Jbr periodic boundary conditions, four matrices are
necessary for a complete description of the wave function, but as already said, in
the thermodynamic liini; of infinite lattice size, this number is not crucial.
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As an example of practical utility of this representation, I have used these
Pfaffians to estimate the normalization of the wave function, which according to
Ref. 6a is an important quantity containing many information. Such calculations
are best done using algebraic manipulators, since the matrix elements are vectors
and not scalars. My estimate is < ^|V> >= (2A7)MN for an M X N lattice in the
limit of M, N approaching infinity.
IV. PHASE TRANSITIONS: CLASSICAL CASE
The classical dimer models exhibit a variety of critical behaviour, with the
lattice structure apparently playing an important role. For example, the square
lattice model of Fig. la shows no phase transition. On the other hand, the 2-d
Ising model on any planar lattice can be solved by the dimer technique, meaning
that there are dimer models that belong to the Ising universality class. In fact,
there are dimer models that cannot be mapped to any Ising model and yet show
an Ising type behaviour with logarithmic divergence of the specific heat on the two
sides of the critical temperature. In contrast, the Kasteleyn model of Fig. lb has
zero specific heat on the low temperature side {T < Tc = ejklni) but has a square
root divergence as T —> Tc+.
The Kasteleyn model has been used in several different physical situations.
Here we just focus on the application in the 2-d CI transition. More details can be
found in Ref. 7 and references therein.
In the simplest uniaxial CI transition, the adsorbed atoms on a surface go from
a solid crystalline phase, whose structure is commensurate with the underlying substrate, to an incommensurate phase with a characteristic wavevector and algebraic
decay of correlation. In the uniaxial case, the incommensuration is only in one
direction. This phase is different from a liquid phase which has no characteristic
wavevector, and for which the correlation decays exponentially. In simple terms,
a liquid has no long range order but an incommensurate phase has. It has been
argued that the I phase near the transition consists of different C phases separated
by domain walls which, for the uniaxial case, run across the system in more or less
one direction. The average spacing of the walls is the characteristic distance one
observes in the I phase.
The isomorphism between the Kasteleyn model and the domain wall model for
the C-I transition comes from the identification of the excited states of the former
as the domain walls. This is easily seen by trying to shift one vertical dimer in the
ground state to a higher energy horizontal position. The basic constraint of one
dimer per site requires removal of another adjacent vertical dimer in the next row
and so on. These horizontal dimsrs can be connected by a line which goes across the
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whole lattice in the vertical direction. This line represents the wandering domain
wall. One can have more than one wall in the system and, since two dimers cannot
share a point, these waifs cannot meet just as one would need m the domain wail
picture. One, therefore, has an exactly solvable model for the CI transition. The
predictions regarding exponents have been verified experimentally./8/
Exact finite size scaling analysis/9/ and correlations/10/ show the anisotropic
nature of the model. Near the critical point, the relevant length scales diverges
differently in the two directions (i/y = l,vx = 1/2) unlike the isotropic divergence
[u = 1) for the Ising type models.
In the Kasteleyn model, as already mentioned, the walls wander without touching each other. However, in real systems one can have point dislocations where two
such line defects meet and annihilate each other. Such possibilities can also be
studied exactly by decorating the lattice for the Kasteleyn model./ll/ It is found
that the crjijcaj behaviour changes to the Ising type (Lathe C phase meJts to a.
liquid and not to an I phase) if both creation and destruction are allowed / l l / but
not if only one of them is allowed./12/
Kasteleyn type models can be defined in higher dimensions. The three dimensional model was defined by Izuyama and Akutsu/13/ to study the lipid bilayer
phase transition. The extension to arbitrary dimensions were done in Ref. 14, and
the analysis done there shows that d=3 is the upper critical dimension for such
models. These higher dimensional models can be viewed as anisotropic models of
lines wandering in d-dimensions. The role of defects can also be studied in any
dimension by properly decorating the lattice./12/ It is found that the transition
changes to the king type once point type dislocations are allowed.
V. CONCLUSION
We have shown how the dimer models can be used in describing the RVB wavefunction, thereby obtaining an estimate of the normalization in the therraodynamic
limit, and to understand the 2-d CI transition.
We pointed out the existence of the different universality classes in the classical
statistical mechanical problem. Unlike the magnetic systems, the lattice structure
seems to play an important role in determining the class. Precisely how and why
this happens remain an open problem.
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ELECTRONIC STRUCTURE OF INTERFACES
G.F. Das
Solid State Physics Division,
Bhabha Atomic Research Centre,
Bombay 400085
Introduction :
Condensed matter physics today i s undergoing a vigorous
i n t e r a c t i o n among b a s i c p h y s i c s , m a t e r i a l s s c i e n c e and
technology. The synthesis of new materials leads to the discovery
of new phenomena and new physical concepts, and that new devices
are invented from them. Semiconductors, metals, ceramics and more
recently polymers form the four corners of a 'tetrahedron' which
i s the building block of the present day materials science. The
connecting edges and faces of t h i s ' t e t r a h e d r o n ' represent
various solid-solid interfaces which are a r t i f i c i a l materials not
found in nature. Whether i t i s the bonding of metal overlayers on
ceramic s u b s t r a t e s ,
or the band offset
in semiconductor
heterostructures,
or the r e c t i f y i n g p r o p e r t i e s of metalsemiconductor contacts, or the behaviour of insulting interlayers
in microelctronic devices, everywhere one encounters interfaces.
The field of materials science and engineering today i s heavily
dependent on the novel properties of these heterojuctions and
s u p e r l a t t i c e s . Semiconductor s u p e r l a t t i c e s for example,
introduced by Esaki and Tsu / I / , are 'man-made' periodic
s t r u c t u r e s c o n s i s t i n g of thin a l t e r n a t e layers of two
semiconductors which may or may not have matching l a t t i c e
constants. In these periodic structures, the layer* thickness is
typically of the order of a few tens of angstroms (less than or
comparable to electron mean free path, but greater than the
interatomic spacing). With the advent of ultra-high vacuum,
remarkable improvements in thin film growth techniques, such as
molecular beam epitaxy (MBE) / 2 / and metalorganic chemical vapour
deposition (MOCVD) / 3 / , have been achieved and hence well
controlled growth of single crystal epitaxial interfaces is now
possible. To understand the exact microscopic physical picture of
a fully developed buried interface is a challenging task both
theoretically and experimentally.
Interfaces have certain
d i s t i n c t i v e features,
which are not encountered while
investigating bulk as well as surface properties. The unique
features of the interface are present only in a few atomic layers
of material, but the interfacial region will generally be covered
by an overlayer of many times this thickness. Consequently, many
of the sensitive and highly developed techniques appropriate for
surfaces may not be suitable for t h i s interesting class of
problems. Interface sensitive probes are in fact somewhat
specialized and have been used in the decade of eighties to
determine i n t e r f a c e geometry, coordination number of an
interfacial atom, interface relaxation etc. These techniques are
high resolution transmission electron microscopy (TEM) / 4 / , high
resolution Rutherford back scattering / 5 / , ion channelling and
blocking / 6 / , X-ray standing wave /!/,
X-ray interference
technique / 8 / e t c .
In s i t u photoemission and inverse
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photoeraission as a function of monolayer deposition can give an
indication of the electronic structure of an interface / 9 / , or
the existence of localized interface state /10/ e t c . More
recently, resonant three-wave-mixing spectroscopy has been
deployed / l l / to study electronic transitions in epitaxial
interfaces.
All these developments, in turn, have challenged present
theoretical understanding and have encouraged the development of
r e a l i s t i c t h e o r e t i c a l methods with which to analyze and
critically interpret this rapidly growing gamut of information.
I t is v/ell known that Hohenberg-Kohn-Sham /12/ density functional
theory is today the best tool for f i r s t principle electronic
structure calculations. Sophisticated combined theoretical and
computational approaches to solve these equations in a much more
exact fashion
(notwithstanding the various underlying
approximations) have been made possible due .to the enormously
increased power of the present day supercomputers. The most
appealing theoretical method for tackling solid-i-olid interfaces
may be one based on a self-consistent Green's function technique
e.g. along the lines suggested by Lambrecht and Andersen /13/,
that describes the two sides of the junction as semi-infinite
media. An alternative (simpler, but computationally heavier)
approach is to perform conventional band-structure calculations
for an i n f i n i t e crystal that is considered as made up of
"supercells", i . e . cells with a large number of atoms including
the buried i n t e r f a c e which are p e r i o d i c a l l y repeated ad
infinitum.
Such supercell calculations have been successfully
deployed for f i r s t principle investigation of semiconductor
heterostructures /14-16/ metal-semiconductor interfaces /17/ etc.
In any bicrystal formed by joining two solids,
the
electronic structure is perturbed locally ..ear the interface,
while i t reduces to that of the individual solids a few layers
away frora the interface. Due to charge transfer between the two
solids, an interface induced dipole is created leading to an
energy line-up of the two band structures. The dipole is defined
as the difference between the two asymptotic values of the
average p o i n t - c h a r g e p o t e n t i a l a t both s i d e s of the
heterojunction :
D = V(«) - v(-oo) .
For metal-metal contacts /18/, this problem is relatively simple
because both dielectric constants are infinite so that no longrange dipole can exist in the system; the two Fermi levels only
should align in order to ensure local charge neutrality. When one
of the two solids is a semiconductor or an inlsulator, the
macroscopic alignment of chemical potential is accomplished by
ionising impurity levels and thus establishing depletion layers
and associated band bending which occurs over a length scale of
several hundreds of angstroms, depending on the doping
concentrations. In case of semiconductor heterostructures, there
is a band bending on both side of the interface, 'upward1 bending
for n-type semiconductors and 'downward' bending for p-type
semiconductors. For metal-semiconductor interfaces on the other
hand, there is band-bending only on one (i.e. semiconductor)
side, the other side being a metal has a 'sea of electrons' upto
the Fermi level. The crucial parameters involved viz. the band

-28-

offset ox- the Schottky barrier height, are hov/rvur established
within a few atomic layers of the interface, and hence band
bending effect or depletion layer are unnecessary complications
for such investigations /19/.
In this paper we shall first outline the development of a
unified theoretical tool for handling such epitaxial interfaces
and then discuss how to extract some interesting interface
specific electronic properties e.g. (a) chemical bonding between
the two partners (which may be quite dissimilar electronically)
across an interface, (b) structure and geometry of an interface,
based on total energy and valence band offset calculations, (c)
Fermi level pinning and Schottky barrier formation in metalsemiconductor interfaces, (d) interface relaxations and localized
interface states, (e) orientation dependence of band offset and
Schottky barrier etc. The interesting physics which comes out of
the different types of interfaces will be explained with typical
examples like (a) GaAs/AlAs(110) as a prototype semiconductor
heterostructure (b) MgO/Ag(100) as a prototype ceramic-metal
interface (c) CaF2/Si(lll) as a prototype insulator-semiconductor
interface and (d) NiSi 2 /Si (111) as a prototype metalsemiconductor interface.
Method of calculation :
The self-consistent scalar relativistic band structure
calculations have been performed with the linear muffin-tin
orbital (LMTO) method /20/ and the LDA parametrization of Barth
and Hedin /21/. A LMTO is a Hankel function of kinetic energy K?
times a spherical harmonic in the interstitial region, and linear
combinations of radial Schrddinger -, or rather, scalar
relativistic Dirac solutions inside the Muffin-tin (MT) spheres
/20/. The matching at the sphere surfaces is continuous and once
differentiable. The conventional LMTO method is us">.d within the
so-called atomic sphere approximation (ASA), which form a singlekappa basis with K?=0 and in which the MT spheres are chosen to
be space filling (and hence slightly overlapping) Wigner-Seitz
spheres. The potentials and charge densities are spheridized
inside these spheres. However, in the eighties there had been
several new developments of the LMTO-ASA method viz. (a) the
tight-binding representation of the LMTO method (TB-LMTO) using
localized orbitals /22,23/ which is especially appropriate for
large systems with low symmetry and (b) full -potential LMTO
(LMTO-FP) methods /23-21/, which do not suffer from any shape
approximations in charge density or potential. The details of
these developements is out of scope for this paper and the reader
should refer to the literatures cited above.
As is usual, when the LMTO method is applied to open
structures like those of the zincblende type, numerical errors
are minimized by introducing so-called 'empty spheres' (Espheres) /28/ in the structure. These are atomic spheres, but in
contrast to those centered at the real atomic sites, the Espheres contain no nuclear charge. In bulk zincblende or fluorite
structure it is straight forward to identify the locations where
it is optimal to place the E-spheres. In the region of the
interface, the best choice of the E-sphere positions and sizes
requires i bit more detailed analysis. We have used /29/ the so-
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called "Mattheiss plot', which is nothing but cne contour plots
of the atomic Hartree potentials super- posed on the real
structure of the interface. Our calculations are based on
supercell geometry with two identical interfaces buried between
repeating slabs of solid 1 and solid 2. The size of the supercell
must be chosen so large that the central parts of the two halfcrystals reach bulk-like behaviour, apart from the spatially
constant contribution originating from the interface-induced
dipole. Normally the basis set includes s-, p- and d-partial
waves on all the sites, including the E-spheres (i.e. 9 orbitals
per sphere).
While the layer projected density of states (LP-DoS) , two
dimensional (2D) projected band structure, interface induced
charge redistribution, valence electron charge density, mapping
of localized interface states and above all the total and
interfacial energies carl all be obtained with high accuracy, we
are still struggling to calculate accurately the forces /23,30/
on the atoms at the interface, which are essential to know where
exactly do the atoms sit! Simulation of such unknown structure is
a challenging task ahead of the theorists. Five years ago, Car
and Parinello succeeded in performing the first, unified
molecular dynamics - density functional (MD-DF) calculation /31/.
Their method consisted of a number of clever techniques with the
help of which they were able to avoid matrix diagonalizations as
well as electronic self-consistency iterations at each step of
the ions. Unfortunately, many of these techniques are still
applicable only for calculations using plane waves and
pseudopotentials which are local in momentum space, and are so
far restricted to "60 atom supercells or clusters. Application of
MD-DF to broad band materials necessitates the hooking up of
LMTO, which will also increase its applicability to bigger
realistic systems of interest to the material scientists.
Semiconductor heterostructures :
Band discontinuity in a semiconductor hetero • junction i.e.
the difference in energy of the valence band maxima (VBM), is one
of the crucial parameters determining the behaviour of
superlattice devices, channeling diodes and staircase structures.
Because of the long range nature of Coulomb interactions, the
offsets depend not only on the properties of the two bulk
materials, but also on the electronic distribution at the
interface which in principle depends on t^e interface geometry. A
number of model theories have been developed which attempt to
predict the band lineups from information only on the bulks on
either side of the interface. The popular among them are those
based on (a) the alignment of 'charge neutrality level 1 , as
developed by Tejedor and Flores /32/ and1 later by Tersoff /33/
and (b) the 'dielectric midgap energy model introduced by
Cardona and christensen /34/. Even though such model theories
have achieved a fair amount of success in some cases, these rely
on certain untested assumptions and are by no means fool-proof,
because they do not take into account a complete description of
the electron redistribution at the interface. Therefore, selfconsistent supercell calculations have been performed /15,16/
using LMTO-ASA method for a number of nearly lattice matched
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semiconductor heterostructures. The valence band offsets,
AE V (A,B) = EV(B) - EV(A)
obtained from 'frozen potential calculation1 /15/ yield fairly
good agreement with experiment, as is seen from Fig. 1. The data
is also found to be consistent with the so-called 'transitivity
rule' :
&E V (A,B) + AE V (B,C) = AE V (A,C).
and the 'reciprocity rule1 :
&E V (A,B) + AE V (B,A) = 0
The charge transfer across the interface responsible for the
formation of the interface dipole is shown in Fig. 2a for the
GaAs/AlAs(110) interface, modelled by a (7+7) supercell
containing 56 spheres (including E-spheres) /15/. As the excess
electrons in the central layers on either side are almost zero,
it can be said to be bulk-like, which guarantees the cell-size
convergence. Fig. 2b shows the spatial variation of the potential
at the atomic-sphere surface, averaged within each layer, while
Fig. 2c shows the same for the VBM as obtained by applying
frozen-potential method layer-by-layer. The difference between
the VBM's of the two bulk-like central layers on either side
yields the band-offset of 0.53eV which agrees with the
experimental value of 0.55eV. Lambrecht et al /19/ have arrived
at the same value of band offset using their self-consistent
dipole approach where a restricted self-consistency of a single
parameter (viz. the •dipole1) is performed. This approach not
only saves a lot of computer time (by a factor of 10 or so, as
compared to Christensen's fully self-consistent calculations),
but also establishes a compromise between the semi-empirical
tight-binding approach /35/ and the fully self-consistent density
functional calculations /14,15/. Quasiparticle (GW) calculations
have also been performed /36/ on GaAs/AlAs(100) heterojunction,
which suggest a non-trivial many-body correction of about O.leV
to the value of the band offset calculated using LDA. At this
stage one may note that the (001) and (110) interfaces of GaAs
and AlAs yield more or less identical values of band offset.
However, such interface orientation independence shou.Td be taken
as an exception rather a rule. For non-common anion systems and
especially for non-isovalent systems, finite orientation
dependences have been observed /19/.
Metal-ceramic interface :
Such interfaces are very common to the metallurgists because
of their high technology applications in ceramic-metal
multilayers and composites, micro-chips with ceramic base,
electronic packaging industries etc. In each case, the interface
geometry and chemistry play an important role in determining the
electrical and mechanical properties of the system. Even though
most of the applications mentioned above are strongly influenced
by the properties of the interfaces, our basic understanding of
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expectation. A number of high resolution e l c M o n microscopy
(HREM) experiments have been performed to 'see' the exact
geometry of the interfaces between oxide ceramics like Al-,O3,
ZrO2, CdO, MgO etc. and transition or noble metals like Fe, "NI,
Cu, Ag, Nb etc. /37,38/. To interpret these experimental
results,
Fecht and Gleiter /39/. proposed a 'lock-in model1, according to
which "the orientation relationships
for which the closest packed
1
rows of the atoms at the
'surface
of
the metal crystals form a
'lock-in configuration1 with the valleys of the 'surface' of the
underlying ionic crystals". However, there are conflicting
experimental results which suggest that such simple minded
geometrical criterion is unable to provide the energy-related
information needed to interpret bonding and cohesion. Starting
from simple thermodynareic model /40/ to account for the observed
correlation between interface adhesion and f_ee energy of oxide
formation, some theoretical attempts, like the cluster
calculation /41/ and empirical tight-binding method /42/ have
been used to investigate model interfaces of AI2O3 with various
metals. In view of the obvious limitations of all these model
calculations, ab initio local density investigations were
initiated /43/ with MgO/Ag(100) interface. This system represents
one of the most extreme cases in terms of dissimilarity, because
it consists of two chemically rather inert partners, one a noble
metal with dominant free-electron-like character, and the other a
strongly heteropolar ionic insulator with large direct gap of
about 7.8eV. The choice of this prototype cubic-on-cubic
interface is also guided by the fact that it occurs with highest
frequency in epitaxy
and in sphere-on-plate sintering
experiments between many rock-salt structured oxides and fee
metals /44/. Epitaxy of Ag on MgO has been observed with (100)
orientation, which shows a well defined (1X1) LEED (low energy
electron diffraction) pattern. The lattice misfit between these
two constituents is about 3% and high resolution TEH studies
have, in fact, shown that misfit dislocations between such weakly
bonded partners are strongly delocaiized.
The first detailed ab initio electronic structure investigation
of MgO/Ag(100) interface has been performed by us /45/ using LMTO
method. The 3% mismatch between the two crystals is accommodated
by tetragonal distortion of Ag lattice (ao«4.086A) perpendicular
to the interface, leaving the stiffer MgO crystal (ao*4.212A)
undeformed. The supercell chosen for the calculations (Fig. 3a)
has tetragonal symmetry and contains two identical interfaces
separated by 10 atomic layers of MgO or Ag alternately. At the
interface, thete are three possible translation states of the
bicrystal (Fig. 3b) viz.(A) octahedral 'bridge1 position (B) Otop position (C) Mg-top position. From symmetry considerations it
is clear that the B and C positions correspond to the extrema of
the energy surface, while A may correspond either to a saddle
point or to an extremum.
Our calculations have been performed
for the configuration A {whose side view is shown in Fig, 3c) so
that subsequent pushing of the Ag atom towards B or c site will
reveal (from total energy minimization criterion) which
configuration is more stable. In fact we find the O-top
configuration to be energetically most favourable, in conformity
with Stoneham's prediction /4 6/ based on the image charge
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(b)

(e)

Fig. 3
(a) 10+10 supercell of MgO/Ag(100) interface (b) on* unit
cell of the interface (top view) showing the region in which all
possible translation states of the bicrystal are located (see text
for details) (c) ball-and-stick representation of the interface (side
view) for configuration 'A*. Code : white-0; black»Mg; grey-Ag.
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concept. A more accurate (but much more expensivel) LMTO-FP
(double-kappa and fully self-consistent) calculation performed
recently on this system /47/ reiterates the O-top position to be
most stable. This calculation further yields the interface
distance between Ag-plane and MgO-plane to be about 10% more than
the conventional value viz 2.105A that we get if the bulk Ag
lattice is continued to the MgO region. This 10% relaxation of
the interface should be taken into account for a more realistic
supercell calculation, which is now being pursued /47/.
LP-DoS (Fig. 4) show substantial changes at the interfacial
layers, reflecting new interactions across the interface. Metal
induced 'virtual gap states' appear in the band gap close to the
interface. We find a small charge transfer of the order of 0.1
electrons from the MgO valence band to the Ag-4s band (opposite
to what is expected!). In Fig. 5 the charges on the individual
layers are displayed. The largest deviations from the bulk are
found in the two interfacial layers, but we also find ripples
extending into the next few layers. Such oscillatory behavior of
the charge fluctuation has also been predicted by model theories
/48/.
A schematic view along [100] of the structure and the
electron distribution of the energetically favoured configuration
of the MgO/Ag interface is shown in Fig. 6. The bonding between
(100)MgO and (100)Ag is found to be essentially electrostatic;
covalent effects are felt to be small, as expected between a
noble metal and an oxide. For interfaces involving a polar oxide
plane e.g. (lll)MgO, ionic contributions are expected to be more
important. On the other hand, for interfaces between transition
metals (incomplete d-bands) and oxide ceramics, covalent
contributions will dominate over the electrostatic effects.
Similar calculations on various ceramic composites like SiC/AIN
etc. have been done by Lambrecht et al /49/
Insulator-semiconductor interface :
Technological interest in such interfaces centers around the
possibilities of three-dimensional integration and dielectric
isolation. In a MOS device the insulating oxide layer used to
isolate
the gate electrode from the semiconductor is usually
•rough1, resulting in a degradation of the carrier mobility. An
epitaxial insulator on the other hand can be atomically smooth as
demonstrated in the case of CaF2 on Si (100) or (111) (see Ref.
50 for a recent review). Such devices, referred to as MEISFET
(metal epitaxial insulator field effect transistor) are
particularly sensitive to interfacial perfection. Knowledge of
the interfacial atomic structure, coupled with an understanding
of how it affects the electrical properties of the interface,
will make possible the optimization of the device performance.
From a more fundamental standpoint, the CaFo/Siflll) interface
having a lattice mismatch of only 0.6% offers an excellent
opportunity to allow first principle investigation of th«
electronic structure and bonding between a polar and a non-polar
material. Over a range of a few A across the interface, the
character of the bonding changes from the ionic Ca-F bonds in the
insulator to covalent Si-Si bonds in the semiconductor. Tha
stoichiometry at the interface also should play a role in
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determining band alignment.
We have addressed ourselves to two distinct issues /51, 52/
viz. (a) the interfacial atomic configuration and (b) band
dispersion of localized interface states. Amongst various
structural models of CaF2/Si(lll) interface proposed (see Ref.
52, and the references therein) , the ones having Ca-Si bond at
interface with no interfacial Fluorine atom are the most favoured
and supported by core-level photoemission experiment /53/. Now
there are two such models (Fig. 7) viz. (a) Ca atoms on top of
the first Si layer, as advocated by Batstone, Phillips and Hunke
/54/ of Bell Laboratories on the basis of their HREM studies (we
call it BPH model) and (b) Ca atoms on top of the second Si
layer, as suggested by Tromp and Reuter /55/ of IBM from their
medium energy ion scattering (MEIS) experiment (call it TR
model). The Ca-Si bond length at the interface is between 2A and
2.2k in the BPH model and between 3.06A and 3.09A in the TR
model, the latter being similar to the Ca-Si bond length in
CaSi2/Si interface /56/. Computer simulation of HREM images have
been done /57/ to resolve the recent controversy as to which of
these two structures is correct!
The other alternative is to estimate the band offset between
CaF 2 (band gap 12.1eV) and Si (band gap l.leV). The
experimentally determined valence band offset varies between
7.0eV and 8.5eV /53/. Satpathy et al /52/ performed LMTO-ASA
supercell calculation (23 atoms including E-spheres) using 2.35A
bond length for both Si and CaF 2 (i.e. neglecting the 0.6%
mismatch) and obtained valence band offset of 7.2eV for BPH model
and 5.3eV for TR model. However, this calculation neglects the dorbital contributions, as is reflected in the band-gap of CaF?,
which they find to be 9.2eV (somewhat more than the LDA bandgap) . The calculation was therefore repeated /58/ with our TBLMTO-ASA package, including s-, p- and d-orbitals on all the
atoms. The band-gaps of bulk CaF2 and Si come out to be 7.3eV and
0.6eV respectively. We constructed the supercells of CaF2/Si(lll)
structures in trigonal basis (space group R3~ro) , with a (4+3) cell
(4 triple layers of CaF2 and 3 double layers of Si) i.e. 27 atoms,
for the BPP struc- ture and with a (5+3) cell i.e. 31 atoms for
the TR structure. The self-consistent values of the valence band
offsets obtained for the two structures are 6.77eV and 5.88eV
respectively /58/. The trend is same as that of the earlier
calculation /52/, in the sense that the BPP structure has larger
band offset. From the well-known drawback of the LDA viz. that it
underestimates the band gap by as much as 25-50%, it is likely
that the values of band offsets estimated by us, will also
increase significantly on including the quasiparticle self-energy
corrections. For CaF2/Si system, Satpathy et al /52/ estimated
this correction to be about 1.4eV on the basis of a simplified
electrostatic model introduced by Carlsson /59/. After adding
this self-energy correction, our calculated values for the bandoffsets agree with the experimental results; but still the fact
remains that on the basis of band-offset calculation alona, ona
can not discard either of the two abovementioned interface
models. In order to resolve this issue, it will be interesting to
pursue a LMTO-FP total energy calculation, which is difficult and
yet to be performed.
Turning now to the two dimensional projected band structure of

BPP
Model

(a;
Fig. 7
Structural models of the CaF^/Sitlll) interface. fa)
Model 'BPP' proposed by Batstone, Phillips and Hunke (Ref. 54)
with Ca atoms on top of the first Si layer; (b) model 'TR'
proposed by Tromp and Reuter (Ref. 55) with Ca atoms on top of
the second Si layer.
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Fig. 8
(a) Angle resolved photoemission spectra of CaF2/Si(lll)
interface (Ref. 10), showing dispersions of the two interface
states, viz. bonding state (filled circles, interpolated ty a
sinusoidal solid line) and antibonding state (estimated dispersion shown by dashed line, passing through the single data at rpoint). Tha projected bulk band structure is given by the hatched
areas, (b) Band gap structure of CaF2/Si(ill) interface showing
offsets of the bulk banas and the energetic location of the occupied and unoccupied interface states. The right column shows
a
schematic picture of the bonding between the perturbed Ca+(4s)
and Si{3p) dangling boi.ds, vhich give rise to the localized interface states.
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CaF2/Si(lll) obtained from our supercell calculation-, we find a
pair of interface bands, one occupied and the other empty /51/.
The dispersion of the interface bands is in general agreement
witn the angle resolved photoemission (ARPES) studies (Fig. 8a)
/10/, which is one of the very few in situ experiments done til?
now for gauging the interface state. Taking into account tnt
corrections over LDA results, we find the energy separation
between the pair of interface states at the r point to be <2.0eV
for the BPP model and 2.6±0.2e-V for the TR model /51/; the
corresponding experimental value is 2.4eV, as reflected in the
strong peak in the resonant three-wave mixing signals /ll/. This
peak at 2.4eV is assigned to the transition at interface band gap
i.e. from the unoccupied to the occupied interface state (Fig.
8i>) . In a localized picture, the interface states may be
considered as arising from hybridization of Si(3p) dangling bond
and perturbed Ca+(4s) orbitals at the interface for Ca atoms at
high-symmetry sites. The bonding combination lies approximately
lev below E F (supported by the ARPES measurement of Ref - 10} ,
while the antibonding combination should be positioned about an
eV or so above Ep /ll/. Further studies of the electronic
structure of this prototype insulator on semiconductor are in
progress.
Metal-semiconductor interface :
The Schottky barrier (SB) height is a key quantity for the
description of the electronic structure of a metal-semiconductor
interface /60-63/. We define the (p-type) SB height ($) as the
relative position of the Fermi level (EF) of the metal relative
to the valence band maximum (Ev) of the semiconductor. In spite
of a la: :c number of extensive theoretical and experimental
studios /64-66/, a microscopic understanding of the mechanism of
i-T; formation is still elusive. The epitaxial (111) interface
• tv.ian si and NiSi2 (which has the best lattice matching amongst
all 3ilicon-silicide interfaces /67/), serves as model system,
b-cause it is atomically abrupt and the interface structure is
*el; characterized. TEM studies / 4 / and ion-channeling experiment
/6/ unambiguously show that the Ni at the interface is 7-fold
coordinated,
unlike a closely related interface viz.
CoSi2/3i(ill) where there is an experimental controversy between
5-fol<: and 8-fold coordination. Recently, both cluster
i;aiculjaon /68/ as well as total energy calculation /69/ have
i.cen i> Jii^imed to conclude that 7-fold coordinated structure is
favoured for NiSi2/si and 8-fold for CoSi2/Si. The interest in
this particular system stems from the fact that two distinct
interface orientations called type A and B, related by a 180°
rotation of NiSi2 with respect to Si about the interface normal
(Fig. 9 ) , exhibit different SBH's /70, 71/. The p-type SBH's for
A- and B-type interfaces are found to be 0.48eV and 0.34e\
respectively.
Model theories (see Ref. 72, and references therein) which
derive the SB from bulk properties alone cannot predict any
difference between A- and B-type (111) NiSi2/Si interfaces. X-ray
standing experiments /!/ indicate that both these two interfaces
are slightly contracted but by different magnitudes /73/ and
there has been attempt /74/ to justify the 0.14eV difference in
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N1S12
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Fig. 9
The structures of the NiSi2/Si(111) A-type and B-type
interfaces (filled circles represent Ni and open circles Si
atoms) . In both, the Ni atom at the interface is 7-fold coordinated, but they differ in next-nearest neighbor coordinations.
B-type structure has a 180° twin at the interface.
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terms of this different structural relaxations. On the other
hand, the stacking fault induced relative dipole in the Binterface relative to the A-interface has been advocated by Yeh
/75/ to be the cause of this difference. A first principle
theoretical treatment which allows one to study this orientation
dependence of SB heights was still missing, until we embarked
upon the task /76,17/ using our LMTO supercell approach. We took
large supercells which consist of 8 triple layers of Nisi, and 6
double layers of Si. The small (0.46%) lattice mismatch between
Si and Nisi 2 is neglected and to start with, no interface
relaxation is taken into account. The valence electron charge
densities in the (110) plane are shown in Fig. 10. The two
dimensional projected band structure (Fig. 11) for A-type shows
an interface band, crossing the Fermi level (which we also see
for the B-type) , in the common gap of bulk Si and bulk NiSi 2 .
This interface band originates from previously unoccupied
antibonding states between • Ni-d and Si-sp3 orbitals. Since Ni
loses one of its Si neighbours at the interface, one such bond
becomes dangling into the interstitial region and partially
occupied. In situ photoemission study (like that of Ref. 10
performed on CaF2/Si interface) should be carried out in order to
observe these interface bands.
For calculating the SB height $=Ep-Ev, we introduced a novel
dipole concept /29/, which relates * to a reference *°
(difference between the E F of bulk NiSi 2 and E v of bulk Si) and
an appropriately defined one dimensional interface induced charge
distribution
AQ. By solving the Poisson equation for AQ, we
obtain the interface induced potential A V and hence the dipole
D. The resulting Sshottky barrier *=*°+D for the A-interface
(after correcting for the finite k-mesh) is 0.14eV and that for
the B-interface is almost zero. The difference in the dipole <SD =
0.14eV between the A- and B-type interface reproduces the
experimentally observed difference in * /70,71/. The physical
origin of this difference in SB heights has been shown by us for
the first time /17/, to be due to the different screening of the
partially occupied interface state in A- and B-type structures.
This is clear from the potential profile (Fig. 12) for B-A
difference of the screened interface states. The interface states
are thus screened more efficiently in the A-type than in the Btype- .This may be related to the fact that the lines of [111]and [111]-bonds running in the [110] direction continue across
the A-interface, but break at the B-interface (see Fig. 10) .
Another manifestation of this aspect can be seen in the
calculation of transport coefficients across the A- and Binterface /77/, which shows that A-type has higher transmission
coefficient as compared to the B-type.
The absolute values of
the SBH's obtained by us are however 0.4eV too low compared with
experiment and is rather insensitive to (a) LDA band-gap
corrections (b) different parametrizations of local exchangecorrelation potentials, and (c) interface relaxations (see
References 29 and 78 for a detailed discussion of all these
points).
The last point in particular requires some clarification, in
view of the confusion which exists in the literature on the
effect of interface relaxation on SBH /74/. XSW technique as
applied to N i S i 2 / S i interfaces / 7 / yields the correct
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Fig. 11 Two-dimensional band structures of (a) the A-type interface and (b) B-type interface. The localized interface bands are
shown as dashed curves. They were derived from the 8+6 supercell
calculations. The curves shown with a full line represent the
edges of the projected Nisi, (vertically hatched) and Si
(horizontally hatched) bulk band structures, adjusted relatively
to e?.ch other according to the offset derived from the supercell
calculation.
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coordination number (viz. 7) of the interlace Ki atom and also
the relative separation between the two half-crystals at the
interface. Even though this experiment predicts the magnitude
(ZJ) of the overall contraction of the interface, these data do
not directly give information about the details of the atomic
positions at the relaxed interface. This aspect has been
discussed in details in Ref= 78. For supercell calculation, we
have constructed a model cell consisting of a large number of
equidistant layers of Si, Ni and E-spheres, in which it is
difficult 1 to say with certainty where exactly lies the
•interface , i.e. which layer should be considered as the
demarcation line between the Si half-crystal and the NiSi2 halfcrystal. Therefore, in order to investigate the possible
influence of interface relaxation
on $=Ep-Ev, we have assumed
different models for our contracted A-type /79./ supercell.
The magnitude of contraction is taken to be O.ieA which is
the maximum value of z^ seen experimentally /7/« The three
different bulk bond lengths which we have 'squeezed'
independently by this amount (0.16A), with the resulting
reduction in cell-volume are :
a).Type I
: si-Si perpendicular bond length at the interface;
b).Type II : Perpendicular bond-length between first and second
Si-Ni-Si layers;
c).Type III : Perpendicular bond length between first and second
Si-Si layers.
Each of these three contractions resulted in a reduction of Ep-Ev
by a magnitude which is only about a tenth of the discrepancy of
0.4eV which we have with experiment.
In XSW data analysis, the estimated quantity z^ (i.e. the
contraction of the first Ni to the Si-surface distance) can be
compared with our Type I relaxation, provided the Type II and
Type III relaxations are assumed to be zero (see Footnote 24 of
Zegenhagen et al in Ref. 7). However, (from commonsense as well
as) from the antibonding nature between the interfacial Ni atom
and the si atom (vertically above it) in the second Nisi, layer
(see Fig. 1C) , it is expected that the interfacial Ni atom
undergoes maximum perturbation by losing one of its 8 Sineighbours. So a Type II relaxation should change the relative
position of the interface state (which is having mainly Ni-d
character) and hence the SBH. However, our calculation with Type
II relaxation also does not change * for A-type interface from
its unrelaxed value by more than 0.05eV. Within the error bars
quoted (sometimes 50% or more) for z d /7/, there is no reason to
believe that such a relaxation on B-type interface would yield
any different result. We have therefore not been able to
attribute the difference in * to the different relaxations of the
two interfaces.
There may be some doubts on the use of ASA, which by
construction neglects the intra-atomic polarization effects. So
we have repeated some of our calculations with LMTO-FP, but we
end up in the same result for SBH's, as obtained from LMTO-ASA
/17,78/. The apparent 0.4eV discrepancy with experiments still
remains! After a detailed analysis, we are inclined to ascribe
this discrepancy to the use of LDA. Using a simple model
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80/, it has been shown that even if E F and E v are the Kohn-Sham
eigenvalues calculated with the 'true' exchange-correlation
potential, the correct density functional
expression for the ptype barrier height is Ep-Ev+ A v x c , where the correction A v*c
is a strongly non-local exchange-correlation contribution.
Summary and Discussion :
The principle aim of this paper is to present a unified
theoretical prescription for first principle investigation of the
different physical properties of epitaxial solid-solid
interfaces. The LMTO versions used here are at various levels of
sophistication
which have been developed primarily by the
Stuttgart group. The typica] examples for the different types of
interfaces chosen, are on the basis of our personal experience to
handle them. For example, GaAs/AlAs is the most extensively
studied heterostructure. It is a rather favourable case to be
treated theoretical, because even with a (1+1) cs a (3+3)
supercell, the experimental band offset can be well reproduced
/15/. There are other examples which are not so favourable like
CdTe/HgTe, where even a (7+7) supercell gives problem of cell
size convergence; this may be due to the existence of localized
interface states as noted by Christensen /15/. Another point
worth mentioning at this stage
is about the terminology
'interface orientation dependence1, which is used in slightly
different contexts in metal-semiconductor interfaces and in
semiconductor heterostructures. In case of NiSi^/Si for example,
both A- and B-type are (111) interfaces, but with a 180° relative
twist of one half-crystal — and the SBH's are found to be
different for the two orientations. On the other hand,
orientation dependence in heterostructures come in when the band
offsets are different for two different interfaces e.g. (100) and
(110). This distinction should be noted.
Finally we would like to make some remarks about the LDA
errors in different types of interfaces. For semiconductor
heterostructures, the errors tend to cancel out, because of
similar character of the states on either side. In case of metalsemiconductor or metal-ceramic interfaces, the LDA errors may add
up and consequently become sizable, as we have seen in case of
NiSi2/Si. It may be noted that theoretical estimates of VBH in
semiconductors typically lie about 0.1 to 0.2eV too high, when
calculated within LDA. On the other hand LDA calculations of work
functions for some simple as well as transition metals seem to
yield E F that are few tenths of an eV too low. Transferring these
bulk corrections to a net correction (as has been done in Ref.
36) to E F -E V in the metal-semiconductor inter- face system, ona
would anticipate an LDA underestimate of 0.3 to 0.5eV. For
metal/ceramic interfaces, the LDA error may be even larger. A
correct density functional theory of Schottky barrier /B0/ is
highly desirable.
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ARGON ION LASER DEVELOPMENT AND RAMAN INVESTIGATIONS OF HgTo
ALKA INGALE*
Nuclear Physics Division
Bhabha Atomic Research Centre; Bombay:400 085
I.

INTRODUCTION

Light scattering by elementary excitations has been observed
in opaque solids, including metals and semiconductors and has
c o n t r i b u t e d s i g n i f i c a n t l y to o u r u n d e r s t a n d i n g of v a r i o u s
tetrahedral semiconductors / I / .
Basically light scattering by
phonons in crystal occurs through virtual intermediate electronic
transitions.
For incident and scattered photons near the energy
of interband transitons, structure in the Raman cross-section may
appear. This structure can be used for studying electronic transitions in a way similar to that used in modulation spectroscopy,
/2/.
The modulation in this case is not applied externally but
produced by the appropriate phonon.
Availability of multiwavelength ion lasers and continuously
tunable dye lasers has made possible very precise measurements of
R a m a n c r o s s - s e c t i o n s n e a r t h e s e e l e c t r o n i c t r a n s i t i o n s in a
variety of semiconductors and some insulators.
The major aim of
these studies has been directed towards obtaining information
about the scattering mechanism (always some form of eleciiunphonon interaction) and to extract eectron-phouon
interaction
constants.
In addition, near extreme resonance conditions dipole
• f o r b i d d e n ' ( q # O ) s c a t t e r i n g for L O p h o n o n s is a l s o o b s e r v e d
/1 r 3/ .

Also in doped semiconductors (n/p-type) one can investigate
coupling of LO-phonons and plasmon modes using light scattering
Zero gap semiconductors

such

as IUJTO,

Hgfio etc.,

Fig.l. Electronic band structure of HgTc is shown schcmnlicnUy. 'Ilic detail* of band
structure near the zone centre are also shown.
*
Present Address: Laser Programme, Centre for Advanced
Technology, Uajcndra Magar, Indore 452 012, India.
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electronic band structure (Fig.l) quite similar (apart from being
inverted) to other zincblende compounds such as InSb, GaAs, CdTe
etc., with the important difference that the two valence bands
originate from p and s like atomic states istead of being spinorbit split partners of p-type band /6/.
HgTe is an interesting candidate for Resonance Raman
Studies. The inverted band structure of the material gives
unique oppurtunity to study the effect of phonon perturbation on
electronic bands having different origin (s,p,d etc) vis a vis
other zincblend semiconductors, some of which have been studied
extensively. The E± gap ^ 2 . 1 eV and A i "~ 0.6 eV for HgTe /7/.
In addition the degenerary of CB and VB at the zone centre
results in i) Interband ( FQV -* \~*QC) transitions of electrons
starting front zero energy, ii) There exists significant cocentration of electrons and holes even at subambient temperatures.
This resultant multicomponent plasma oscillations overlaps in
energy with phonons.
Thus HgTe provides unique oppurtunity to study these various
excitations and their interactions in terms of coupled phononplasmon modes. HgTe have drawn little attention, probably because of its small penetration depth and low cross-section
(intensities are typically a few present of that of Si)
In this talk we report the results of detailed Raman
measurements on HgTe. The plan of presentation is as follows.
In section II we describe the experimental details and the Argon
ion laser(AIL) developed for these studies.
Section III deals
with the resonance behaviour of the TO and LO phonon in HgTe.
Coupled phonon-plasmon modes observed in this compound are discussed in section IV. Main conclusions are summerised in section
V.
II. EXPERIMENTAL
ARGON ION LASER :
For resonance Raman studies a tunable radiation source is
required.
He-Cd and He-Ne lasers, already available were not
enough for the purpose, so we have built a multiwavelength Argon
ion and Krypton ion laser, which has a number of discrete lines
ranging from red to blue /9/.
For assembling an AIL one needs a confining structure of
about 3ran bore which can withstand currents in excess of 25Amps
(P.D.-200 W/cm) a cathode which can emit this current/ an anode
which can withstand this current and a suitable current regulated
supply. In addition standard optics including suitable mirrors
and Brewster windows for enclosing the tube on either side are
imperative.
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our laboratory b)crossectional view of tungsten disc structure.

Fig.3. Layout of the Raman spectrometer P: Polarization analyser; Q: Polariznti.iti
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The design of he plasma confinement structure, which has to
withstand very high temperature and ion bombardment is of central
importance. We have opted for segmented tungsten bore design
using quartz as an envelope (Fig.2). The design of the AIL is of
continuous flow type and totally modular in concept. Anode is a
thick tantalum cylinder.
The cathode is a hollow cylinder of
tungsten matrix impregnated with Barium. Salient features of the
laser are : i) No fragile glass to metal seal has been used, the
electrodes are fixed to the copper end flanges, which are O-ring
sealed on the quartz envelope . ii) No quartz blowing required.
An IOLAR II grade Argon gas is fed through cathode end and
pumping is accomplished by 300 iit/min. rotary pump with LN 2
trap.
The AIL delivers «3 Watt (All lines) power at 22A discharge
current with lWatt in 5145A and 4880A. It can be converted to
Krypton ion laser(KIL) to obtain l60mW in 5682A and 120mW in 5208
and 5309A /10/. The forementioned AIL was also used to pump
coherent Radiation Model 590-03 dye laser (Rh-6G) to scan the
range 5750A to 6450A with - 500mW at 6000A /10/.
EXPERIMENTAL SET UP:
The experimental set up used for Raman measurements is shown
in Fig.3 /8/.
It has been found that the sample is damaged even by cylinderically focussed 100 mW laser power at room temperature. To
300
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Fig.4. Typical Raman spectra for
HgTe(lll) at 90K with different
wavelengths at lOOtnW laser power.
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Fig.G. R a m a n susceptibility for first order
U a m a n scattering in Si v/s incident photon
energy /10/.
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avoid the sample damage, all the measurements were prerformeu at
subambient temperatures. The scattered light was analysed using
a home-made double monochromator /ll/. The typical spectra from
(111) face of HgTe in backscattering geometry at different
wavelengths is 1shown in Fig.4. The origin of the low frequency
mode at 108cm"
is not yet well understood. The modes at 118cm~
and ISScm"1 are TO and Lo mode respectively. The large intensity of the LO phonon mode as one approaches the Ej gap is consistent with its being dominantly forbidden. The analysed signal
is detected by a cooled photomultiplier ITT FW-130 with S-20
response in the photon counting mode.
The photon counting
electronics was developed by the Electronics Division, BARC. A
microprocessor based data acquisition system (D.A.S.) developed
by the Computer Division, BARC has been used for acquiring the
data and transmitting it to IBM/PC for off-line analysis.
III. RESONANCE RAMAN SCATTERING IN HqTe
TO SCATTERING:
Variation of the Raman cross-section in the neighbourhood of
electronic critical points provides important information about
the electron-phonon interaction. Specifically one can obtain information about the phonon-induced modulation of band gaps (twoband process) and the phonon-induced mixing of the wavefunctions
of the two spin-orbit-split bands (three-band processes)/10/.
The photon count rate obtained in the experiment as a function of laser frequency is related to le^Re^2, where R is Raman
Tensor and es,e^ are polarizations of scattered and incident
beams /10/. The independent components of Raman tensor are
called Raman polarizibilities. For HgTe, there is only one independent component, which is denoted by *a'.
To obtain absolute value of *a' for TO phonon, we have used
Si(lll) as reference sample. After careful analysis of various
data in literature of Raman polarizabilities of Si, we have arrived at the expression /10/,
a s i = 70/[E-E g ] 3 / 2

1

This expression gives a better fit to various data in
literature, in the range of interest i.e from 1.8 to 3eV, as
shown in Fig.5.
Theoretically Raman polarizibility of TO phonon (q=0) near
the interband critical points Ei and Ei + A . in zincblendes is
given by /I,12/,
a

o

~"o

a T0 (E) =

-in

-m

CE- A

l

The Raman Polarizability *a T Q' is defined for a unit cell of

volume c?Q. The first term in the large parentheses arises from
two band processes produced by the phonon-induced modulation of
the E-^ gap, the deformation potential d j o representing the change
in E^ per unit phonon displacement. The mixing of the two spinorbit-split valence bands via the phonon produces the 2nd term.
The strength of this coupling is given by the deformation potential d^Q.
The constant C essentially represents the constant
contribution due to other electronic transitions of the medium,
which are far away from E-^ and Ej + A i The square of absolute Raman polarizabilities of TO phonon
obtained v/s laser energy are plotted in Fig.6. The theoretical
fit using the eqn.2 is also shown in Fig. 6. The best fit is obtained for the ratio d ^ o / d i o = -0.9.
It is found that the
resonance curve is rather a sensitive function of this ratio.
This is due to the fact that P^, damping of Ej critical point is
rather large which makes dX/dE^ of the order of Three band term.
The optical deformation potentials obtained are |d|o| = 24eV and
^3^= 21.6eV. A s , the calculated curve was obtained using room
temperature susceptibility, a shift of about 0.lev has been incorporated to account for temperature hardening of gaps.
For most of the tetrahedral semiconductors d i Q ranges from
10 to 20eV. In view of this the value obtained for HgTe is
reasonable. Deformation potentials are expected to be weakly dependent upon chemical constituents/13/.
Values of d ^ , for most
of the other zincblends are all around 40eV/13,l/.
The sma.ll
value of d^o for HgTe can be explained, if one recalls that d 5 ^
represents mixing of hh and lh valence bands. Both of these
originate from p-like atomic state in case of normal zineblencle
semiconductors. HgTe, however, has inverted band structure as a
consequence ol which the hh valence band originates from p-like
atomic state and lh valence band originates from s-like atomic
state. Thus at L point one would expect the phonon to cause only
a small mixing of these states.
FORBIDDEN LO SCATTERING:
Light scattering by the LO-phonon involves additional interaction of e(h) with the macroscopic electric field of the phonon
known as Frohlich interaction /15/.
The q-dependent Frohlich
forbidden scattering results in large intensity near the
electronic critical points.
Our measurements in HgTe for the
forbidden LO phonon intensity from (110) and (111) faces are
reprsented in Fig.7/10/. The dominant contribution to the Raman
tensor is expected from two band effects/16/. This contribution
(d a X/dE*) is shown by dashed curve in Fig.7. It is seen that the
experimental forbidden-LO-phonon intensity has a comparatively
gradual fall in the region E^ and E ^ + ^ j . This can be attributed
to three band contributions.
The relative importance of three
band terms vis-a-vis two band terms in the cross section can be
expressed by the ratio Pj / A ] . In HgTe this ratio is higher by an
order of iiuirjnil.uda c;omp«jr:acl to IMH1>.
Tlw Uiroo band coiil. ribu-
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Fig.6. Measured resonance in the Raman susceptibility of HgTe for the allowed scatter
ing at 90K. The error bars are based on scatter in the data in repetitive runs.
The filled circle corresponds to the data based on the temperature tuning of the
gap. The solid curve is a calculation using eqn.2 with |dyj= 21.6eV nnd|d|J=
24eV. The calculated curve has been shifted by about O.leV to account for tem
perature hardening of the E^ gap.
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responds to d X/dE1 . The solid line is obtained by adding three band contribu
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-57-

tions to the Raman tensor for forbidden LO phonon can be related
to the derivative of XE' - XE'+ '/A1 •
By suitably adding the two
band and three band contributions a qualitative agreement with
the experimental data is obtained as shown in Fig.7/14/.
The
calculated curve (continuous line) is shifted by 0.04eV (in addition to O.leV) to give a remarkable agreement near E± gap. This
additional shift of 0.04eV is characteristic of many III-V compounds, though its origin is not well understood /17/.
IV. PHONON PLASMON COUPLED MODES
Coupling of carriers (electrons or holes) with polar longitudinal optic modes in doped semiconductors has been investigated by inelastic light scattering technique extensively
/4,5/.
The macroscopic electric fields associated with both
ti;ase excitations provide a strong coupling mechanism. Frequency
wavevector dispersion relations of the coupled modes Wj*(q) can be
obtained from a knowledge of the frequency and wavevector
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Fig.9. Calculated piasmon-phonon coupled
mode line shapes for the allowed and
forbidden processes.

RAMAN SHIFT (cur1)
Fig.8. Typical plasmon-phonon coupled
mode spectra from (100) face of HgTe at
three different, temperatures nt 4765A.
depedent dielectric function 6(q,w) of the medium,
work has been carried out in n-GaAs/4/.

Much of this

The spectra recorded from (100) face of HgTe at various tem-
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peratures is shown in Fig. 8. The band around 127cm""1 labelled as
L
is a coupled mode and the sharp peak at 138 c m ' , seen
prominently in the low 1 temperature spectra is bare LO mode. A
broad feature at 160cm" is also observed.
In the following we will see the qualitative understanding
of the observed features of this spectra using wavevector dependent dielectric function. For the allowed light scattering
mechanism i.e. for deformation potential and electro-optic
mechanism, the combined spectral line shape for the excitation of
the coupled plasmon-phonon system is given by/5,10/,
LA(q,w)= [(w£-w)/(W^0_w)]2

(1- expf-hw/KT))"1 Im [1/-G(q,w)] 3

where w Q is a parameter with dimensions of frequency related to
Faust-Henry coefficient. For the q dependent forbidden scattering, the corresponding line shape function is written as /5/,
LF(q,w)= 3 2 (1- exp(-hw/KT)J"1 Im [1/-G(q,w)]

4

The various processes whose contributions to C(q,w) need to
be considered in p-HgTe are /10/,
e(q,w)=eph(q,w)+ee(q,w)+eh(q,w)+eint(q,w)+e(oD)

5

The subscripts refer to phonon, electrons in VQC, holes in P 8 v
and ^QV—*
TQC electronic interband transitions. The remaining
interband contributions to C are in effect included in 6(QD) .
e

ph(^' w ) i s evaluated neglecting dthe
despersion of the phonon
branch and its damping. ^ n t ^ ' ™ ) u et o i n t e r b a n < 3 transitions
b
F V—» f fl
l transitions as a function
fi
f q is evaluated
d
between
FQ
of
under nonparabolic band approximation and treating valence band
as flat band using the methods given by Polian et al /18-20,18/.
The screening parameter for electrons is y^.9xl0bcta"^t which is
about the same as the scattering wavevector necessiating its
evaluation in Lindhard-Mermin formulasim./10/. Holes being heavy1
and large in number result in screening wavevector q § ^ v^4xlO°cm~
and therefore has been treated in the hydrodynamic limit /10/.
Near resonance absorption of the light is very high, this
confines the photon in the sample which leads to relaxation of
conservation of q by factor q=4Trk/* , where k is imaginary part
of refractive index. This is accounted for, by averaging over
the q values with proper Lorentzian weight factors as follows /5/,
-co
L(w

=

dq

\ (q-q o )

2

+ 6q

6

2

-CD''

The line shape function LA(w) using eqn.3 and 6 at 165K ia shown
in F i g . 9 . The c o n c e n t r a t i o n of e l e c t o n s ( n e = 2 x l 0 1 ' c i n " ,
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nh=4xl0 cm ) used for the calculation is larger than one would
expect from thermal population. These are photoexcited carriers.
The similar spectra(Fig.8) at 10K confirms this belief. As
in experimental data, Fig. 9 shows wL-( 127cm ) > W T Q (118cm"1). This
feature can be related to incomplete screening of longitudinal
optic phonon mode by electrons as q~q__. It
is important to note
that though n e increases from 1-3x10* cm"3 for 100-250K, the wLdoes not change significantly (Fig.8). This is because q s e increases only by 20% and corresponding change in frequency is only
3%. This is in agreement with our observation of w^- as a function of temperature (Fig. 8) Upper plasmon (wL+>200cm 1) is overdamped and cannot be observed.
The sharp feature at 138cm"1, predominant at low temperature, follows LO forbidden resonance curve. The calculated line
shape function L»(w) for forbidden scattering using eqn.4 and 6.
is shown in Fig.9. As forbidden scattering involves excitations
of large q, LO mode is not effectively
screened by carriers^
leading to a sharp feature at 139cm"1 and a broad hump at 160cm
which is contributed by hole plasma. The LO frequency observed
in IR experiment (8K) is 132cm~* /19/. The difference can be explained taking wavevector dependent dielectric constant. For IR
experiment q=0 and no carriers are present at 8K, the dielectric
funtion can be written as,
e(w)=eph(w)+eint<(«)+£{«)

i

G i n t (q,w) is large at q=0. This leads to wLQ=132cin~ . It may
be emphasized here that we do not expect the 'allowed' unscreened
LO phor.on in Raman scattering experiment due to photoexcited carriers .
V. COHCLUSIOHS
We have designed and fabricated multiwavelength Argon ion
laser (*-3W at 22 Amps) covering a range 5287-4545A. This laser
can be easily converted to Krypton ion laser to obtain additional
wavelengths in red-yellow region.
The resonance Roman measurements at E, gap of HgTe has led
us to very interesting results both for TO and LO phonon. Vwo
band and three band optical doformation potential near L point
have been obtained for the first time for HgTe.
Due to large
damping of Ej gap in HgTe, both two band as well as three band
contribution are equally important for the TO phonon.
The smaller value of dj o {—21.6eV) compared to other
tetrahedral semiconductors(—40ev) can be traced to inverted band
structure of the material. It represents mixing of two valencebands by phonon, which are of different origin in Hg'fe(p and s
type) in contrast to other zincblendes where they are spin orbit
split pairs(p type).
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For the first time three band contribution has to be included to explain forbidden LO resonance curve (in HgTe),as the
ratio of three band to two band contribution in the scattering is
r j / A 1 is unusually high(~0.16) for HgTe compared to other
zincblendes e.g. InSb V ^/A,=0.04, where it suffices to use only
two band contribution to explain forbidden LO resonance curve.
It was observed that photoexcitation is important even at
moderate laser powers (^100mW) used to excite the Raman spectra
due to small penetration depth ~200A. This results in plasmonphonon coupled modes even at 10K. The WJ->W T Q due to incomplete
screening of LO phonon as qs_ q involved m light scattering.
Though the concentration of electrons changes significantly with
temperature the vtj- does not change significantly.
There is no allowed LO in Raman scattering. This is very
important observation as in all other semiconductois, the observed LO has been attributed to allowed LO from the depletion
layer.
The observed sharp feature is a forbidden
L0(133cm"1)
1
which is obtained along with broad hump at 160cm' due to holes
in the forbidden line shape function calculation.
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VOKTBX LOOP DBSCRIPTION OP 3D PLANAR FBRROMA&IfBT TRAJSITIOIT
S.R» Shenoy,
Sohool o f Physios*
U n l r e r s l t y o f Hyderabad,
HTDBRABAD 500 1 3 4 .

The work presented here has been published elsewhere
( 1 , 2) and w i l l therefore be outlined only in an extended*
abstraot form. The basio idea i s the phase transition i n
a three dimensional (3D) planar IT ferroaagnet can pkrhaps
be desoribed in terms of a transition of the underlying
topologioal excitations similiar in s p i r i t to the 2!) XT
transition*

This topologioal excitation viewpoint could bs

of more general application, to other models*
The 2D XT model

5H -

-K

(t)

with L J on a 2D square lattloe, oan be mapped onto a 2D
neutral ooulomb gas of rortloes,

of topologioal charge, a • • 1, interacting via a
potential and a ooapling oonstant ^fT^. The TOrtloes are
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2 i

thermally created, with f ugaoity ty- t

per ± 1 pair.

The

transition involres a 'freezing out of disorder* or +1. -1
di pole pair formation below T^ while abore^one has
screening.

Kosterlit^) shoved how to scale this 2D coulomb

gas for J0<<ljbj systematically integrating out the smallest
pairs of minimum separation a, a+da, rescaling the coupling
KL ,*nd ^ ? to regain a JbiR interaction fosn. Here A~ Pn
with a 0 the oxrginal l a t t i o s scale.
A systematic prooedure for the mapping from a
description to(m(r)£description i s the dual transformation^)
A •imiliar prooedore for the 3D XT model by £avit(6),
yields Tortex loops or toroide of spins, with loop eeguents
J(r) - ± 1 intsractlng ria ~ I r- rf

Biot-sayart l i k e

potential.
&arit(6). Halperln(7) and Peynman(8) hare oonjeotured
that a loop description oould bs sufflolent for a obtaining
the 3D XT orltioal behaviour.
&ohrock and oowokere(9) did a Moots Carlo simulation
and showed that ma independent parareter X sappre«slng

-64i 5 J

the bare fugaclty, causes the 3D Z I transition out of the
ordered phase, to be suppressed*

So the loops are neoeesary

for the transition.
VllliaasOo), from hellua phenomenology (hel'iua i s i n
the 3D X T unirersality c l a s s ) , and scaling the self-energy
of a helitia rortex loop, obtained scaling equations for
K^, ^.Here / £ i s the loop segment coupling and ^ the loop
fugaclty at a general scale ^ a ^ i ^ t being a loop diaaeter.
This work ( 1 , 2 ) using the Sarit
dual sapping, pias a generalization to 3D of tot 2D XY
Kosterlltz proceoLUre, yield* s l s i l l a r , •lorosoopioally
derited Ki/ <^ equations f roa scaling of both the s e l f and
interaction energies*

01
where L i s a constant, Lf i i+JUt(a/a^ 1« essentially the
\r-r\

self-interaction energy per loop segaent*

the 2D XT ease, the 6 Is replaoed by 4, and the onrly
brackets in Bqu (5aJ, ^bj are replaoed by sero and unity

For
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respectively.

The main dirrorence with the 2 DX? case

i s In the structure of Bqu (3a) where a fixed point appears
at a partloular dominant scale Jt-Jl~ =&n(&ja^)
i e the maximum loop diameter, ae !^~ <S~

"

wh?re

f_

asymptotically.

For oiroular loops, the c r i t i c a l exponents are obtained from
linearezing about the fixed points and considering eigenvalues
of the s t a b i l i t y matrix.

The exponent t> ot - 2-2>y, tf=2y e t c .

are determined by the diameter divergence exponent if_~ fT~\)
For simple, elaular, loops of diameter a, the self
energy i s

~ O -^(P/^c)

where a i s a minimua ar«

length out-ofr. (For aoo-lnteraoting segments the energy to
create a loop would go as -^TTa

y

the oiroumrerence.

log factor oomes from integration of the
If Clc/a-*O

}r-r'l~f

The

potential).

as Q.-+°O9 ths parameter afl i s irrelevant,

and the exponents are 'gmusslab1, V - XJ2 } / -

1,

etc.

A physloally motivated ansaty (1,2) based on a
picture of loop *orinklin»* mod ths onset of screening as
T-^. TC"

ex

namely
x
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leade to a change In ^. Here.z i s a the 3D selr-aTOiding
random walk exponent, X. x • 6

The right hand Bide 01

Bqu( 3) tends to a oo art ant leas than unity for
JL^SL. -*r oOj eo the extent of the crinkling i s large
for a large loop.,that a t i l l (barely) retains i t e Identity.
The final result i s

V^

,

oloae to the «{<9;|-Tariable-baeed known results (11)
The oal oulatlonal sethod: dual transfora v real-space
scaling, eould hare application to other aodela suoh as
the 5D Helsenberg aodel (spin hedgehogs)* resonating ralenoe
bond models* l a t t i c e supercondaotors, e t c .
1) S.£. Shenojr, Physical Beriew B September 1989
2) 3.H. Shenoy/Prooeedlng of the 1989 Current Trends
in Physics Syaposiua, Institute of Physios t Bhubaneswar.
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-66THHOOr <F RKSPdBK V H O W F U U d f i U M X TO E O T M M J STRESSES
Surinder H Sharna
High pressure Physics Section
Bhahha Atomic Research Centre
Bombay 400 085
The shifts of ruby R-lines under hydrostatic pressure and uniaxial strain loading of shock waves
provides a most significant way to monitor pressure in diamond anvil cells and the study of shock
response of solids respectively. A theoretical approach to analyse shifts under different types of
deformations (uniaxial strain compression and tension under shock loading, hydrostatic compression and
uniaxial stress compression )is presented here. A synnetry adapted representaion of various loading
conditions within the framework of crystal field theory requires a determination of just four parameters
which are evaluated from the shock wave compression data along c- and a-axes.All the remaining data :
shock wave tension results, hydrostatic results and uniaxial stress results for different crystal
orientations, are predicted out without any further adjustments of parameters. A very good agreement is
obtained between theoretical predictions and experiments.Changes in the local site symmetry have been
related to the macroscopic deformation. Suggestions for using ruby calibration at high pressures in
diamond anvil cell measurements will be discussed.
1.

INTRODUCTION

where the first

The ruby R-lines, due to their sharpness and large
rate

of

shift,

are

common!)'

used

for

pressure

(ictcr.-nir.ation in static high pressure studies. 1 ' 1

term represents kinetic energy of

electrons, and the next two terms are electron-electron
and electron-ion interactions respectively. The last two

The

terms correspond to ionic-kinetic energy and ion-ion

R-line response has been examined under hydrostatic

interactions respectively and one of the Rj is occupied

pressure,1 uniaxial stress, 4 ' 1 and shock wave uniaxial

by Cr"*. At present, the precision of such calculations,

6 7

strain experiments. '

The present work had two main

objectives: to develop a theoretical framework
Analyze

R-line

spectrum

under

different

to

loading

conditions and to relate macroscopic deformation in
shocked r-jby crystals

to changes at the microscopic

level. A detailed account of this work will be published
elsewhere,'" here, we present a summary

of our

approach ar.<l results.

within prevalent approximations, is too coarse to give
even an approximate solution for states representing RIincs."
In the absence of first principles calculation, a
symmetry

based

crystal

potential

representing

In principle, the formulation of the theoretical
problem b straight forward.

phenotncnological

approach

is

developed. . We analyze the effect of an arbitrary
v

r(r)

R-lines.

on

the

electronic

slates

The crystal potential at the

impurity site has the local site symmetry.

The spectroKopic data

Results of x-ray diffraction studies 12 ' 11 show that

from rub}- are due to the electronic states of localized

in ruby, Cr 3 * replaces the Al atom in AljOj which ha*

'd' electrons of Cr*' impurity in the AljOj host lattice.
The local electron states of the 'A' electrons at Cr** site
are obtained by solving the Schrodinger equation using
the foHo-Air.g Hamitlonian

a corundum structure." [R 3 C. a = 4.7628 A and c =
13.0032

A;.

A! 3 *,

and

therefore

Cr 5 *,

occupiej

(crystattographic 12(c)) sites on the three-fold axe* and
the local symmetry at Cr 3 * site is C j . Thus the point
group symmetry of the potential relevant to our
problem is C 3 .
Because

the

nearest

neighbor oxygen*

(O 2 ")

occupy almost octahedral location* with respect to

*"" *"

ooU

*omkl1

Prof

'

of

SUte Uhiver.ity,
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Cr3"1", the total potential at the 3d 3 electrons of Cr 3+

We now write the total Hamiltonian as

can be written as a sum of potentials with octahedral
symmetry and trigonal symmetry.

electron states, the nearest neighbor interaction is of
primary significance.

HloUJ

with respect to the octahedral part and can be analyzed
ruby can be analyzed

^ambient + H a t n i n

(5)

where

The trigonal potential is small

using perturbation theory. 15

=

For the localized

The optical spectrum of

in terms of the

following

parameters:16-17 10 Dq - strength of the octahedral
Held, B and C - Racah parameters representing electron

Hunbimt = Hoctihcdral + ^»o + Hlrigoiul

(6)

As the effects of strain are also expected to be small
compared to the octahedral potential, these effects can
also be treated by perturbation theory.

We can,

therefore, write
=

"pcrturbMion

- electron repulsion in the localized states, K and K' -

« „ , + Htrigonal + "«tr»in

(')

parameters characterizing the trigonal field, and f - the

Because strain is represented by a 3x3 matrix, H s t n j n is

spin-orbit coupling parameter.

a complicated operator.

transitions from the
Cr
17.
:

3T

3

E level.

R lines arise due to
Further details about

energy levels may be seen in References 16 and
The presence of the trigonal field couples 5 E with

T ; stales and shifts the *E level by1*

The

problem

is

made

tractable

by

using

a

symmetry adapted representation for the strains. We
classify them as irreducible tensors according to their
transformation

properties

under

octahedral

group

symmetry. 11 We can then write
(!)
H.,™D = H T , + H E + H Al

The simultaneous presence of spin-orbit interaction and
trigonal Held further splits 5 E state* into two sets as
given below'*
c

Where T; represents rhombic strain* and a trigonal
component that arises from a linear combination of the
rhombic

J

E(E):R,

=f(B.C)-

6K

1

(2)

<fT,) - t('E)

aiKic

E

rhombic

represents
strain.

A|

tetragonal
correspond*

and

a

to

a

uniform compression and tension.
For further discussion we need to refer to a local

ZIKIc

t [JE(2A):R,] = f(B, C)

strains.

companion

<PT,) - tf E)

(8)

coordinate system which is defined in Figure 1. Z-axis

—
(3)

The above equation* show that the splitting between R
lines is given a*

2. EFFECT OF DEFORMATION
The presence of external strain* cause strain
induced potential* which modify the 3d 1 electron state*.

V
FIGURE 1
Reference coordinate system for strain*.

-70-

is along crystallographic c-axis and the two triangles

e(A1)=e;eX0(T2) = - ^ - ~

shown here are projections of the octahedron as seen
looking down the c-axia. X-axis is inclined at 60* with
respect to a-axis. With respect to the new coordinate
system, the symmetry adapted strains can be written as

(14)

and e u . = - e u _ =

(9)

The

symmetry

Hamiltonian

in

Eq.

adapted

components

of

[8| axe proportional

the

to the

corresponding irreducible strains. We can now use the
Wigner-Eckart

theorem 19

to

compute

the

matrix

elements that couple the different states.
(10)
<ariiH(r)iiQ'r>
0+ (E)

(is)

= -eL(E) =
Here F represents an irreducible representation

2>/2(eBl + ie ly )] (11)

(I.R.) and if a basis of that I.R. a symbolizes other
quantum numbers of the state and < F T | I" (T-y> is the

e(A1)=e»+eyy+eI1

(12)

Uniaxial strain e along the crystallographic c-axis is

Clcbsch-Gordon

Coefficient.19

The

reduced

matrix

element < a r H H ( r ) l l a T ' > enters as a parameter to be

0 0 0
0 0 0
0 0e

determined from the experimental results .
Equation {IS] can be used, in conjunction with

The symmetry adapted strains can then be written as

second order perturbation theory, to write down the
matrix elements of the Hazniltonian in the strained

e(A,)=e

state.

e»o(Tj) = ~T=- and rest all vanish.
V3

(13)

3.
Uniform strain V along the crystallographic

ANALYSIS

OF

EXPERIMENTAL

RESULTS

ALONG THE C-AXIS

represented, with respect to the axes defined in Figure
l.as

We shall restrict the calculation to the most

significant interactions in the tj configuration.'*

Equation (13) implies that external strain along the
crystal

c-axis

introduces

two

changes

in

the

Hamiltonian in Equation (7[. First, a uniform strain it
introduced which changes the octahedral field and the
I4

-t
4

0

Racah parameters/0'21 and contributes a constant shift
to R, and R} lines. Second, the additional trigonal
strain alters the ambient trigonal field. Changes to the

For th .• case, the symmetry adapted strains can be
written as

:

E

level

can

be

obtained

using

second

order

perturbation theory which couples the J E level to the
J

T ; level. The eigenmatrix is written as:
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u+

u-

compared to the experimental

2

1
~2

2

~~2

6KJ + 2 K f

0

0

0

0

SK' - 2 K f

0

0

0

0

6K1 - 2Kf

0

0

0

0

6K2 + 2Kf

value

~ 2.3 x 10~ 3 .

Thus, the two results can be analyzed consistently.
The experimental results also show that

2

-{
1
2

hydrostatic

u_

the

average shift of R|, Rj lines is close to the shift under
induced

compression but m tension the shock

shift

deviates

considerably

from

the

8

extrapolated hydrostatic shift .This asymmetry under
compression and tension can be Understood as follows.

~T

From Eq. [l] through Eq. [3], the average energy of
:

where K = < t , x + | V , r i g | t , x + >

E state can be written as

The following remarks apply to the above eigenmatrix.
(i)

E( J E) = f(B, C) -

All of the matrix elements are to be divided by
where d =
C( J T 2 ) - £( 3 E) a 6734 cm" 1

tut} An additive constant representing the effect of
uniform strain has been omitted for convenience,

The experimental results along c-axis, using Eq. [I7j,
lead to

(iii) K in the eigenmatrix is essentially K, + AK; K,
being the ambient value and AK represent* the
strain induced change.

where constant A refers only to Ambient conditions and

From the eigenmatrix in Equation [16] it follows

only terms to second order in mean stress have been

that R, - R , splitting continues to be given by Eq. |4j.

K'(P) = A - 550.52I> + 3.14P 5

(18)

retained.

wave

Eq !l8| shows the origin of asymmetry with respect

propagation along the c-axis,'~* are analyzed using the

to changes in the sign of P: In Compression, linear and

theoretical

quadratic

Two

experimental

finding*,

developments

for

presented

shock
here.

Further

First, the experimental data show that in uniaxial
strain,

the

R-lines

come

terms

tend

to cancel

each

other

therefore, the shift is closer to * hydrostat.

details can be seen in Ref. 10.

closer

together

under

and,

But in

tension, both P dependent terms are of the same sign
and cause the asymmetric behavior.

compression and the wavelength shifts for these lines
display

a

nonlinear

dependence

on

the

density

compression or mean stress. A consistent explanation
of

these

results,

RESULTS

theoretical

Starting from the strains in Eq. |l4j and using a

examined.

procedure similar to that for c-axis, we can write down

Changes in the R-line splitting have been obtained as a

the eigenmatrix for shock propagation along the a-axis.

function of mean stress.* 1

However, the analysis along a-axis introduces one more

here,

of

EXPERIMENTAL

be

presented

terms

ANALYSIS OF
ALONG A-AXIS

the

developments

in

4.

can

Combining Eq. |4| with

experimental data gives
| K ( P ) | = 266.«7 + a P + 0P»

experimental
(17)

parameter,

namely

Q, which

is

the

reduced matrix element r e p r e s s i n g the effect of E
(tetragonal) type of strain, which changes the splitting

Using Eq. [1] one can calculate the magnitude of
quadratic term; for c-axis »t turns out to be 2.5 x 10"J

of 2 E states through configuration interaction19
eigenmatrix is now given by

The
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u-

l-iv'jJAKs

7
_!

f

z

j_
2

4< M-2K £ j

-Jd(I-i /3JKAK+ Q '

0

1
" 2

T

~7

2

-Jd(l + iv/3)K&K + Q

0

0

- 3 d ( I - \/3)KAK+C
-i-/3)AKj

M-2K{)
v^

l_

0

-S(l+ii

Hoc d =
e(JE) u d M = 6(K. • — • ) ' +
Q is in general • complex number.
Irrespective of the complicated fom of the above
matrix, we sole that none of the aew interactions in
Eq. (•] retaove the time reversal invariaacc; hence, the
Kramer* degeneracy it not affected.
The trigonal field dependent shift for a-axi» it
given by

ax», the* thr f«ad/atk t*r» m mmaMtt bf • factor of
1.7 in coaUact to the r-a*» value. Thit teait to a valttc
of 1.46 x |0~ J coospared to the experMDMtal value of
** \.Y4 n 10"*.
The fruit res-jtu'' show a* interesting result in
contract to the c-axit: the splitting i*crea«et for both
typet of loading and the msgnrtixW' of tbe splitting lor
the twa casea m itOemtt. To rigorously examine this
pToblera, we aeed to i<irr—*"*" the natris m Eq. J19].
However, a reasonable evtimate tor the splitting w the
two cases can be written as

d( M + 2Kf)

= {&

where A = {&dJ(AKf)

+ Q|»l
i

- 3d(l - i

The above txpnsacaa »V»o* thiX \uvd« both
compression and teiuion, the splitting increases.
Furthermore,
AR|tOBJ, - ARI^.. = J6d'<2ljr' - K"J|

(23)

Because K* > K", the splitting under compression will
be larger than under tension at least initially. This
finding it consistent with the experimental results.
The synunetry adapted strains provide a
convenient frame, ork to analyse results from
experiments under hydrostatic3 and uniaxial stress*-*
loading. For hydrostatic stress the predicted rate of
splitting m .003 cnr'/ltbar which is practically
unobtervable and is consistent with experimental
results. The calculated red shift is .770 cm~VM>ar
compared to the observed value of .76 cm^/kbar. The
predicted red shift as well ai *plitting for uniaxial stress
M also in excellent agreement with experimental
observations.'0
The results summarized here show that the
theoretical developments outlined here permit •
consistent analysis of the ruby R-lines for different
loading conditions. Li addition, the macroscopic
deformation under shock loading can be related to
changes in the Cr** site symmetry.

The

prtMBt

writ

kM

iapttcttiow Cor pttmmt aalibttkim at
i* Aim)* awrll **Lm.

tiMfttl

my
UMtf
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nannydrostatic Loading,the knowledge of the

nonbvdrostatic loadinj. In the absence

relative orientation between crystal a m and

oriented ruby chips, the use of the S, line as

stress caaponents i s needed for an accurate

a pressure calibrant

analysis. To the best of our kno*ladge,ori*nted

shorn to be better choice through the analysis

ruby

of shock data " . For details the reader Bay

chips

nave

never

been

uaad

in

cell swasuieaeats. lie
that

the

feasible,

of

i s recojaended and i s

refer to reference 10.

use of oriented ruby chips,if
be

explored

in

high

pnesre

ktawledgeaents

asasureaeBts because such usapje ^""I^ p a m t

Discussion* with 0i» Burt, Paul Born and X.X.

separation of effects due to straw gradiaQts

Sheo about this proble. haw been very useful

froa those due to crystal orientation and

to us.
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NONCLASSICAL AMD NONLOCAL EFFECTS
IN TWO-PHOTON INTERFERENCE PROCESSES
Rupamanjari Ghosh
School of Physical Sciences
Jawaharlal Nehru University
New Delhi - 110 067.
ABSTRACT
The familiar interference effect in optics depends upon the
phase coherence of the wave sources. A novel interference effect
of light is discussed which occurs in intensity correlations,
even when the sources are not mutually coherent. in our quantum
mechanical analysis of two-photon interference, we demonstrate
that the joint probability of detectinq two photons at two
points x and x' i t the interference plane with two photoelectric
detectors exhibits a cosine modulation with the separation
Ix-x'I of the two detectors, with a relative depth of modulation
or "visibility" of 100\, whereas from classical considerations
the maximum realizable visibility is only 50\. A
two-photon
Interference experiment usinq the parametric down-conversion
process in nonlinear materials is described, the results of
which support the quantum mechanical view of the world. We also
show that one can qive a generalized description of all the
nonclasslcal
and nonlocal phenomena,
as
encountered
in
correlated emissions In a larqe number of nonlinear optical
processes
lncludlnq those with losses,
in terms of the
undetiylnq Wlgner distribution function.
1. INTRODUCTION

The

modification

of

Intensity

obtained

by

the

superposition of two or more beams of light is commonly known as
optical

interference*.

Interference,

a

In

early

experiments

demonstrating

light beam passed through an

interferometer

which split the beam into two components;
after

these were recombined

introducing a path-difference in the distance traveled by

the two derived beams. If the path-difference introduced in this
way

is sufficiently small compared with the coherence length of

the

light,.

the familiar pattern of alternate dark and

bright

fringes

appears in a plane perpendicular to the two beams.

The

quantum

mechanical interpretation of interference is

the

that

-75photons
It

is

than

do net interfere with each other in «n
the interference of the probability

the

probabilities themselves)

possible

paths

rise

fringes.

to

represents
place,

interter r.ecer;

amplitudes

associated

(rather

with

the

of each photon in an interferometer that

the

The probability

probability

plays

the

amplitude,

of that

in

gives

whose

square

event

taking

particular

role of wave amplitude

two

classical

wave

theory.
Recently
on

there

have been several discussions

the nonclasslcal features In Interference

with

focusinq

independent

sources 1 "*. These show up readily in intensity correlations that
are fourth-order In field amplitudes.

Fourth-order effects

predicted

there

even

classically,

but

differences between

the

quantua

theories regarding the

Mechanical

Modulation

or

predictions

"visibility"

of

of

are

are

sigj)iLican.tl

the classical and the
relative

depth

of

the fourth-order interference

pattern. For classical fields there are theoretical upper bounds
tor

the "visibility"

»ade

to violate

and the quantua Mechanical states can

these

new kind

of inequalities.

be

The first

observation of this nonclasslcal effect was reported in 19S7* in
an interference experiment
in

the process

Involving

of paraMetrlc

the'photon-pairs produced

down-conversion in a nonlinear

MedlUM.

Apart

froM the quantuM interferenc effects,

there are

several other known nonclasslcal features of the electroMaanetlc
field,

viz. antibunching*,

statistics**

sub(or

and squeezing".

experiments**' ** have

also

been

outsetI-Poissoni»n photon

fevetal

optical

correlation

perforated to investigate the

quantum Mechanical paradox, first stated by Einstein,
and Rosen**. Thic quantuM nonlocality refers

Podolsky

to the fact that

-76-

certaln quantum mechanical predictions are Incompatible with any
realistic,

local

objectivt

theory.

Realise argues

reality that exists independent

observes It or not. Locality assumes
can only

that there
of

whether

is

an

someone

that forces or information

travel between bodies at velocities less than or equal

to that of light as in the special theory of relativity. In 1965
using essentially the same postulates as those of E-P-R,
Bell**

showed that every realistic,

particles

obeys

violates.

This allowed

distinguishing

a

between

S.

local theory of two spin-*

certain inequality that
for

J.

quantum

mechanics

unambiguous experimental tests for

any local deterministic hidden variable

theory and quantum mechanics. Bell and

several

other

workers

independently derived other Inequalities

that

for particular

includinq the one that

sets of circumstances**,

were appropriate

applies to the linear polarization of photons (spin-1 particles)
In *n experiment where an observer detects a photon of
polarization (either parallel

definite

or perpendicular) by selecting an

analyzer setting.
The

possibility of violation of Bell's Inequalities

in

nonlinear processes, such as multimode parametric amplifiers and
four-wave mixing,

have been studied*'*.

The two output modes of

any of these idealized lossless systems are maximally correlated
(i.e.,

a

determines
other

measurement of the photon number In one output
completely

mode),

and

and precisely the photon

imply a strong violation of

number In
the

mode
the

classical

Cauchy-Schwarz and Bell's inequalities, ft has been shown*9 that
violation

of

Veil's

inequality

is

possible

even

nonlinear system is interacting with the environment,

when
l,e.,

the
In

the presence of a coherent pump and also dissipation. For fields
generated

in

a large number of

nonlinear

optical

processes.

-77-

includlng those with losses,
radiation

has

<4isti ^tAitiorn
Squeezing
have

shown i-

been

cftntftte^

aionind

characteristics

been

studied

parameters.

Here

bean-splitter

In

we

generated quantum

to

have

Vttt wftan

a

value

of the generated
terms

of

the

Gaussian
©i

Wiqner

th«

correlated

Wlgner

and

distribution

show

that

if one

the violation

performs

of the

a polarization

of Bell's inequality can

ranqe of the Wiqner parameters.

violation can also be related to ttie quantum statistics
photon number of the fields.

the

or

The
the

Violation of the Bell's inequality

In correlation measurements of mixed signal

and

idler

photons

process of parametric down-conversion has been
observed4'.

experimentally

fields

consider2* the nonlocal character

achieved for a certain

produced In

tltld.

fields by superposing then with the help of a

correlation experiment,
be

the quantum state o£ tr,e^generated

Similar violation can occur in

the

output of thv. two-photon squeezed laser studied recently*".

2.

CLASSICAL TflBOtY OF rOUKTH-OtDt* IMTCtPttBMCI
ntOH lNMtPBMDBHT SOWtCCS

Let

us

consider two

quasicxmochrcmatlc
and B (Plq.l)
E»Ct),

approximately

electromagnet3c waves emerglnq fro* points k

field

are

superposed

amplitudes

at

the receivinq

at two neighborInq

plane.
points

coordinates x* and x* in this plane at time t ate given by

E*(t) expt-l|u.|L»*l • e»(t) *xp(E»(t) e x p l - l | u C A * l • E»(t) e»cpl Here

plane

described by complex scalar amplitudes S*(t)

which

resultant

polarized,

L» and |L» *te wave vectors and r**,

t>*>

t**.»

£**

and
The

with tt

displacements

as

shown

in

Fig.l.

The

instantaneous

liqht

intensity I at <x*,t) Is then
I(xi,t) ^ E-(x i# t)E(Xi,t)
= I*. * I» • E"*E.expl iw(t.i-Ux) J • c.c.
and

similarly for I at (x 2 ,t),

(2)

where w is the midfrequency

of

the quasi monochromatic sources, tjn= lr*.» I /e, t»i-Uinl/c are the
transit times for the liqht from A, B to reach the point xi. The
third and fourth terms on the
for

second-order

uncorrelated,
ensemble

right of Eq.(2)

interference.

If E* and £•

are

responsible

are

random

and

the cross-terms in Eq.(2) average to zero and the

averages

<I(x*,t)>

and

<I(xa,t)>

exhibit

no

interference.

Mow we evaluate the intensity cross-correlation function
<llxi / tll!x )/ t)>

under the same assumption that the two

light

beams are Independent and the phases of E*, E» are random. Then
<IUi,tU(x a ,ti)>
- <(I**1»)*> * 2 < U > < U > cosl 2««x1-x«l/Lt,
with

L

* A 0 / s * ^/»,

distance

(3)

where > is the wavel«nqth,

D

ttom the source to the interference plane,

separation

between

inclination
represents

the

sources and 6 is the

small

between the two liqht paths from A
a

form of interference,

s

and B.

althouqh It

is

the

is

the

anqle

of

Eq.(3>

involves

the

correlation function of fourth-order. The periodicity ("frinqc*•paclngj of the Interference pattern it L. The •fringe*" in this
case,

of course,

cannot be seen with bare eyes,

detected by correlation
amplitude

measurements.

or "visibility*

but

can

be

The relative modulation

of the interference pattern Is given

by

(4)

Here < | A 1 )2)
Eq.M)

=

<Ia> - <I>"

qives the fluctuation in I.

we see that the visibility in the classical case

maximun possible value of % when < U > any fluctuations of I* and I*.
the

"visibility"

is

even

<!•>

When I*(t)
smaller.

From

has

a

in the absence of

and I«(t) fluctuate,
The

intensity

cross-

correlation is smallest when
Ixi - x»l = «n<»*)L

<n=0,l,2,

),

(5)

but It can never vanish.

3.

QUANTUM MECHANICAL THEORY OF TWO-PHOTON INTERFERENCE

In

the

case of a quantum description

of

the

optical

field,

the state of the field has to be specified,

because in

quantum

mechanics

the

observable

a

tneaninqful

(light

Intensity

quantity.
quantum

only expectation
in this case)

value

In a

of

state

is

In the following we consider two specific examples of
Mechanical

sources

tor

two-photon

interference

exper i merits.
{a}

Single

optical
sources
positions

Atom Sources - Here we consider special

interference experiBents*»•»#•,
consist

of

A and B,

laser beam. Let x«,

Identical

cases

in which the two

two-level

atoms

of

liqht

located

coherently excited close to resonance by

at
a

x> be the positions of the two detectors at

the interference plane (see PIg.l again). The positive frequency
part g'*Mxi,t»

of the electromagnetic field at

position *u in

the far-field (due to these two atonic dipules of moment

U. *t A

-80-

and B) can be written as
E""tXi,t) = |tib*.(t-t«.».)*b.(t-t»i) 1 + E ' * ' r «
where bxtt), b . m
two-level

atoms

are the atomic lowerlnq operators Cor the two
with

resonant

frequency w o ,

b

i

11X21,

A

b"-l2><ll. k is a geometric factor qiven by
K = (wo*/4KeoC*)|{|i/ltl} - Up.r )r/lrl'»l,

(7)

which we dssuae to be similar for both sources within the smallangle approximation.
The initial state of the field is taken to be the vacuum
state

and the atoaic state at time (t-t o )

is assumed to

be

a

product state ot the fora
latom> = ie*,#*> 0) \Qm,*m>,

(6)

16,•> = sin(e/2)eK|)« i*/2 H l>«cos<e/^ Jexp<-i*/2 H Z> .

(9)

with

Here

6

is the polar anqle of the Bioch vector

siqnityinq

the

degree of excitation : wh«-r* the atom is in the ground state ll>,
••«; when the atoa is in the fully excited state !2>,

6*0. • is

the

different

azlauthal angle desiqnatinq phase which will

be

foe different atomic positions.
The

expected

light

intensity,

or

the

single-photon

detection probability, at (x*,tl is then given by
<Itx»,t)> • <E < -'<x»,t).E 1 * 1 l#u,t)>
* l|Ll*(cos*(0*/2) • co»»(i»/2)
* •ine**ine»cosi*A-*»*w«(t*i-t*t)H.
So,

If the phase-difference (•*-••) chanqe« randomly foe

(10)
each

-81mdependent observation,
we

we have no interference.

From Eq.(lO)

see that even if the phase-difference is constant,

••=0,
the

the Interference term vanishes If 6»-0
atoms

are

in

the

fully

excited

say

•*-

or 8»=0, I.e., If

state.

The

quantum

mechanical explanation of this result is that if the atoms start
iron

the fully excited state,

source of any emitted
(In

an

enerqy

exactly).

it is possible to determine

photon by an

eigenstate,

it

examination

the

of the sources

is possible to measure

energy

Since interference effects are a consequence of

intrinsic

lndlstinquishability of the two photon

paths,

must disappear if it is possible to determine from which

the
they

source

the photon has come.
It
sources

Is

interesting to note at this point that when

are partially excited two-level atoms In

states,

second-order

cross-terms

not in a Pock state.
in time,

superposition

interference effects can occur*'**.

in Kq.110)

the

The

do not vanish when the emitted liqht is

The Interference pattern may move randomly

but frinqes can still be detected by uslnq two or more

detectors simultaneously and correlating their output.
The fourth-order correlation function (normally-ordered)
can be calculated to qive

= 2l|tl# cos'(6*/2)cos*(6»/2l
x (1 • cos(2«(x* - x»)/Ll),
where

Li A / e

before.
(&**•»*<>),

Interference

frinqes

In this case even if the atoms are both fully
there

probability of
xi),

is the spacing of the

(til

Is a cosine modulation of P»

two-photon detection)

with periodicity L.

with the

The joint probability

at

«Kcirttf

(or the

Joint

separation (x*«*«««i«« »-*•—
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the

is an odd

relative

fringe

Integral multiple ot ha 1 £ trinqe-spacinq,

modulation

pattern

obtained

amplitude

or "visibility"

from Eq.(ll)

is

classical situation described by Eq. 14)
is

Impossible

to

detect two emitted

separated by an odd

number

100\,

a

of half-frinqes.

at

and

one

which.

from

the other,

corresponding
probability

to

the

points

This result aqain
the fact

have come from one source

but we cannot tell which

Ve therefore have to

the

Thus it

two

calls for the quantum mechanical interpretation - viz.
that one of the detected photons must

of the

unlike

where or <: SOX.
photons

and

came

from

add the two probability amplitudes

two indistinqulshable

paths,

and

the

amplitudes axe in anti-phase when |Xi-x3| = (n-tft)L,

n = 0,1,2, ...
(b)

Down-Converted

Photon-Pair Source -

In

the

process

of

spontaneous parametric frequency down-conversion, photons in the
pump

laser

frequency

beam

spontaneously "split"

signal

and

idler

photons

into pairs
that

e.iwrqe

of

lower-

from

the

nonlinear medium within a cone around the pump beam axis. If the
frequencies

of

beaas are w o ,
conserved

cor

the monochromatic pump,
w* and v>
an

respectively,

interaction

siqnal and idler liqht
then

enerqy

to take place with

must he

appreciable

probability so that
Wo « Vi 4 Ws.
Efficient

(12)

parametric down-conversion also requires conservation

of momentum, i.e.,
ke • %%. • k»,
where %o,

U3I

tu, k* are the momenta of the pump,

photons respectively.

Rqs.(12|

and (13)

siqnal and idler

»tt together known as

-OJ-

the phase-matchIng conditions.
unlaxial

These conditions can be met in a

non-centrosymmetric crystal exhibiting

such as KDP (KH a PO«), LI (LilOa).
the

interference

between

the

birefrinqence,

In the followinq* we consider
siqnal

and

the

idler

photon

produced in this process.
If
recombined
excluded,
to,

the
at

two down-converted signal and idler
some

distant

point

front

which

beams

the

pump

and if the two photons arrive at point O(ro)

the resulting two-photon state can be taken

as

are
is

at time

a

linear

superposition of all the two-photon states lk.iSx,kaSa>, weighted
by a normalized function that is appreciably different from zero
only

when

satisfied.
cubical
photon

the

phase-matching conditions (12)

(13)

are

Here k,s labels the plane-wave elgenmodes of a larqe

cavity of side L.
out

and

of

How the probability of

detectinq

the superposed siqnal and idler beams

at

a

some

point t at time t is qiven as :
P(r,t) - K<V(r,t).V(r,t)>,

(14)

A

where K is a proportionality factor and V(r,t)

is the detection

a

operator in the Heisenberq picture :
X(L,t> t L~»'» C a*.£*. expli(!s..t-wt)l.

(15)

A

Here

a*.

Is the photon annihilation operator,

polarization vector.

Ve find that

probability P(t,t) does not exhibit
simply

reflects

the

£*• Is

the slnqle-photon

a

unit

detection

interference fringes.

absence of a phase relation

This

between

the

Next we consider the joint probability of detectinq

cne

signal and idler waves.

photon at t* at time ti
interference plane :

and another at r_»

at time t»

in the

p a (r.i, 1 1 ; r.a, t a )
A

A

A

A

r.2,t2)Vi (r i ,t 1 )>.
Inteqratinq

Eq.(16)

over

measurement

proceeds,

we

(16)

the time interval T for

which

arrive at the

two-photon

measured

the

detection probability in time T :
to+*T
PzlLx, La) constant x P
P P 2 (r_x, ti.;ra, t 2 )dtxdt,.

JJ

Here

we shall suppose that we are dealing with

case

in

the

(17)

deqenexate

which both signal and idler waves are centred

at

the

same frequency w o /2, althouqh both have an appreciable frequency
spread Aw. We take the measurement time T to be much lonqer than
the

"coherence time"

bandwidth

1/ A w .

photons,

the

of the photons,

qiven by the

For similarly polarized
final

expression

for

signal

the

reciprocal
and

idler

measured

joint

probability comes out to be aqain of the form :
Pa(JU/ta)
where

s

constant x [1 t cos {2n(Xi-xa)/L} ),

(18)

L = 2\>/6 * 4 K C / W O 8 is the interference spacing;

are the distances of E.I,IJ

from the reference point 0;

require

that the number of fringes separating r_x

from

must be much less than the reciprocal of 2n

0

relative

bandwidth 2 Aw/w o .

Once aqain the joint

Xi,Xi
and

we

from 0 and r_a
times

the

probability

vanishes when Xx-xa = (n+tt)L, n = 0,tl,i2,...

4.

EXPERIMENTAL EVZDENCE

The

fourth-order interference experiments

atoms are not easy to carry out,

with

as the two atoms need to

sinqle
have

-85well-deflned

positions,

and

furthermore,

they

prepared r.epe.atedl}' in the same quantum stdle.

nev.d to

There have

be
been

attempts" in that direction but no reported success so far.
The first observation of nonclassical effects in fourthorder

interference

reported in 1987 9

was

involving the down-converted photons.
is

shown

in

Fig.2.

oscillating at 351.1

in

an

experiment

An outline of this set up

The pump beam from an

argon

nm interacted with a 15

ion

laser

mm lonq nonlinear

crystal of lithium iodate (LI), where down-converted photons of
wavelenqth about 702
directed the emerqinq

nm were produced. Two mirrors (Ml
photons

and M2)

so that they could come toqether

at a small angle 6, after passing through an interference filter
(IF)

that restricted their bandwidth.

consisted of
(Gl

a delicate system of two thin movable qlass-plates

and G2)

efficiency

The detection apparatus

that scanned the interference plane.

photomultiplier

tubes

(PMT's)

Two

high-

received deflected

photons from the two

qlass plates and the photoelectric pulses,

after

(by

amplification

Discriminators),
high-resolution

Amplifiers)

were fed to the

and pulse

shaping

start and stop inputs

time-to-digital

converter

(TDC).

(by
of

The

a
TDC

digitized the time interval between the arrival of a start and a
stop photon in units of its resolution and
coincidence

counter.

thus functioned as a

The data-acquisition process was computer

controlled.
As
ouqht

to

relative
(sin(n

a

consequence of the finite detector width

inteqrate
depth

ix/L)/(a

of

foregoittq expression

modulation o

Ax/DI^.

appreciablly thinner
interference

the

pattern,

Now

than L/2

the

qets

(lb)

reduced

qlass-plates

so that they could

Ax,
and

troin

we
the

1

to

should

be

resolve

the

but at the same time they could not

be

-86made

too

capacity
and

thin because
very low.

that

would make their } t.qnt-col lection

For the values of qlass-plate thickness Ax

fringe-spacinq L used in our experiment,

the factor u

was

0.55, whereas for a classical field the maximum value of: a would
be only half as great.
In

the experiment coincidence rates were

measured

for

three different values of the separation Xi-x 3 of the detectors,
on

careful

alignment

and

making

sure

that

the

individual

counting rates at the start and stop channels were the same

for

all three settings. When accidental coincidences were subtracted
out,

the rate of coincidence countinq provided a measure of the

joint

probability

adjusted

P2,

upto a scale

was

then

to qive the best fit to the experimental points.

The

results supported the quantum

factor

which

mechanical theory,

violatinq the

classical inequality (4) with 92% confidence level.

5.

WIGNER FUNCTION DESCRIPTION OF NONLOCALITY

The

nonclassical

electromagnetic

and

field mentioned

nonlocal
in

features

Section

1

of

are

the

normally

expressed by the violation of a particular inequality associated
with

the

quantum

state

electromagnetic field,

under consideration.

For

a

quantum

the complete information is contained in

A

the

density

properties of

matrix p and the information about the statistical
the field can be obtained from the moments ot the

field operators. The establishment o£ the quantum condition puts
restrictions

on

these moments.

operators are the parameters
function
of

of

These
the

moments

of

the

field

phase-space distribution

corresponding to the density matrix/). The formulation

quantum

mechanics

for

calculation

of

average values

of

-87-

observables
these

becomes identical to the classical one In terms

distribution

functions.

state (|{v)>) representation

If we make a diagonal

of

the

of

coherent

density operator 0 of the

field, by writing

t " I"

W J ) H v i X i v } I div),

where
(the

P({v})

(19)

is some weight functional or phase-space

Glauber-Sudarshan

P function)

density

and the inteqral is to

taken over all values of the set of complex amplitudes
if

P({v})

is not a probability density,

nonclassical.

In

highly singular.
behaved

functions.

the

(vl, and
state

is

can

be

may qo neqative and

In the case of a quantum field, where no well-

P({v})

distributions

qeneral P({v})

then

be

function

are

exists,

often used,

other

quasiprobability

for example,

the Q and

Wigner

All the known nonclassical and nonlocal effects can

then be expressed in terms of the

parameters

of the respective

distribution function.
The Wigner function
of

corresponding to the density matrix

a single mode of the radiation field characterized by
A

A

boson

,

operators a and a T is defined 22 .as :
W(z,z") = re"* Trlf f d 2 p exp{-lp(z"-a--) - p"(z-a))}J,

(20)

where r d a p stands for the integration over the whole complex pplane. Note that
' W(z,z") d 2 z = 1,
1

(21)

W(z,z") O(z) d 2 z = <0(z)>,
f\

(22)
A

where 0(7.) is obtained from (20) by replacing p by nO. Similarly
A

for

A

\

a two mode case with a and b as the two modes,

the

Wigner

function is defined as :
W(z«,zto) = K~* Tr £ 9 (
• j1 d a p d 2 q expl -{p( z."-a* ) - p"(z--a)
»

A

-ssit has
of

been shown 10

nonlinear

that tor fields generated In a large class

optical

processes

radiation field is a Gaussian

the

quantum

state

of

the

Wigner function which is centered

around the mean value of the field. Let us consider a field with
annihilation

operator

a

characterized by the Gaussian

Wiqner

function :
W(z,z") = tn(t 2 -4U 2 )*]- 1 exp[-{H(z-Zo) 2 +u*(z"-Zo") 2
+t|z-zo"I 2 )/(t 3 -4lMl 2 )1,

(24)

where
<a> = zo,

(25)

<a2> = -2M" + zo 2 ,

(26)

= -2u + zo" 2 ,

(27)

<a*a> = t - V4 + Izol2,

(28)

t > u + M".

(29)

and

The positive definiteness of

the density

matrix can be ensured

through the followinq parameterization of Ji and t :
M = Q/4 sinhx exp(-iG),
t = Q/2 coshx,

(30a)
(30b)

with the restriction that
Q > 1.
The

(31)

fluctuations in the photon-number n = a*a can be written in

terms of the Wiqner parameters as
<(Ar»)a> s <n a > - <n>» = t a + 21 z o Ia t - 14 - 2 z o - a y "

- 2zoaM + 4JIU".

(32)

Thus, foe sub-Poissonian photon statistics,
<(An)a> - <ri> < 0,

(33)

giving
ta

+ 2 l z o l a t + % - 2 z o ' * M " - 2 z o * M + 4 I M I a - | Z o l a - t < 0 .( 3 4 )
Treating the examples of two-photon squeezed laser 20 and

-8'S-

deqenerate
show

down-conversion In a cavity 23 ,

parametric

one

that the dynamical equation for the Wigner function

out

to

be ot the form of a linearized Kokker-Planck

the

solution of which is a Gaussian qiven by Kg.(24).

can
comes

equation,
Let

us

quote the results for the second example here. Let the pump mode
of frequency w«= = 2w» qenerate two modes of frequencies w. each.
A

A

A

A

Let c (c T ) and a (a*)

be the annihilation (creation)

operators

associated with the pump and generated modes respectively.
Hamiltonian

describing

the

down-conversion

process

The

can

be

written as :
H = -fiw.a*a + 2tiw.c+c + ifi/2 [Ga^c - H.c.)
+ i-h(e,=c-t-e-21w«_t - H.c.),
where

the

coupling

parameter G qives the maqnitude
and is proportional to X-'2' '

e

of

the

= denotes the

(35)
parametric
coherent

field driving the mode c. On including the decay rates Y. and Y,=
associated with the two modes,
Y»,

with

the assumption

that Y= >>

and then upon linearization around the steady-state

*

A

H

*

*

value

A

<a> by settinq a = <a> + A, A/<a> << 1, one can show that the
equation for the Wiqner distribution function w*.(z,z") becomes :
^.W A = ^.[(Kz - <c>Gz")W*) +
9 (KVU) + c.c.
Dt
1)7.
9zdz" 2

(36)

where
K = Y. + | G 2 l 2 K a > | 2 / Y c /
Yc<c> = E= - G-|<a>| 2 /2,

(37)

Y.<a> = G<a>"<c>.
The solution for Wx(z,z") is a Gaussian Wiqner function given
by (24). The values of the Wiqner parameters in (24)

are

thus

found to be
t = (1 - |G<c>/K|2 J-V2,

(38a)

V - - (G<c>)*[l - |G<c>/KI2]-1/4K,

(38b)

Zo = <a>,

(38c)

-90= G < a > M e e - G*<a> a /2).

g t

If

one

defines

a

parameter £ =

GC=/T.Y U ,

(38d)
then

for

above

threshold (e > 1 ) , from (38d) one obtains
Izol3 = 2IV.YC/G2l(e - 1 ) ,

(39a)

|G<c>/K| = 1/(2E - 1 ) .

(39b)

The phase of z o is given by
arq[Ge c (z o ") 2 = 0.

(39c)

Zo is of course zero below threshold (c < 1 ) .

Let

us

correlation
correlated

consider

experiment.
beams

a typical set up for

a

polarization

Let a and b be the modes of

coming out of a nonlinear material

the

two

that
A

are
A

made to fall from opposite sides on a beam-splitter, c and d are
the mixed beams which arrive at the
r>

and ,r3

in

front of them respectively.

detectors .placed at points

with two polarizers set at variable anqles Si and 6 2
The Bell's inequality in

this

case has the followinq well known form :
s = P(6x,0 2 ) - P ( 6 I , G 2 ' ) + p(6x ( ,e s ) + Piex'.e. 1 )
,-) -• tM-,8 a ) < 0.
Here P(8a.,62>

is the joint probability density of detecting two

photons for polarizer settings of 6i
the probability when the
joint

(40)

probability

second

and 6 2 . P(8i,-) stands for

polarizer is removed.

Now the

density of detection of two photons is given

as:
*dTd>
where

K is a constant characterizinq the

(41)
detectors.

One

may

write the fields at the detectors as
clri) = X-a + xjb,

(42a)

-91dUa.) = Y.a + Yt,b,

(42b)

IX.I2 + IXbl2 = IY.I2 + IYtol2 = 1.

(42c)

where

For the correlation experiments 13 with the down-converted siqnal
and idler beams,
X. - cos8i /T»,
X b = -1 sine* /R y/

(43)

Y. = 1 cos8j ^R«,
Yb = slnBa vT y .
Without explicitly specifying the state of the incident field at
this

stage,

we

just assume

that

expectations

of

unpaired

operators vanish. Then from (41)

, (44)
A

A

A

A

A

A

where nm = a^a and n b £ b^b are the photon-number
the two beams

incident

on

the beam-splitter.

operators for
The probability

density when the second polarizer is removed is calculated usinq
the unitarity property :
P{eXr-)

= P(6i,e a ) + P (61,82+11./2)
= K [R«T«cos3ei<n.(rL-l)> + R^T>-s
.

(45)

A similar expression can be obtained for P(-,6 3 ). For comparison
of the different probabilities,

all of them should be scaled by

the joint probability density when both polarizers are removed :

RvTy<nt,(nb-l)> + (T«Ty + R x R Y )<n-n b > J .
Let R = T = Vi;

(46)

and we choose the anqles as 6a = n/b; 6i'- 3n/8;

62 = 11/4; 62'= 0. Then from (40), we qet
4S/K -- -0.8b3b534l<rL(ri.-l)> + <nb(nb-l)>J + 0. 4142<ii.nb> .

(47)

-92The Bell inequality is violated whenever 4S/K

> u,

i.e.,

<n«.LP«-l)> + <ntoln-to-l)> < 0.48.
<nn

It

was

shown

inequality

by

could

Chubarov
be

Nikolayev 2 *

and

violated

in

146)

that

polarization

the

Bell

correlation

experiments provided the photons

of each polarization component

are

in their statistics (condition

sufficiently sub-Poissonian

(33) above]. In the case treated by Chubarov and Nikolayev,
<n.(n.-l)> = <n,>(rib-l)> = <n(n-l)>,

(49a)

<n.n B > - <n> 3 .
Hence

the condition (4ti)

(49t»)

for violation of the Bell

inequality

qives
<lAn)=> - <n>

<

-0.76,

(50)

<n> 2
implying that the photon statistics have to be suiticiently subpoissonian.

For

the parametric down-conversion process,

the

photon statistics is nearly Poissonian with mean <n> :
<n.(n.-l)> = <n b (n b -l)> = <ri>2,

(51a)

<n_rL> - <n> + <n> 2 .

(51b)

Hence from (48) we qet
<n> 2
<
n> + <n> 3

0.24,

(52a)

or
<n> < 0.32.
Hence from (28),
given

by

(38),

(52b)

in terms of the Wiqner parameters of the tield
the

condition

for

violation

of

the

Bell

inequality in this case can be expressed as
t + Izol2
This

condition

sub-Poissonian

<

0.82.

is more strinqent than the
statistics

quantum features of the

(53)
condition (34)

and the known conditions

field.

for

for
other
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6.

SUMMARY

With

Independent

interference

disappears,

effects are
predicted

possible.
even

much

quantum

mechanical

ordinary

Fourth-order
but

stronger effects.
cases

of

hiqhtr-order

interference effects
quantum

We

mechanical

are

theory

have studied the specific

two-photon

interference

fluorescence from sinqle atoms and

qenerated in parametric

second-order

but we have shown that

classically,

predicts

resonance

sources

the

using

photon-pairs

down-conversion process.

in both cases

we have seen that the joint probability of detectinq two photons
at two positions Xi

and x a

vanishes whenever the two detectors

are separated by a distance xx-xi correspondinq to an odd number
of

half

interference

trinqes.

The

vanishi.nq o!

the

joint

probability p 2 for two photons at widely separated points XI.XJ..
as

stated

classical

by

Eqs.(ll)

wave

theory,

probability

and (IB),

has no counterpart

because the classical joint

cannot vanish at

in

the

detection

two points where there is

light.

But in this two-photon interference, in looking for simultaneous
detections at xi

and x 2

we come

across * a situation where the

outcome of the measurement at Xi is strongly influenced by where
the other detector is located.

This is reminiscent of the E-P-R

paradox in the measurement theory.
order

interference

photon

pairs

probability
experiments
relatinq

that clearly

performed

indicates

relation for waves.
investiqatinq

Several

the

nonlocality in

with

quantum

fourth-

down-converted

violation

to Einstein locality exhibit an

the Bell inequality.
the

experiment

We have described a

optical

of

classical
correlation

mechanical

paradox

explicit violation of

We have qi/en a generalized description of
terms
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UPDATE OM THE INTERNATIONAL STATUS OF COLD FUSION RESEARCH
M. Srinivasan
Neutron Physics Division
Bhabha Atonic Research Centre
Troabay, Bombay 400 085

1.

Introduction

Ever svace the startling announcement in March 1989 by Utah scientists
Fleitchaann, Pons and Hawkins /I/ and shortly thereafter by Jones et al
121, of the experimental observation of anomalous excess heat and/or fusion
reaction products during the electrolysis of heavy water by means of Pd
cathodes, there have been frantic attempts the world over to confirm this
unbelievable phenomenon of "fusion in a bottle" or "cold fusion" as it has
co«e to be known. Several laboratories such as the Texas ASM 'University
III, Stanford University IV,
BARC 151, TIFR 161 and IGCAR (Kalpakkam)
HI reported obtaining positive results within weeks of the first announcement. The initial euphoria however soon turned sour when many other leading institutions such as Caltech, MIT, Yale University, Chalk River,
Harwell, Max Planck Institute at Munich etc failed to reproduce the
"claimed" results of the original authors. Inspite of many groups reporting neutrons, tritium and excess heat production at the Santa Fe Workshop
on Cold Fusion Phenomena (May 23rd-25th 1989) /8/, the overall impression
which began to be formed in scientific circles was that cold fusion does
not exist and the reported "evidence" was some peculiar "artifact" of the
experiments. This was reflected in the final report of the US Department
of Energy's 22 member Cold Fusion Panel submitted in November '89 /9/ which
concluded that "the present evidence for the discovery of a new nuclear
process termed cold fusion is not persuasive". They went on to surmise
that "Nuclear fusion at room temperature of the type discussed in this
report would be contrary to all understanding gained of nuclear reactions
in the last half a century; it would require the invention of an entirely
new nuclear process".
Meanwhile more "positive" results continued to pour in from laboratories such as Los Alamos 1101, Case Western Reserve University /111, University of Minnesota /12/, Universidad Autonoma De Madrid /I'M, Mann Seighbahn
Institute of Physics /14/ at Stockholm and several different groups in
Japan. Besides electrolysis, deuterium gas loaded Ti /15/ and Pd targets
both with /16/ and without application of electric fields have also indicated the occurrence of cold fusion reactions charting a new route for the
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exploration of the phenomenon of cold fusion. It was the National Science
Foundation (NSF)/Electric Power Research Institute (EPRI) sponsored Meeting
on "Anomalous Effects in Deuterated Materials " held at Washington D.C
during October 1989 /17/, in the presence of Edward Teller, that perhaps
served as a turning point in the acceptance of cold fusion as a fact to be
faced by the physics community although the number of firm "believers"
remained small at that point of time.
In december 1989, at the Solid State Physics Symposium held at IIT
Madras, the status of cold fusion research in India was briefly reviewed at
an informal two hour session wherein several speakers summarised their
experimental or theoretical studies. By then a detailed description of the
impressive work done at BARC during the first six months of the "cold
fusion era" had been released as report BARC-1500 /18/. This collection of
notes ha* since been published in its entirety in "Fusion Technology" /19/.
Since the early BARC results are by now well documented and publicised, in
the present update they will only be commented upon very briefly.
During the year 1990, there were two major international conferences
devoted entirely to the subject of cold fusion which have helped to take
stock of the progress of research in this field. The first was held at
Salt Lake City late in March 1990 /20/ under the patronage of Fleischmann
and Pons and emphasised calorimetry and excess heat studies while the
second which was hosted by Jones' group in October 1990 at the Brigham
Young University in Provo, Utah concentrated on measurement of nuclear
effects in deuterium/solid systems/21/. The present overview draws mainly
from the proceedings of these meetings which together account for over a
hundred papers, besides the very significant work reported during the year
from Japan. It is learnt that there are presently over 50 groups involving
over 250 scientists engaged in cold fusion research in Japan alone. It is
hot the purpose of the present paper to give an exhaustive and thorough
analysis of each and every published paper in this field so far but rather
to give a broad overview of the cold fusion scene as it stands today
(January '91) highlighting some of the major new results published during
the year that has just gone by.
Bockris et all /22/ have presented a good summary of the status of
cold fusion research as of mid-'90. Braun has compiled a consolidated list
of papers published in the area of cold fusion since the beginning/23/.
Another good source of information is "Fusion Facts" /24/ which is a monthly digest of the latest reports on cold fusion.
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2.

Calorimetry/Excess Heat Studies in DjO Electrolysis

As is well known by now, the initial pioneering paper of Fleischmann,
Pons and Hawkins met with considerable criticise /25/. Some of the points
raised by his critics were : (i) Excess heat was due to recombination of
electrolytically generated D and 0 ; (ii> Inadequate mixing of the electrolyte gave rise to errors in temperature measurements; (iii) Inadequate
control of waterbath temperature could have produced erroneous results;
(iv) Fleiscbmann and Pons' heat transfer computations were subject to both
random and systematic errors; (v) No blank or control experiments were
done.
All these have now been systematically answered by Fleischmann et al
in three different papers 726,27,28/. It is by now clear that their calorimetric measurements were in fact quite reliable and that they (along with a
dozen other groups in the world) have indeed obtained excess power levels
o£ the order of 25 to 30% over and above the input joule power dissipation
rite of (K - 1.54)*I watts where E is the voltage applied to the cell and I
the cell current in amperes. 1.54 accounts for the energy consumed in
splitting D O into deuterium and oxygen and is referred to by electrochemists as the thermoneutral potential for this system. Fleischmann et al
have carried out an exhaustive and systematic study of the excess power
generated as a function of Pd cathode diameter (1,2,4 and 8 mm dia) and
current density (8 to 1024 mA/cm ) . In general they find that excess power
scales near-quadratically with current density, with the 1 mm diameter
cathodes generating more power than the higher diameter cathodes at a given
current density. In their experiments 8 mm rods for example did not generate any excess power. At " lA/cm the 1 mm rods produced an excess power
of ' IV for an input power of 4 D. This corresponds to a specific excess
power of over 100 W/cm of Pd. In Ref /29/ Kainthla et al have examined
eight possible chemical mechanisms which can in principle contribute to
"excess heat". However they have shown that even if all these mechanisms
operate simultaneously, not more than 3 V/cm can be generated. An important conclusion to emerge from the pioneering work of Fleischmann and Pons
is that there seems to be a sort of threshold current density of about a
"100 mA/cm below which the excess heat production becomes negligible, at
least in the case of D O electrolysis.
2
A new phenomenon noticed by Fleischmann and Pons since their first
publication is that superimposed on the "baseline" excess heat, sometimes
large "bursts" of excess enthalpy, 20 to 40 times the input power values
(see Fig.l) are observed /28/. This type of sporadic heat bursts have
however been seen only by a few other workers so far /3O,31/. But the
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baseline excess heat which is directly correlated with the current density
has been observed by m&ny laboratories /31a/ now, inclusive of two independent groups from the Oak Ridge National Laboratory /32,33/. The integrated
energy generated during baseline excess heat runs was found to be as high
as 50 HJ/cm and in "heat bursts" 16 MJ/cm . So far, neither Fleischmann
and Pons nor any of the other groups, have been able to establish whether
these phenomena are "surface phenonena" or a "volume effect".
3.

Molten Salt Electrolysis Experiment
At

the 8th World Hydrogen Energy Conference held in Honolulu in July
1990, Liaw et al of the University of Hawaii presented some very spectacular excess heat measurements obtained with a molten salt electrolytic cell
/34/. Drawing upon several years of experimental experience with a similar
system for loading hydrogen into Pd (in the context of hydrogen storage
studies), they carried out electrolysis at temperatures of about 350 C to
400 C with a eutectic salt comprising LiCl and KC1 in which a small amount
of LiD was dissolved to act as the main current carrier. Since LiD dissociates into Li and D , in this cell Pd was operated as anode. An electrical heating tape of 100 V capacity wound outside the Al vessel containing
the electrolyte served to keep the salt molten.
Using a 0.5g button of
Pd as anode and Al as a consumable cathode they measured, after several
days of loading at very low currents, excess power levels as high as 25 V
for an input cell power of just 1.68 watts, representing a power gain of
"15 (see Table I ) . The excess power increased near-linearly with current
density. At three current densities in the range of 290 to 692 mA/cm the
excess power episode lasted for almost 4 days generating in all "5 NJ of
energy (see Fig.2). The experiment was terminated only because the LiD was
exhausted in the electrolyte.
It was announced at the Provo meeting (Oct 22-24, 1990) /21/ that the
particular Pd sample used in this experiment when analysed by an expert
group of Rockwell International was found to contain 4 x 10 atoms of He ,
upto 14 sigma over that in a control sample of Pd taken from the same stock
/35/. This quantity of helium is still much lower than that expected on
the basis of the 5 HJ of integrated excess energy produced by the 0.5g Pd
sample. It is presumed that majority of He produced has escaped from the
Pd. In spite of it tbe result is significant to the extent that it probably represents the first instance when He has been found unambiguously in
any electrode which has produced excess energy in an electrolytic cold
fusion cell.
The

importance of this experiment lies in the fact that the

specific
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excess power generated, namely 25V/0.5g or 50w7g is already three times
that of the \)0 fuel elements of the Kajastfaan Atomic Power Station t*APS),
for which it is 15V/g. Since the densities of UO and Pd are 10g/c«3 and
12g/ca3 respectively, the power density in the Pd fuel of the molten salt
cold fusion cell works out to 600 ¥/cm which is 4 tiaes the 150 V/ca of
RAPS fuel. Likewise the integrated energy yield of this cell which was > 1
GJ/aole of Pd, corresponds to "7 fusion reactions per 1000 (d-d) pairs.
For RAPS fuel the fissions per 1000 heavy atoms of the fuel element is also
about 7 at its average burn up level of 7 NVd/Kg of UO . Thus even within
3 days of operation of the aolten salt cell, the specific nuclear reaction
yield of the 0.5 g of Pd has equalled that of a CANDU type nuclear power
plant. Had the LiD stock lasted, it Bay well have exceeded this performance. All this is eaphasised only to drive home the fact that cold fusion is
not to be treated as an acadenic curiosity but to be given the respect due
to a new source of energy which has already matched the performance of a
present day nuclear power plant! This remarkable experiment has been
highly acclaimed by the cold fusion community and several advanced institutions in the world inclusive of BARC, have initiated efforts to try and
reproduce the results.
4.

Evidence for Neutrons and Tritiua in Electrolysis Experiaents

Right from the inception of the cold fusion phenomenon efforts have
been underway in many laboratories to establish in an unambiguous manner
the production of neutrons and tritium from electrolytic cells. At BARC,
being a nuclear centre, the emphasis was precisely this and indeed very
encouraging results have been obtained. Table II reproduced from Ref /36/
suaaarises 11 experiaents carried out by different groups at BARC wherein
both neutrons and tritium have been, measured. The moat interesting outcome
of the BARC experiments was however the fact that the neutron-to-tritium
yield ratio was found to be significantly smaller than unity by almost 8
orders of magnitude i.e. it was as small as 10 . This finding has since
been confirmed by many other laboratories/ groups around the world and
represents one of the many puzzles of the cold fusion phenomenon (since in
the (d-d) reaction it is well known that the branching ratio for neutron
and tritium production is almost unity). But as this aspect has been well
discussed in the BARC papers already, it will not be dwelt upon further
except for one iaportant aspect, naaely the simultaneity of generation of
neutrons and tritium. Out of the 11 experiments, in atleast 3 instances it
was noticed that the tritium level in the electrolyte jumped immediately
after detection of a neutron burst (See Figs. 3 t 4 ) . Identical observations have also been made by at least two other groups notably Sanchez et
al of Spain /13/ and Gozzi et al /37/ of Italy. The importance of this
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will be appreciated if it is viewed in the context of the so called
episode" of the Suaaer of 1990.

"Wolf

Kevin Wolf of the Cyclotron Institute of the Texas A & M University
created a sensation when he claimed that he had found significant levels of
tritiua in one virgin Pd wire procured from the market/38,39/. It should be
pointed out here that Pd membranes are presumably used to seperate tritium
froa its decay product He in nuclear weapons establishments of some advanced countries. It is alleged that some of this recycled and contaminated
Pd probably finds its way into the open market. Wolf found 10 to 10
atoms of tritiua in 3 samples each of 1 ca long wire (out of 45 such
saaples) taken from one lot of Pd received from one aanufacturer namely M/s
Hoover Strong Co. Wolf's "finding" was iaaediately seized upon by the
skeptics of cold fusion as "proof" of their long standing contention that
the significant quantities of tritiua measured by cold fusion researchers
in aany different laboratories was due to the sudden release of tritium
present as "spot" contaminant in the Pd samples /40/. Meanwhile the National Cold Fusion Institute of Utah has carried out a systeaatic analysis of
over 40 saaples of virgin Pd procured from three different manufacturers,
using a aicrodistillation technique which is devoid of cheailuniniscene
interference effects and has found no tritium contamination whatsoever in
any of the aarket saaples /41/. It is in this context that the simultaneous
generation of neutrons and tritium discussed earlier acquires significance/42/. Besides how can Volf explain the tritium and tritons seen by
several different groups in the gas/plasma loaded titanium samples on the
basis of contamination? By the end of the Provo meeting (October 1990)
contamination has been more or less ruled out as the cause of tritium
observations in so many different countries. It is very difficult to
accept Wolf's contention that tritium is not removed during the elaborate
heat treataent to which Pd is subjected during the manufacturing of wires
and tubes and that it remains as "spot" contamination.
5.

4 to 6 HeV Energy Neutron Component in Electrolysis

By now several different groups have measured the energy spectrum of
the neutrons released in cold fusion and found it to be "2.45 MeV thereby
confirming that (d-d) nuclear reactions do take place in deuterated metal
lattices. Recently Akito Takahashi of Osaka University has obtained clear
cut evidence for the presence of a 4 to 6 MeV energy neutron component
besides the 2.45 neutron energy peak in an electrolysis experiment (See
Fig.5) /43/. He has explained this as proof of occurrence of the 3 body
reaction 3D
d + a + 23.8 MeV, using the "excitation-screening model"
developed by hia. According to his computations the 15.9 MeV deuterons
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that are released in such 3D reactions *ill give rise to neutrons in the 3
to 7 MeV region during tbeir slowing down in the PdDx lattice. Takahashi
himself concedes that at a time when physicists find it difficult to accept
the idea of even 2-body (d-d) fusion reactions in solids, conceiving of 3D
fusion is going to be an understandably uphill task.
6.

Charged Particles in Electrolysis Experiments

Taniguchi et al of Osaka have carried out an electrolysis experiment
with a 10 u» thick copper foil coated with Pd which formed the cathodic
base of the cell (LiOD or LiCl + D O solution, Au anode)/44/. Below the
cathode foil was a surface barrier detector. In 6 runs out of 23 they
•easured < 2.1 MeV charged particles after a charging time of several hours
to a few days. The charged particle counts continued for several days at
tines (See Tig.6). They have argued that 3 HeV protons while passing
through the 10 urn thick Cu-Pd foil will emerge with an energy less than
or equal to 2,1 MeV.
7.

Evidence of X-rays in Electrolysis

Szpak of the Naval Underwater Systems Centre at San Diego (California)
has carried out a very interesting experiment which demonstrates that low
energy X-rays are generated at the Pd cathode during electrolysis of D O
/45/. He used a Ni mesh cathode and a Pt anode. The electrolyte was 0.05
M PdCl + 0.3 M LiCl. Very close to the Ni mesh was a Polaroid film sealed
in a light tight and water tight packing. After several hours of electrolysis the fil» on developing showed an impressive chequered pattern identical in image to the Ni-mesh. Presumably in the initial stages of electrolysis Pd gets deposited on the Ni mesh and in later stages gets loaded with
deuterium which eventually supports anomalous nuclear reactions resulting
in the generation of low energy X-rays.
8.

Burst Heutron Emission in Frascati type Gas Loaded
Experiments

Titanium

Shavings

At least seven independent groups /10,15,46-50/have so far carried out
such experiments successfully involving the loading of deuterium gas into
Ti lathe turnings or chips contained in a SS deuteriding bottle following
degassing under vacuum. This technique which was first suggested by Scaramuzzi of Frascati has since been substantially improved by the Los Alamos
and BYU teams. The novel feature of these experiments is the use of liquid
nitrogen {\jYk) to subject the SS bottle containing TiDx chips to repeated
cooling - warm up cycles. A high efficiency neutron detector system com-
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prising a large number of He or BF neutron detectors embedded in a
bydrogeneous moderator is employed to Measure neutron output. It has been
observed consistently by all the seven groups that neutrons are produced
during the wars up phase following a cooling cycle when the temperature of
the chips is in the sub-zero range (-60 C to 0 C) (See Fig.7). From the
known efficiency of neutron detection it has been established that between
30 to 300 neutrons are typically produced in each burst fro« the bottle as
a whole. One or two groups have Bade prelininary measurements of tritium
generation in such experiaents by degassing and recombining the extracted
deuterium gas back into D O and analysing it for tritium content.
Similar deuterated chips experiments have also been carried out by us
at BARC recently /51/ with the difference that the TiDx chips were as such
dropped into a canister containing liquid nitrogen. We measured the tritium production by directly counting the LN treated chips using beta and Xray detectors. In earlier BARC studies /52/ it was shown that the 18.3
JCeV (maximum energy) beta particles released during the decay of tritium
(12.3 yr half life) excites the K - alpha (4.5 KeV) and K - beta (4.9 KeV)
characteristic X-rays of titanium and this serves as an excellent tool to
detect the presence of tritium . The BARC groups have also pioneered the
use of the technique of autoradiography for studying cold fusion targets.
Using these techniques it was found that < 1% of the several thousand TiDx
chips treated in LN had generated MBq levels of tritium. The main outcome
of this work is the finding that not only is the anomalous fusion reactions
found to take place in only a very few chips, even in those chips its
production is restricted to a small number of selected localised spots or
sites only.
9.

Charged Particles from Gas Loaded Titanium Foils

Ed Cecil from the Colorado School of Mines has recently been successful in measuring the eaission of charged particle bursts from deuterium
loaded thin titanium foils which were subjected to liquid nitrogen cooling
- warm up cycles/53/. Their work was considered to be one of the most
interesting results to be presented at the Provo meeting. The foils (0.1
ma thick) were prepared on a lathe using a broad cutting tool O 1 0 mm wide)
much like the shavings obtained while sharpening an ordinary lead pencil.
The shavings were vacuum annealed for 2 hours at 700 C and loaded with D
gas (2atm, 1 hr). They were then gently flattened out and clamped onto an
SS backing using a ring type washer such that a surface barrier detector
could view the central part of the foil for measuring charged particle
emissions. The SS holder in turn was mounted on a copper cold finger
in
a manner that the temperature of the foil could be cycled between
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-180 C (LN) and + 20 C (rooa temperature). Cecil's group observed bursts
of high energy events spanning a broad 1 to 14 MeV range, though mostly it
was in the 2 to 5 MeV band. When a 13.2 ua thick Al foil was used to cover
one half of the surface barrier detector, pulse height decreased as expected resulting in a double peak being seen. 12 samples out of 26 gave
bursts; there were 24 bursts in 56 days. The burst duration varied froa 1
to 100 ains. Most of the bursts were observed 6 to 10 hours after removal
of LN cooling. No such bursts were observed with hydrogen loaded foils.
Species identification plots indicated that the observed charged particles
were most probably tritium. These results compliment the neutron and
tritiua measurements described in the last section.
10. Charged Particles froa Ion Beam Loaded Ti Foils
George Chambers and others of the Naval Research Laboratory of Washington D.C, have reported /54/ the detection of 5 MeV triton bursts from 1
ua and 3.8 ua thick Ti foils bombarded with 300 ev energy deuteron (ion)
beans in a vacuua chamber. They used an ECR type ion source. Only virgin
Ti foils gave results, that too about 30% of the tiae. They never obtained
results with either Pd foils or with predeuterated titanium i.e. TiDx
samples. When the bias to the charged particle detector was turned off,
the pulse height dropped to 3.5 MeV as expected (due to decrease of effective depletion layer thickness in the detector). The most interesting part
of their results is that the charged particles were of 5 MeV monochromatic
energy, clearly ruling out (d-d) reactions as the source of these tritons,
since in a (d-d) reaction one expects either a 1 MeV triton or a 3 MeV
proton. 5 MeV tritons can however be explained on the basis of 3D reactions, surprisingly in conforaity with the conclusions of Takahashi based
on the 4 to 6 MeV energy neutron component observed by him in D O electrolytic cell experiments discussed earlier in this paper.
11. Precursor to Charged Particle Eaission

froa Gas Loaded Pd

A 14 member multi-institute team from Beijling led by X.Z.Li of Tsinghua University has reported the observation of some sort of "precursor" in
the form of very low energy electromagnetic radiation prior to the production of charged particles from a gas loaded Pd plate sample /55/. CR-39
type solid state nuclear track detectors (SSNTD) registered the charged
particles and CaF TLD detectors recorded low energy electromagnetic radiation in the UV to soft X-ray region (10 ev to 3 Kev). They found that H
gas loading also gave TLD signals but no charged particles. One of the
interesting findings reported by them is that Pd samples cleaned with acqua
regia never gave any charged particles. Subsequent Auger Electron Scanning
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Probe analysis indicated that these Pd samples had significant quantities
of chlorine on their surface. The inhibiting role of chlorine in suppressing the generation of charged particles is not yet understood.
12. Solid State Cell Experiments of Los Alamos
Claytor et al of Los Alaaos have continued to develop Lueir solid
state cell /16/ concept which they first reported at the Santa Fe meeting.
In these cells a packed bed of alternate layers of Pd and SI powder is
•ounted between a pair of electrode plates in D gas atmosphere and a
current passed through this "solid state cell" by application of a D.C
voltage. . The cells producedboth neutrons and tritium, the neutron-totritium yield ratio being "2x10 . The tritium which was measured in the
gas stream was typically in the range of "100 Bq/hr. At the Provo meeting
Claytor reported that since the last few months, they had switched over to
use of Pd metal foils (Johnson and Natthey) in place of Pd powder as the
reproducibility was better /16/.
13. Neutron Production in a Pd Surface Barrier Plate
Yamaguchi and Nishioka of NTT laboratories, Tokyo have demonstrated a
novel technique for inducing anomalous nuclear effects in a Pd surface
barrier device /56/. This technique which is based on Metal Insulated
Semiconductor technology uses a thin MnO fila deposited on one face of a
deuterium loaded Pd plate, thereby providing a surface barrier for ionic
transport of deuterons. The other face of the Pd plate is coated with a
thin impervious film of gold which would prevent the escape of deuterium.
When a vacuum is suddenly created in the chanber in which the device is
mounted, rapid out transport of deuterons takes place resulting in the
accumulation of deuterons at the junction of Pd and MnO. This sudden
motion of deuterons results in a big burst of > 10 neutrons, accompanied
by explosive release of gas, uniform biaxial bending of the Pd plate following plastic deformation, besides considerable heat evolution. The temperature is estimated to cross 800 C momentarily due to rapid phase change
near the surface bordering MnO. All the phenomena except neutron output
are however observed with hydrogen loading also. These investigators were
able to repeatedly induce a neutron burst from the same Pd sample a few
times by redeuterating the sample again after each burst followed by rapid
outgussing'(See Fig.8).
14. Summary and Conclusions
In the

20-month period since the appearance of the first reports of
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cold fusion, it is fair to say that the authenticity of the phenomenon,
namely occurrence of "anomalous nuclear reactions in a metallic lattice"
has been fully confirmed although admittedly the phenomenon is still "'sporadic" in nature and not yet repeatable at will. We summarise below the
•ain findings of cold fusion experiments as of december '90.
(i) The production of excess heat in D O electrolysis with Pd (or Ti)
electrodes has been confirmed. The steady state or baseline excess heat
which increases with current density, is typically only about 30% of the
input joule heat in the case of D O electrolysis with Pd cathodes. The
maximum excess power observed is "100W/cm3 of Pd. The corresponding integrated energy yield has been over 50 MJ/cm . However during the mysterious
heat bursts (observed by a few groups only so far) peak power levels have
been 20 to 30 times the input power. In molten salt electrolysis the
excess power has been as high as 15 times the input electrolytic power. In
this case a specific power of 600 V/cm has been observed for more than a
day.
(ii) Be has been detected by mass spectrometric analysis in a 0.5
Pd button which generated 5 NJ of energy in the molten salt experiment.

g

(iii) Neutrons have been measured both in electrolysis and gas loaded
targets. They appear at a very low steady state level (often called "Jones
level") a few sigma above background count rates or in the form of bursts
lasting from microseconds to minutes to even hours at times. Neutron
multiplicity and statistical analysis measurements indicate that neutron
emission has both a singles component following Poisson distribution (one
neutron emitted at a time) as well as bunches of several hundred neutrons
/57/. Several groups have measured the neutron energy to be 2.45 NeV.
However atleast one group has reported observing an additional 4 to 6 HeV
component. Surprisingly no group has seen any 14 MeV neutrons so far.
(iv) The production of tritium both in electrolytic and gas loading
experiments stands confirmed. The suspicion that all tritium seen in
experiments is due to prior contamination of Pd is ruled out by the fact
that in several experiments neutrons and tritium were generated "concomitant ly".

"10

(v) The neutron-to-tritium yield ratio is very small; it is mostly
although in some cases values as "large" as 10 have been reported.

(vi) Charged particles have been measured in many experiments, with
energies varying from < 1 MeV upto several NeV. One group has reported
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measuring monochromatic triton* of 5 MeV energy in deuterated titanium
staples. This last observation is difficult to reconcile with the nonobservation of 14 MeV neutrons by any group so far.
(vii) Soft X-rays have been detected in an electrolysis
through rtdiographic imaging of the cathode.

experiment

(viii) Acoustic signals have been measured both in Pd electrolysis
experiments as well as Ti gas loaded targets.
(ix) Electromagnetic emissions (radio emission) have been picked up in
electrolytic experiments using a Rogowsky coil.
A large number of papers have been published todate attempting to
explain one aspect or another of the observed phenomena. Recently Preparata
has prepared a thought provoking and critical overview /58/ of the various
theoretical models put forward and compared them vita his own coherence
theory which he claims overcomes all the drawbacks of the approaches of
others. Even if the cold fusion phenomenon does not result in any practical
power producing device in the immediate future, to the extent that the wide
variety of experimental observations carried out so far are, in the words
of Hegelstein /59/, "...in direct contradiction to very basic precepts of
nuclear physics, ... it seems that an extremely fundamental and totally
unexpected change in our understanding of physics would be required to even
begin accounting for the various "miracles" that have been claimed".
The new field of cold fusion is rapidly acquiring the status of a
respectable branch of science not withstanding all the redicule and skepticism heaped on the subject and the scientists involved who have displayed
considerable courage in boldly pursuing and unravelling the mysteries
behind what this author and a growing number of "converts" firmly believe
is one of the most fascinating scientific breakthroughs of our times 760/.
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TABLE L PARAMETERS
Cell
Volut*.
V
3.230
2.1 M
1270
2.453

Qimot
dauity.

Power to
baling

mA/cm1

W

606
290
420
692

71.91
69.25
69.30
69.25

AND POWER BALANCES IN THE Pd-D EXPERIMENTS
Electrochemical
power
W

Total
input
power*

1.94
0.63
0.94
1.61

73.SS
69.U
70.24
70.93

w

rower
Output

meuured.
W
16.76
79.24
till
96.34

Sxcui
power.

BMHI

W

poww
««in.
*

1191
9J6
1157
25.41

663
1416
1337
1312

Results of Molten Salt Electrolysis
Experiment
by Liaw et al (Reproduced from Ref.

conducted

Bxcau
b-».
(MJAnol

D,)
-4.15
-637
•5.13
•7.16

TABLE IT-SUMMARY OF ELECTROLYSIS EXPERIMENTS WITH NEUTRON AND TRITIUM GENERATION

/36/

Sr. No.

#1

#2

#3

#4

#6

#6

#7

#8

#9

#10

#11

Division

DD/ HWD
NtPD
Ti-SS

NtPD/
HWD
MR-1

NtPD/
HWD
MR-2

DD/ HWD
NtPD
5 Module

HWD/
NtPD
Par. Plate

AnCD

ROMG

ROMG

ApCD

ApCD

IGCAR

PDC-I

RCS-11

RCS-19

Nafion-1

Nafion-2

RCP-II

1989
21 May

1989
21 April

1989
12-16 Jun

1989
5 May

1990
IS March

1989
21 April

1989
June—Aug.

1990
Jan.—Apr.

1989
July

1990
Feb

1989
Dec

Pd-Ag
Dines (5)
115 d)x
0.1 thk
78

Pd
Plate
40x50
xlthk
20

Pd
Hollow Cyl.

Pd
Cube
lem*

Pd
Pellet

Pd
Coil

Pd

6

140 long
44

Button

6.9

11.2 ht
5.7

Pd
Ring
25<t» x 10 ht
xlthk
18

8
PtMesh

Cell (Name)
Date
Material
Geometry
Dimensions
(in mm)
Area (Cm1)

150 long
104

Anode

S.S. Pipe

Ni-Pipea

K i—Pipes

Porous—Ni

Ti Plate

PtMeah

PtMeah

PtMeah

PtMeah

PtMeah

NaOD
(5M)
135

NaOD
(5M)
250

NaOD
250

NaOD
(5M)
1000

NaOD
(5M)
300

LiOD
(0.1 M)
45

LiOD
(0.1 M)
150

LiOD
(0.1 M)
120

LiOD
(0.1 M)
250

(.05 M4)
140

<400

~300

-300

~800

~200

<340

-100

~700

~60

~50

<100

1.2
3

0.6
5

—

Time (hra)

0.5

3.2
4

0.8
4

3.0
9

2.5
24

650
930

34
330

0.15
3

36.7
300

Active Life

Few hra

~3.5 hra

~2hn

<3 mina

< 1 fnin

~5 hra

~5d

~100eec

~40hra.

~5d

8 hrs

Neutron Yield:
No. of Bursts
Total
n/cm 1

Continuum
3x10*
2.9x10*

9
4xlO7
1.7x10*

I
9x10*
1 3xlO<

1
5xlO<
l.SxlO4

I
lxl0«
5xlO<

3
3xlO«
5x10*

17
1.4x10*
2.3x10*

1
3x10*
5.2x10*

Many
1.8x10*
10'

Many
5.8xlO«
1.3xlO«

2
2.4xlO«
3x10'

Tritium Yield:
Total (Bq)
Total (Atom)
t/era J

2.6x10*
1.4x10"
1.3x10"

1.5xlO7
8x10"*
2.7x10"

38xl0«
1 9x10"
6x10"

7xlO«
4x10'*
10"

-

1.42x10*
7.2x10"
1.2x10"

1.3xlO»
6.7x10"
1.1x10"

7.7xlOs
4x10"
5.2x10"

325
1.8x10"
1x10'°

32.5
1.8x10'"
4xlO«

6.3X105
35xlO 15
4.4x10"

(n/t) Ratio

2xlO"7

0.5xl0"«

05xl0" s

1.2x10"*

-

4xlO"«

1.7xlO"«

io-«

io-»

3.2x10-^

7xlO"7

Electrolyte
Volume (ml)
Current Denaity
(mA/ cm')

Ti
Rod

Pd-Ag
Pd-Ag
Tubes
Tubes
- 3o.d. x ->
200 ht
300
300

(5MJ

LiOD
(0 1 M)

Switching On:

Charge ( ^ ? )
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CONCEPTS, TECHNIQUES AND APPLICATIONS OF
POINT CONTACT SPECTROSCOPY.
A .K .Raychaudhuri
Department of Physics
Indian Institute 0-f Sc ience ,Bangal ore 560 012

Abstract
In this brief report

I

will

describe

some

concepts of point contact spectroscopy .

of

In

key

particular

wil1 focus on the conceptual aspects regarding
scales involved in this particular

the

the

technique.I

I

length

will

give

examples of use of this particular method in some areas
condensed matter physics :both traditional

and

of

topical.At

the end, I will describe some details of the technique.
1. INTRODUCTION:
The publication of a paper by Sharvin in 1965/1/ marked the
beginning

of

the

modern

day

point

spectroscopy.However, it is only in the early

contact

1980's

this technique found wide application in a number

that

of

very

interesting areas of solid state physics /2/.The oasic idea
of point contact spectroscopy <PCS) depends on certain very
simple concepts.To obtain PCS a sharply etched metal tip is
pressed against

a sol id (which

is

making a sharp constriction to the
this constriction

is of

the

order

under

study)

electronic
of

or

certain microscopic length scale in the solid
<e,g. mean free

path

of

the

electron)

flow.

When

smaller

than

under
the

passing through the contact would gain an energy
the

voltage

applied

across

the

thereby

study

electrons
equal

constrict ion.When

voltage (V) across the constriction is scanned

the

the
energy

of the electron crossing the junction will also vary.
thus constitutes a variable electron source albeit

spectroscopic

but

variable

uses.When

these

energy
electrons

"source
interact

This

of

energy(typical 1y < 100 meV) . These electrons now act
monochromatic

to

low
as

"

a

for
with

elementary excitations of same energy the current I through
the constriction changes at the characteristic
(This is analogous to
spectroscopy).The

the

transmittance

interaction

of

energies

in

the

the

optical

electrons

with

elementary excitations thus introduces the' nonl inearity
the observed

I-V

curve

(i.e

deviation

from

the

in

Ohm's

Law) .The study o-f this deviation from Ohm's law constitutes
the basic aspects of PCS.EThe non linearity in the observed
I-V data taken by a point contact
without interaction

of

the

set

up

incoming

elementary excitations. We will

may

come

electron

point

out

even

with

such

the

examples

1ater o n ] .
In the following sections I will try to

explain

the basic concepts of PCS without too many details. I
then show examples of PCS as

have

been

used

by

groups and also by us. I will end with a short

various

description

of our apparatus.Given the scope of the report I cannot
exhaustive .1 will try

to

put

forward

a

will

be

representative

description of the field. .
E.The length scales in PCS
The nature of the observed PCS depends on the the
magnitude of the

constriction

w.r.t

certain

nicroscopic

length scales of the problem. We take a simple
the

point

contact

as

a

constriction

relative

picture

of

radius

"a"

connecting two bulk metals. For simplicity we take the
metals as the same metals.

The

two

other

which come into electron transport are

length

two

scales

elastic

mean

free path le and the inelastic scattering length lv.In

the

scale of 1*. the electron

gets

scattered

the

of

by

say

imperfection which changes their directions (and
momentum) but not the energy and the

phase. In

scale of

inelastic

either

li
with

the

electron

other

suffers

electrons,phonons

or

lattice
thus

the

the

length

scattering
elementary

excitations whic.i change their energy.
In

very

resistance alloys at

pure
low

metals

and

temperatures

below 4 K) the lengths le, and li can be

in

certain

(typically
much

low
at

larger

or
than
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the dimension of the constriction (a).In this regime (a
l&.li)

the

through

electron

the

has

junction

essentially

with

no

same

as

the

ballistic

elastic

col 1 ision.Since the voltage drop
nearly the

a

across

applied

or

-flow

inelastic

the

voltage

< ••

junction

(V)it

is

is
not

difficult to see that in this "ballistic regime" the energy
that the electron gains from the applied voltage is eV.
On the other hand one may come to a

situation

in disordered alloys or systems with short mean

-free

path

at low temperatures that lo < a <li

case

the

.In

this

electron suffers many elastic collisions
around the junction but it cannot

near the

region

loose

energy

or

memory and also cannot thermalize in the

length

scale

the constriction. This

regime

,k ">own

as

the

phase
of

"diffusive

regime", also allows the electron to gain an energy eV from
the applied voltage V.In this case one can do

spectroscopy

with the electrons as in the ballistic regime although with
certain 1imits. The important thing however is that in both
these regimes the electron can gain substantial energy from
the applied field without loosing it by

thermalization

to

the phonons (i.e,Joule heating).
However ,at higher temperatures

or

in

systems

with high interaction on can find a situation that a is the
largest length scale (li,l« < a) then

the

like a bulk as far as the electrons

constriction

are

concerned

.

is
The

largest energy that the electrons can gain from the applied
field

is

around

thermalization

eV(l«./a)

by

the

and

phonons

one

can

is

going

temperature of the junction by Joule

see
to

heating

that

the

raise

the

.It

is

not

possible to do regular PCS in this "thermal regime".
The above discussion points to some essential
criterion

for

the

applicability

of

PCS

in

different

circumstances. T.ie deviation of the I-V characteristics
a point

contact

from

Ohmic

behavior

or

the

1inearity

depends on the relative ratios of the three lengths
mentioned above.In the ballistic regime

of

scales

the resistance

of

the point contact is given by the Sharvin expression / 2 / ,

-12', R&=4. p l©/3 na 1

Cl?

where p is the resistivity of the material

.The interesting

point about eq

product

(1) is the -fact

that

the

independent o-f the mean -free path 1© because
proportional

p

pie

is

itsel f

is

to 1/la.

In the other 1imit

,namely the dirty

or

thermal

1 imit the resistance o-f the point contact is given
Maxwell expression

by

/2/,

Rm= p /2 a
The actual

the

C2D

point contact 1ies in between these two extremes

and one can use a smooth interpolation formula / 3 / ,
R = Cl p It / 3 n a 1

)(1 + 3 n / 8 TC JO . a • 1*3. . . (3) .

where Y. is the Knudsen number la/a and FCJO

is

varying function of K.In the Sharvin limit
and in the Maxwel 1 1 imit

(eq 2)

a

smoothly

(eq 1) F -*

.694

F -» 1 .

[Before we leave this section it will be good to add a note
of clarification. In the diffusive and

the

the important difference is not in the

elastic

path I*. For both cases the
comes

in

the

scale

of

le
the

is

small

energy

thermal

limit

mean

.The

free

difference
or

the

in the PCS is the nonl inearity in

the

inelastic diffusion length A* =VC1©

relaxation

1O.]

3. The nonlinearity of the I-V curve.
The main observation

I-V curve of the point contact. When we connect two
we get an ohmic contact between them
that there is no barrier to electron
surface of the materials). However
start out with a nonlinear

I—V

(provided we make sure
transmission
for

curve.

regime the nonlinearity gives rise to a
differential

metals

point
In

on

contact

the

ballistic

voltage

dependent

(eV)

(4.)

where g(EF) is the density of states at the Fermi Level
and r(eV) is the relaxation time of

main

dependence

does

of

not

the

tens

the

surface

at

singularity and it is nearly flat in the scale of few
then

Fermi

electron

any

mev

the

the

EF

have

of

eV.If

we

conductance / 2 / ,
dl/dV ~ g(EF>* T

energy

the

the

differential

-125conductance come from the life time or the relaxation
T . In the PCS in the ballistic regime
sought for is the

double

the

derivative

d

time

quantity
I/dv

A

.

often

This

because the quantity T is related to the spectral

is

function

S<£> of the scattering process which gives the finite value
for T by the following relation :
1/"TC B V ) = ( 2n/h > / S(£)d£

C55

and one can obtain from the double derivative directly

the

spectral
function S(c) as given by the following relation:
d*"l/d V*"~ g(EF) S(eV)

C6)

The nonlinearity in the I-V curve comes from the back
of the electron through the orifice or

the

point

flow

contact

after it suffers an inelastic collision.If there is no back
flow then the dl/dV has no voltage dependence.For a certain
energy if there is an inelastic collision the

conductivity

corresponding to that bias voltage goes down because of the
back flow.In the

ballistic

around the point contact
flow is given by O»ff=8 a

regime

the

effective

volume

which can contribute to the
3

back

/ 3..

When we come to the diffusive

regime

PCS

can

still give the energy resolved information but the frequent
elastic

scattering

occurring

near

the

orifice

changes the direction of flow of the electron )
the effect of back -flow to the

extent

that

small effective volume near the orifice (fi*ff=

blurs

only
n

(which
a

s&

out
very
a •*

contributes to the back flow of the electron. This
results in a reduction of the effective scattering strength
as seen in the PCS.
In the thermal regime the electron can thermalize
in the length scale comparable to or smaller than the
dimension a of the point contact and the voltage dependence
of the contact resistance turns out to be similar to the
temperature dependence of the resistance S2, 4X.
The above discussions were intended to show what type of
information the nonlinearity of the point contact I-V
characteristics give us .We will show certain examples

-1261 ater on

which

point

towards

some

PCS.The above discussions can be
application
scattering

in

the

sense

o-f

new

called

application
more

spectroscopy

o-f

traditional
o-f

inelastic

.

4.Some examples of application of PCS

as

a

speetroscopie

tool
One o-f the most studied area where PCS has been appl ied are
the

studies

of

phonon

spectra

and

interaction. The information obtained
one

gets

from

traditional

electron

is

tunnel ing

phonon

similar

to

<-;iiat

spectroscopy

with

barriers / 5 /.As an example in in -fig 1 we show the phonon
spectra of Pt

(pure)

which

was

taken

with

spectra can be used to obtain an Eliashberg
F(£)3

.The

main

feature

at

around

15

Pt

tip.The

function
meV

CcT

is

quite

prominent.
As an application of the

technique

in

studies

of

magnetic system we take the example of a Kondo system where
the

inelastic

scattering

comes

scattering/ 7,8 /. In fig 2

we

from
show

the
the

spin

flip

differential

conductance of a point contact made from a Au tip and a

Au

0.1atZ Mn alloy/ 7 /.The Kondo temperature of the alloy

is

around

.OIK. In such a low concentration of Mn

field seen by the spin is mainly the applied
local field

is

Hloc

the

spin

flip

the

local

field.If

scattering

the

of

the

conduction electron by the impurity costs an energy A =g
Hloc which is the Zeeman energy.The Kondo

effect

is

/J

then

suppressed.The appearance of the peaks near V= 8 meV

at

field of 30 KGauss is

Kondo

effect and

due

appearance

impurity spin. As argued

of

to

the

suppression

of

spin

flip

scattering

before

Hloc=

HappUod

case and setting A=8 meV we can get an estimate

by
in

of

a

the
this

the

g

factor in the metal .For higher spin concentration when spin
spin interaction sets in via RKKY interaction one sees
onset of a local field of internal

origin which

leads to spin glass order. There remains lots of
this area to study such problems as the

the

eventually
scope

transition

in

region

-127of spin glass
order and long range -ferromagnetic and
ant iferromagnetic order. We are currently in the process of
looking into the problem.
Another rather exotic
problem
where
PCS
finds
application is in the studies of valence fluctuation
compounds of Ce and Yb.From the PCS data one can extract
the life time width of the conduction electron due to
dynamic scattering on valence
f1uctuations,the
inter
configurational excitation energy and the asymmetry in the
density of states at the Fermi level / 9,10 /. The above
are Just a few examples of application of PCS in studies of
materials.Some of the exhaustive recent reviews / 2,4 /
provide a complete list of application of PCS.

5. Application

of

PCS

in

studies

on

high

temperature

superconductors
In recent years PCS techniques (or some modification of it)
are

used

in

studies

of

the

energy

gap

in

high

superconductors/ 11,12 /. Although not beyond doubt

Tc

as

to

the trustworthiness of all the huge body of data that

have

been published in past two or three years one can say

that

some estimate of the superconducting gap
from the PCS data (with caution).

Our

can

be

recent

obtained

studies

that direction shows the problem / 11 /. In fig 3
show the PCS spectra of a junction between

Au

single crystal of YBaCuaO? taken at

for

4.2

K

in

we

tip

and

a

different

contact resistances.At low contact resistance one

can

see

certain features at around 20 meV which one can accept as a
gap. But at high resistance junction (
region

of

"Vacuum

tunneling

")

the

which

may

nature

be
of

conductance curve is totally different and we find

the
the

nothing

that may safely be ascribed to 'a gap.This we find not

only

in one such systems but also in other oxide superconductors
with various tips.The upshot of all this is the observation
that the gap like feature present in PCS spectra come
at low junction resistance and the position

of

the

only
"gap"

-128depends

on

the

junction

resistance

explain partly why one finds

report

of

"qap" values in PCS studies/ 12 /.We
that application of PCS in studies
needs

special

attention

question regarding the

itself.

and

vastly

are
of

of

resolution
of

opinion

Tc
of

will

different

the

high

applicability

This

materials
some

this

basic

method

in

studies of this class of compounds.
6. Some none conventional and topical

applications

of

point

contact type experiments.
Now a days the point contact set up is used in a number
problems in

of

physics and not necessarily as a spectroscopic

tool to study materials. The advancement of

STM

(scanning

tunneling microscope ) type set up and also application

of

lithographic techniques for

production

of

point

contact

junctions

new

and

new

physics

have

opened

up

areas

questions are being asked. In fact the realization that
this method we can have ballistic
energy

gives

us

a

extremely interesting

very

electrons

powerful

application

transverse electron focusing.In

with

tool.One
has

this

been
method

tunable

area

where

made

is

one

electron of known energy through a point contact

in

in

injects

within

a

pure metal so that the electrons can traverse bal1istical1y
and then it. is -focused by a magnetic field into a col 1 ector
electrode which is also a point contact/ 13 /.This electron
focusing

experiments

allows

one

trajectories in metals and have

to

study

important

electron

implication

in

modern devices such as ballistic electron devices.
The point contact junctions are some type ol mesoscopic
systems with small number of charge carriers .

This

makes

them a nice system for basic studies on noise/ 14 /.
We have recently used point

contact

type

set

up

to

study transition from "metallic" type contact to "tunneling
" type contact as a metal tip is

being

retracted

metal surface.In this case one can have a
with ultra small capacitance and
electron charging effects or

what

one
is

can

from

a

tunnel, junction
observe

commonly

single

known

as

-129"Coulomb blockade"/ 15 /. This can be nicely seen -from

the

point contact data taken by us on a Pt-Pt junction

at

4.2

K.As we go from a metallic type point

a

contact

to

resistance junction we enter into a regime where

high

there

is

no metal le-ft for the electron to go through .Onl y thing the
electron can

do

is

emission at that

low

tunneling leads to a
increasing
metal 1ic

with
point

conductance

to

voltage

(ruling
and

applied

contact

with

thermoionic

temperature).This

conductivity

bias

regime

out

low

differential

the

decrease

tunnel

in

which

contrast

where

the

increasing

to

the

differential

voltage.

resistance "range" one passes through a

is

At

transition

some
region

where the conductance stays essentially voltage independent
(which we cal1 "pseudo ohmic" behavior). At high resistance
when we have the tunneling region, the barrier the electron
sees is not only the barrier due to the work
an additional barrier A = e/C where
charge

and

C

is

the

junction

e

is

function
the

can see

that

the

barrier

due

electronic

capacitance.

capacitance of the junction is in the region
to

the

but

When

of

the

lppf

single

one

electron

charging is in the range of few mV to few hundreds of mV.As
result in the voltage range V < A the barrier
tunneling comes from this

charging

effect

to

electron

alone

effect known as "Coulomb blockade " is a topic

.

of

This

current

interest .We can see the effect of single electron

charging

clearly from the conductance data shown in fig 4

.In

when the charging energy becomes in the range of eV

fact
(in

junction of extremely small capacitance) it is possible

a
to

observe the effect even at room temperature /16 /.
In the previous examples I wanted to give a glimpse of
the type of interesting physics

one

can

do

with

apparatus of this type.It is not a high

budget

but with little modification the

technique

basic

simple

experiment

adapted to a number of different types of problems.

can

be
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7.The apparatus and the technique
At the end I would 1 ike to present a brief
the PCS apparatus at Bangalore .Each
generally develops different

description

laboratory

details

of

doing

suitable

for

PCS
their

uses. However there are certain basic needs . One needs (i)
a

sharp

metal

tip

(generally

made

by

etching) (ii) a flat metal surface (iii)

electrochemical

a

mechanical

or

electromechnical assembly for controlled motion of the

tip

(iv) a cryostat capable of going at lest to 4 K

all

where

these things can be assembled and (v) the electronics (with
a computer)
modulation

which

can

technique

take
to

do

either
dl/dV

dc
vs

I—V

data

V.These

essential .. things to start PCS or experiments

or

are

a
the

related

to

PCS. In addition if one can go to lower temperature and also
can apply a magnetic field one gets opportunity to do

more

wider variety of work.
Currently

we

apparatuses

(of

different levels of sophistication ) at Bangalore for

work

down to 1.5K

have

three

working

PCS

and in a field of 8 Tesla.

These apparatuses

are described in detail else where/ 17,18 /

.1

will

just

give the essentials.
The Pt,Nb,W and Au tips are prepared by electrochemical
etching.The starting diameter of the wires are in the range
of .1-.2 mm which were given first

a

mechanical

grinding

before being put to the etchant with ordinary carbon rod as
the

counter

electrode

and

5-10

V

a.c

at

the

line

frequency .The etchant solution depends on the metal.
The preparation of the surface (the flat)
depends on the type of information
from them. In some cases

one

may

one
need

under

wants

to

study
obtain

freshly

prepared

surface under an inert atmosphere.In many cases a

moderate

polish followed by acid and alkaline cleaning and distilled
water rinse may be sufficient for the surface. In fact

one

can pierce through the surface "dirt" layer and can make

a

contact if one wants to obtain a low resistance junction.
The motion of the tip relative to the metal surface can

-131be achieved by pure mechanical means down to a scale

o-f

a

tenth of micron by "differential screw"/ 17 /.In this screw
one essentially have two

sequential

screw ' motions

pitches differ as little as possible.One

can

motion of these screws by a drive rod

so

arrangement sits at 1.5 K but one can

control

from

is

room

temperature.Finer

piezoelectric tubes of the

motion

type

used

whose

control

that

the

the

whole

the

motion

controlled

in

STM

motion can be controlled to Angstrom level

by

.Here

by

the

application

of steady voltage to the piezo tube. These piezo tubes
available commercial 1y.In fig 5 we present the

are

diagram

of

The cryostat design also depends to some extent

on

one of our set ups / 17 /.
the use

and

priorities

things are that the

of

the

mechanical

investigator.

assembly

Important

sitting

cryostat should be operated from room temperature
one can make and break the contacts at low

in
so

the
that

temperatures.In

the figures we have given design of a simple cryostat which
one can directly dip in pumped Helium and study

more

one sample at a time. A somewhat involved design

than

given

reference / 18 / allowed us temperature variation and

in
also

application of high magnetic field.
The electronics of the PCS set up can be a DC
up where data are taken automatically

by

a

I-V

set

computer

and

stored in a file. The numerical differentiation can then be
used to obtain the derivatives. Alternatively one
one

or

two

Lock-in

amplifiers

and

make

a

can

use

modulation

technique where the sample is excited by a dc (bias) and an
ac signal

.The output signal is detected at the

modulating

frequency for the first derivative and twice the modulation
frequency

for

the

second

derivative.Detai1s

of

the

modulation technique are given elsewhere / 17 /.
In this report I wanted to convey some

basic

concepts

point contact spectroscopy and wanted to give some
for the method itself. I tried to avoid all
the scope of the paper .

details

of

feeling
given
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Figure Captions
Fig 1. Point

contact

spectra

of

Pt-Pt

taken

at

4.2K

The double derivative shows the phonon features / 19 /.
Fig 2.Point contact spectra of Au-Au:Mn alloy to show the
effct of spin flip scattering in a Kondo systec / 7 / .
Fig 3.Point contact tunneling spectra of single crystal 123
taken with a Au tip taken 4.2

K

with

resistances.The conductance values are

different

junction

normalized

at

zero bias.Curve 1 is for a 1ow resistance junction with
=0.15 S and curve 2 is for a high resistance junction

the
Go
with

Go=80 JJS / 19 /.
Fig 4.Single electron charging effect as observed

through

the I-V characteristics of a W -Stainless steel junction at
room temperatures-The nonlinearity at low voltage is due to
the coulomb blockade / 16 /.
Fig 5.The cryostat and the mechanical
of the differential

screw

studies at 1.5 K / 17 /.

and

the

assembly
piezo

tube

consisting
for

PCS
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X-RAY STUDIES ON PROTEIN STRUCTURES
H. Ramanadham
Solid State Physics Division
Bhabha Atomic Research Centre, Trombay, Bombay 400085

Introduction
This
article is addressed to those scientists whose
exposure to the field of biomolecular crystallography is rather
limited. Its aim is two-fold, viz., to present a bird's eye-view
of the field of bio-crystallography, and to provide a brief
exposure to some of the current developments in this field.
References to some of the more popular texts of biology /1-5/,
including
a
fascinating
book by Sir Francis Crick, and
crystallography /6-10/ are aimed at
providing
a
general
background of the subject matter of this article. An interested
reader can find citations to many original contributions in these
references.
Biological Macromolecules
The smallest unit of life in a living organism is the cell.
Four kinds of biological macromolecules, viz., nucleic acids,
proteins, lipids and polysaccharides are invlolved in
the
architecture and biological activities of a living cell. Amongst
these,
proteins
are
functionally
the
most
versatile
bio-macromolecules. It is extremely difficult to visualize a
biological process at molecular level without involving one or
the other protein molecule present in the cell. Various kinds of
experimental
studies
on
biomolecules
and
supermolecular
aggregates have clearly brought out an intimate relation between
molecular architecture and biological activity. Therefore, it
makes sense to look at the molecular structure and configuration
of biomolecules in order to study their biological activity in
greater detail. This article deals mainly with the protein
structures.
Proteins are made up of non-branching heteropolymers, known
as polypeptides. Only about twenty different monomers, called
amino acids, are found to occur in proteins. One protein differs
from the other in terms of the number of amino acids, the
sequence in which they are joined, and the relative abundance of
each kind of amino acid present in it. The chemical sequence of
amino acids in a protein is known as the primary structure. The
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locally found regular structural motifs, such as ot-helices,
(3-sheets, etc., in a protein are referred to as the secondary
structures. The folded polypeptide chain as a three-dimensional
entity is called the tertiary structure. Some proteins, such as
haemoglobin, contain more than one folded polypeptide in them.
Such an assembly is referred to as the quaternary structure. Some
proteins contain just one or more polypepted chains, while others
may contain metal ions, or other functional groups in their
active form. Fibrous proteins are involved as the structural
tools, while globular proteins as active functional units in
living organisms. A globular protein, when denatured, loses its
three-dimensional structre, as well as its biological activity.
The next step is obviously to look at the factors that bring
about the three-dimensional folding of a protein molecule, and
the consequent biological activity.
The twenty amino acids found in proteins, possess a truely
wide variety of chemical properties. Carbon and hydrogen are the
two atom types found in all amino acidds. That part of an amino
acid, which forms the polypeptide backbone contains additional
oxygen and nitrogen atoms. While the aliphatic and aromatic
amino-acid side chains, not containing oxygen and nitrogen atoms
are hydrophobic in nature, the oxygen and nitrogen containing
side chains are hydrophilic. Some of the hydrophilic side chains
are just polar, while the others are either acidic, or basic. The
hydrophobic amino-acid side chains tend to come closer to one
another in order to avoid interactions with the
solvent.
Consequently, they are generally found in the interior of a
folded polypeptide. When found on the exterior, the requirement
for them to interact only with other hydrophobic groups, gives
structural specificity to a protein in its inter-molecular
interactions. The hydrophilic amino-acid side chains are capable
of forming ionic interaction.!, salt bridges and hydrogen bonds.
If found in the interior of a protein molecule, they interact
with one another, and with main chain oxygen and nitrogen atoms.
The hydrophilic side chains on the exterior interact with the
solvent and with the hydrophilic groups of other biomolecules.
The strategic location of amino acids of various types on the
protein exterior gives it a very high degree of structural
specificity in its interactions with other biomolecules. It thus
becomes clearly evident that the primary structure of a protein
decides its three-dimensional configuration, as well as its
biological
activity.
Therefore,
determination
of
the
three-dimensional structure of a protein molecule does form a
strong base for further analysis of its biological function.
Fortunately, most of the globular proteins and their complexes
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can be crystallized, and single-crystal diffraction technique
using x-rays and neutrons can provide the structures of these
very important biomolecules.
Crystal Structure Analysis
The
basic
aim of crystal structure analysis is to
reconstruct the three-dimensional image of an object, which is
too small to be viewed by any other means. Fourier Transform
theory is at the heart of this method. The first step of this
method is to crystallize the substance under investigation. A
single crystal is a three-dimensionally periodic array
of
millions of identical objects in real space. X-ray or neutron
beams, having a wavelength comparable to
the
interatomic
distances, are scattered by a single crystal, resulting in the
production of a diffraction pattern of the sacctered beams. The
recording of this pattern amounts to sampling of the Fourier
transform of the scattering object at all the accessible points
of a three-dimensional reciprocal lattice. The image of the
scattering object is then recoverable from a Fourier series,

P(xyz) = - I
V h

I
k

I F(hkl)exp[-2ni(hx+ky+lz)]
1

(1)

where, P is the density of the scattering material at a point
(xyz) in the real space, F(hkl) is the structure
factor
corresponding to the reciprocal lattice point (hkl) and V is the
volume of the unit cell in real space. However, there is a catch
in equation (1). The Fourier coefficients, F(hkl), defined as
1 1
F(hkl)

•II

V (xyz)exp[2ni(hx+ky+lz)]dxdydz

(2)

xyz
o o o

are, in general, complex quantities.
terms of an amplitude and a phase term.
F(hkl) = |F(hkl)| exp[ia(hkl)]

One can express them in

(3)

The
experimentally recorded diffraction intensities provide
values of |F(hkl)| only. Without knowing the phases, a(hkl), the
Fourier series in (1) cannot be summed, and the crystal structure
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cannot be solved. This is the famous phase problem, which makes
structural crystallography a non-trivial endevour. Many clever
methods have been devised to solve this problem. It is beyond the
scope of this article to go into the details, but a special
mention of the so-called direct methods /ll/ is called for. These
methods of phase determination make use of the relationships
among measured diffraction intensities on the basis of certain
statistical and symmetry considerations. They are among the most
commonly used techniques in the field of small-structure x-ray
crystallography. Ho* -'er, owing to the association of negative
scattering length with certain atom types in the neutron case, it
was thought that the direct methods were not applicable to
neutron structure analyses. Sikka showed /12,13/ that this was
not the . case, and the direct methods could be applied almost as
routinely in the neutron case as in the x-ray case.
Once the phase problem is solved, the Fourier series in (1)
is
summed and the three-dimensional scattering density is
interpreted to obtain a model of the scattering object. If
(Xj ,yj ,Zj ) are the coordinates of jth atom in the unit-cell, one
can calculate the structure factor as
F(hkl) =Zf j (s)Tj (s)m_, exp[2ni (hxj+kyj+lzj ]

(4)

where s = (sine/>.), 20 is the scattering angle, ti is the atomic
scattering factor, Tj is the Debye-Waller factor and m^ is the
multiplicity or occupancy factor of the site occupied by the jth
atom. Thf- model is then subjected to a non-linear optimization
process by the method of least squares, where the quantity
V = I w; ( |Fobs|. - |Fcal |.) 2

(5)

is minimized. Here, |Fobsj and
|Fcal| are the observed and
calculated structure amplitudes, and w, is the weight assigned to
the ith observation, which is proportional to the inverse of
variance associated with the observation, or some other function
obtained by performing an error analysis on the individual
residuals. The optimization process is monitored by the so-called
R-factor, one of whose forms is given by
R(F) = I | |Fobs |. — jFcal j.|

/

I |Fobs|.

This,
in a nut-shell, is the method
analysis. It is a fairly routine process,
standards, in the case of small molecules.

of
by

(6)

crystal-structure
the present day
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Eventhough the principles of crystal structure analysis are
independent
of
the size of the molecule, many practical
difficulties are encountered while studying proteins. These
difficulties, limitations inposed by them on the method, and
attempts made to overcome some of them, are discussed below.
(1)

The diffraction experiment

The scattering power is more for larger crystals with
smaller unit cells. Unfortuantely, in the case of proteins, the
crystals are much smaller and unit cells much larger than those
in small molecules. This leads to experimental data with poorer
precision, because, majority of scattered intensities are not
really large enough to have very significant differences with the
general background.
Thirty to sixty percent of the volume in protein crystals
is occupied by the solvent, a significant portion of which is
either partially or wholly disordered. In addition, some of the
surface side chains and exposed loops may be affected by either
static or dynamic disorder. Consequently, protein crystals do not
diffract very well at higher resolutions. This limits the data
size. Thus, many protein crystals diffract only
upto
2A
resolution, some extend upto 1.5A, and very few beyond 1.5A
resolution. On the low resolution end, liquid diffraction pattern
from the disordered solvent has adverse influence on the data.
Thus diffraction data with resolution lower than 8 to 10A is not
very useful.
Protein crystals are encapsulated in capillaries with a
thin film of mother liquor surrounding them. This leads to uneven
absorption in the data. Continuous exposure to x-rays produces
radiation
damage
in
protein crystals, which reduces the
diffracting power as a function of time. It also depends, in a
largely
unclear and complicated way, on certain geometric
parameters. Thus, the absorption and radiation damage lead to
systematic errors in the experimental data. Empirical corrections
are often made, but these corrections may not be fully adequate,
and may even lead to a larger systematic error if close attention
is not paid to the problem.
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The phase problem

Multiple
isomorphous
replacement
(MIR) and anomalous
dispersion (AD) are the two most widely used methods of phase
determination in protein crystallography. The method of rotation
function, and single isomorphous or anomalous phasing methods
have helped in a few favourable cases. Even when successful,
phases, obtained in any of these methods have much larer errors
than those encountered at the corresponding stage in small
molecule crystallography.
(3)

Interpretation of the initial electron density map.

Limited precision, accuracy and resolution of the data,
combined with limited precision and accuracy of the phases makes
the interpretation of the initial electron density map very
difficult. The fact that many protein structures have been solved
inspite of these difficulties reflects the great ingenuity and
skill of protein crystallographers. The availability of the
amino-acid sequence helps to some extent. Konwledge of the
protein
conformation,
nature
of
chemical
interactions,
especially, hydrogen bonding, etc., are some of the additional
factors that help during this stage of protein crystallography.
Inspite of the best efforts, the entire protein molecule is
rarely modelled from this map. Many surface side chains and some
of the exposed loops in the backbone may not come out clearly.
The same is true with the solvent portion of the model.
(4)

Model optimization

The initial model, which is incomplete, imprecise and
inaccurate to a great extent is, then subjected to a series of
model optimization cycles. Two additional problems crop up
immediately. In the first place, the limited data resolution
leads to a poor observation to parameter ratio. This aspect tends
to
destabilize
the
optimization algorithm. Secondly, the
assumption in crystllographic least-squares, that the model to be
refined is complete, and is very close to the true structure,
which is made to linearise the problem, is no more valid. Many
suggestions have been put forward to overcome some of these
problems. The most successful ones are those that suggest the
incorporation of extra-crystallographic information, such as
stereochemical or energy based constraints and restraints on the
model parameters, directly into the optimization algorithm. All
the protein structures refined successfully, have the following
steps in common. The initial electron density map is interpreted
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as carefully as possile, so that a refinable model is obtained
with a minimum of missing atoms, and largely free of serious
systematic model-interpretation errors. The model optimization is
initiated using low
resolution data, typically 3.5A, with the
help of a constrained and/or restained least-squares algorithm.
After two to four cycles, a geometry check is carried out on the
model, and all the unacceptable atoms are deleted
before
computing Fourier maps of delta-F and (2Fobs-Fcal) types. Model
corrections are made on an interactive graphics system using
these maps. Some of the missing atoms may also show up in the map
at this stage. The edited and updated model is then taken through
further refinement. This process, during which the data of higher
resolution is added in steps, is continued until all the missing
atoms of the protein are obtained and as much solvent as possible
is modelled. When a protein refinement is successfully completed,
the following three criteria, which are mutually dependent, are
satisfied. The Fourier maps must be free of any significant
features yet to be interpreted, the geometric and stereochemical
parameters of the final model, including the solvent must be
consistent with the rules of chemistry, and the R-factor must be
as low as possible. Additional pointers are also available, such
as the temperature factors. Eventhough the individual B-values,
or thermal parameters, are known to absorb all unaccounted errors
in the model and data, nevertheless have significant amount of
useful information in a correctly
refined
model.
Smooth
distribution of main chain B-values, consistent with the chain
folding and the secondary structures, if any, is a
good
indication of the correct model. Similarly, a good correlation
between the sidechain B-values on the one hand and its location
and interactions with the neighbouring side chains or solvent on
the other hand is a good indication. Disordered portions of the
model may show larger B-values. There can be abrupt changes in
B-values of surface side chains, but similar abrupt changes in
adjacent well-ordered main-chain portions and in burried side
chains should be viewed with suspicion. It is true that the
crystallographically refined B-values, especially those refined
under restraints, do not represent a complete, correct and
unbiased dynamic behaviour of the molecule. But viewing them as
obnoxious sinks of systematic errors only is not correct. In the
hands of a careful crystallographer, they can provide quite a bit
of practical information, not all of which may be directly
related to the thermal motion.
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Biomolecular Crystallography at Tronbay
During the past twenty years, a number of high-precision
neutron studies on amino acids, including a dipeptide were
carried out at Trombay /14-21/ in order to obtain structural data
on hydrogen-atom stereochemistry in these molecules.
Results
fron these studies, and others carried out at Brookhaven National
Laboratory, USA /22/ and elsewhere were analysed /23-25/ to
obtain systematics of molecular structure, conformation and
hydrogen bonding in amino acids.
Useful information on the
standard
structural and conformational parameters involving
hydrogen atoms, distributions of
hydrogen-bond
parameters,
semi-empirical potential functions for bent hydrogen bonds and
relative H-bonding capabilities of various oxygen-containing
acceptor groups was obtained form these analyses. Apart from the
intrinsic value of these results in the context of amino-acid
structures themselves, these results have been very useful in
interpreting the structure, conformation and hydrogen bonding
properties of protein molecules studied by x-ray diffraction,
where hydrogen atoms are not easily and precisely locatable.
Lysozyme and carbonic anhydrase are the two
protein
structures on which most of the x-ray diffraction studies have
been carried out at Trombay during the past twelve years.
In
addition, work was initiated on the structures of toxins,
multi-enzyme complexes and other systems.
A few
examples
pertaining to this field are discussed below.
The x-ray structure of triclinic hen egg-white lysozyme, an
enzyme containing 129 amino-acod residues, was optimized /26-28/
by the method of stereochemically restrained least squares at 2A
resolution to an R-value of 0.124. This work, part of which was
carried out at Seattle, USA, has resulted in one of the most
comprehensively refined protein structures anywhere in the world,
at intermediate resolutions. The 1.5A resolution refinement of
the native structure, and 2A resolution refinement of its copper
complex are currently in the final stages of completion. The
native structure of human carbonic anhydrase I, a zinc containing
enzyme
with 260 amino-acid residues, was optimized at 2A
resolution /29,30/ by the SRLSQ method. In addition, a number of
HCAI-inhibitor complexes /31/ were also studied. An analysis of
the results from all these studies has been very helpful in
understanding and interpolating the catalytic activity of this
enzyme, one of the fastest catalysts known in the field of
molecular biology. The higher resolution refinement of HCAI is
currently in progress. Recently, the x-ray structure of buffalo
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carbonic anhydrase II was solve /32,33/ by the method of rotation
function. Incidentally, this is the first protein structure
solved in India. The entire work, starting from biochemical
isolation and purification on this protein, was carried out
at BARC.
Current Trends and Future Prospects
Almost fifty years ago, when the field of x-ray protein
crystallography was initiated, it was unclear whether
the
structure could be solved at all. Today, more than two hundred
protein structures, solved and refined at medium to
high
resolutions, are available in the Brookhaven Protein Databank.
The two most important contributing factors to this happy state
of
affairs
are the advent of modern technology and the
multi-disciplinary approach to the problem. Biochemical and
genetic engineering techniques have revolutionized the methods of
protein handling. Standardization of crystallizing techniques has
helped in the crystallization of proteins and their complexes,
some of whose molecular weights are in the range of hundreds of
thousands of Daltons. The availability of high intensity x-ray
sources, such as the rotating anode generator and synchrotron
/34/, and detectors, such as electronic area detectors and
imaging plates (see references in 34) has resulted in fast and
accurate
data
acquisition
to very high resolutions. The
synchrotron source has helped in carrying out time-resolved
studies,
thermal
diffuse
scattering
and multi-wavelength
anomalous dispersion on protein crystals. The availability of
high speed computers and versatile interactive graphics systems
has resulted in the development of appliction software, almost
all of it by crystallographers themselves, for automatic data
acquisition and processing, handling of enormously large data
files during every state of crystal structure analysis, and for
the
structure
determination,
optimization,
analysis
and
presentation of the results.
A few neutron studies /35/ on protein structures have also
been carried out in recent years. There are advantages, such as,
absence of radiation damage, large anomalous signals from some
atom types and ability
to
locate
hydrogen
atoms,
and
disadvantages,
such
as, relaltively lower neutron fluxes,
requirement of larger crystals, higher background
due
to
incoherent
scattering from hydrogen atoms and doubling of
structure complexity for the same amount of data, in using
neutrons instead of x-rays.
However, neutron scattering has
great potential when it comes to the phase problem. More work i>
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clearly needed in this direction.
A crystallographic study on a protein structure results in
a static, time and space-averaged
molecular structure, in
addition to some limited information on atomic motion contained
in the B-values. However, in reality, a protein moleule is a
dynamic
entity, where the range of motions spans a vast
time-scale. Molecular dynamics studies /36,37/, on some of the
well-characterized protein structures have made very significant
contributions towards a better understanding of the biological
function. Here again, a thoughtless approach to the problem will
not lead to satisfactory results. One has to realise that
molecular dynamics simulations need very large run times even on
supercomputers. A realistic planning in terms of the physics of
the problem can, in principle, help in obtaining meaningful
results with our presently available resources.
Can we predict the three-dimensional structure of a protein
on the basis of its chemical, amino-acid sequence alone? This is
the milliion-dollar question asked in contemporary molecular
biophysics. Efforts are currently underway in many laboratories,
using high-speed computers, elaborate software, databases and
knowledge-based systems. Hours and hours of computer time is
devoted to solve this problem. On the other hand, the intelligent
and highly parallel computer- the protein molecule-, takes only a
few seconds or less, to fold itself into a three-dimensional,
functional entity. How does it work? We do not yet have the
complete answer. Acquisition of experience in this field can,
perhaps, lead to some smart ideas.
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Running Title: DYNAMIC SUSCEPTIBILITY OF CR AND CR + 0.2 AT% V (42 characters)
ABSTRACT: Inelastic neutron scattering above the Neel transition in Cr is strongly affected by fractional per cent V impurity. The cross section decreases markedly, while at low
energies the commensurate fluctuations decrease relative to the incommensurate. These
effects may correspond to pronounced changes seen also in magnetoelastic, transport, and
magnetic properties of the paramagnetic phase.
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Studies of neutron diffraction in dilute Cr(V) and Cr(Mn) alloys [1,2] were of great
importance in establishing the essential validity of the concept of Fermi surface nesting
[3,4,5] as the determinant of the period of the incommensurate spin-density wave (SDW)
in Cr. In a rigid band model, V decreases the electron surface and increases the hole
surface, thereby increasing the incommensurability parameter 6 and decreasing the SDW
wavevector, Q = (27r/a)(l — 8).
It was understood on the other hand that the fundamental reason for magnetic ordering in Cr at relatively high temperature is connected with its being a 3d transition
metal. Most of the metals in the 3d series, and none in the 4d and 5d, order magnetically.
Spin-density-functional calculations [6] of metals through the 3d and 4d series reproduce
this feature of their electronic structure. More recent calculations [7] of the wavevector
dependent exchange-enhanced static susceptibility

show that the peak in the random-phase-approximation (RPA) paramagnetic spin susceptibility, which occurs at about the observed value of the SDW wavevector in Cr, becomes
a singularity in X(Q) corresponding to long-ranged magnetic order, when the exchange
interaction I(q) containing short-ranged correlations is switched on.
Evidently, when we consider the effect of impurities on the SDW in Cr, we must
take into account possible changes in the effective exchange interaction, as well as band
effects due to changes in the nesting vector. We should also consider changes in the
local symmetry, which may be lowered due to the interaction of the SDW with random
impurities. This may be the explanation for the remarkable experimental fact [8,9,10]
that the weak first-order Neel transition seen in pure Cr becomes continuous with the
introduction of only fractional per cent V impurity.
We were motivated to study the critical neutron scattering of our sample of Cr +
0.2 at.% V in comparison with pure Cr by the fact that both its thermal expansion [S]
and ultrasonic velocity [9] had demonstrated clearly the continuous nature of its Neel
transition. We found that, although the Neel transition as seen in elastic scattering is
quite different in the two samples (see figure 1 of reference 10), the inelastic scattering in
the paramagnetic phase may be described well by a form of the dynamic susceptibility for
an incommensurate itinerant antiferromagnetic postulated by Sato and Maki [11]
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where x° is the coefficient of the Curie-law susceptibility in the non-interacting limit, r is
the length scale of the magnetic interaction, A is the "magnetic stiffness", and K is the
inverse correlation length. The self-energy function R(q) may be written
R(q) = ^[(1 f2 I2 S2) + 4(qWy + qUl + 92<72)]

(3)

which is the simplest polynomial of fourth order in q = Q - (1,0,0) that conveniently represents the sixfold symmetry exhibited by the satellites around the commensurate position,

Q = (i,o,o).
Note that Noakes et al. in equation (1) of reference 10 define q as the offset from the ordering wavevector, which in this case is one of the set of six incommensurate points around
(1,0,0), whereas in their equation (2),q is the offset from the commensurate wavevector.
as defined here.
The temperature dependence of the critical scattering in the Cr + 0.2 at.% V was
found [12] to be consistent with the mean-field critical exponent, u = j . The magnetic
Bragg intensity just below the Neel temperature is also consistent with the mean-field
value, /? = | .
In this paper we employ the same data base to compare the values of the parameters
in equation (2) for the Sato-Maki theory in pure Cr and in the sample with 0.2 at.% V
impurity. We find that, while the general appearance of the constant energy scans is quite
similar in the two samples (compare figures 1 and 2 in reference 10, and figures 2 and 3
in reference 12), closer examination provides clear evidence that the V, even at this low
level, produces marked changes in the energy and wavevector parameters of the dynamic
susceptibility.
The strongest effect of the V is on the cross section for both elastic and inelastic
scattering, as illustrated in Fig. 1. Column (1) of Table 1 shows that 0.2 at.% V decreases
the cross section of the satellites at low energy by a factor 3. The change in S, given in
column (2), is almost a factor 2 larger than one would expect from the value, dS/dx =
4.1, measured for higher-concentration Cr\-tVx alloys [2], The correlation length of the
fluctuations, for the same value of the reduced temperature t in the paramagnetic phase,
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decreases by only 10% (column (4)) with the addition of 0.2 at.% V, while the energy
parameter A262/4 increases by almost a factor 2 (column (3)).
The energy dependence of the incommensurate fluctuations is roughly similar in Cr
and Cr + 0.2 at.% V (Fig 2 (b)), whereas the cross section of the commensurate fluctuations increases somewhat less rapidly for decreasing energy in the alloy than in pure Cr
(Fig. 2(a)). This difference in energy dependence is illustrated also in Fig. 2(c) by plotting versus energy the ratio of the cross sections for commensurate and incommensurate
fluctuations in the two cases. In pure Cr there is a transfer of intensity of inelastic neutron scattering from incommensurate to commensurate fluctuations [13], which progresses
rapidly as the temperature rises in the SDW phase until, at a temperature a little above
the Neel transition, as seen in Fig. l(b) the scattering by the incommensurate fluctuations
can be seen only at the lowest energies whereas in Cr + 0.2 at.% V the satellites can still
be resolved for energies beyond ITHz (Fig. l(a)).
When further V is added to Cr, the incommensurate peaks can be resolved out to
still higher energies [14,15], presumably because of further increase of the energy parameter A262/4, which suppresses the so-called commensurate-diffuse scattering [13], but also
because the incommensurability parameter 6 increases. In the paramagnetic alloy Cr + 5
at.% V there is no commensurate-diffuse scattering and only SDW paramagnons are seen
at the incommensurate positions [14,15] up to room temperature and energies as high as
20 THz [16].

Jtkrtt

The addition of fractional per cent V impurity to Cr also has dramatic effects on several
other properties in the paramagnetic phase. The giant magnetic Griineisen parameter
determined from the magnetoelastic properties above the Neel transition is reduced by a
factor/^ [17], the resistivity is reduced by a^out 20% [18], and the sign of the temperature
dependence of the magnetic susceptibility is reversed [19]. We believe that these effects
may be related to the suppression of fluctuations indicated by the diminution of dynamic
susceptibility, when V is added to Cr induced by adding V impurity to Cr. Evidently the
effect on the SDW fluctuations of V in particular, and no doubt of other impurities also,
is rather more complex, and therefore interesting, than simply to lower the Fermi level, as
was assumed in the rigid band model.
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TABLE 1 Parameters of the Sato-Maki model for Cr and Cr + 0.2 at.% V
(2)
10*6

(!)
ioV

3

1(T A

2

(

7,

(4)
10K

(1-1)

(-4-) (W)
Cr + 0.2 at.% V
Cr

0.59
1.21

0.96
0.8

I
0.55
1.56

9.4
7.8

(THz)

I/A"

2.14

6.5

1.22

5.8

ratio
1.2
1.75
0.35
1.1
(1) susceptibility for incommensurate peaks at low energy
(2) incommensurability parameter, 6 = 1 - Q
(3) energy difference between commensurate and incommensurate fluctuations
(4) inverse correlation length scaled by temperature factor
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FIGURE CAPTIONS
la

1. Neutron scattering wavevector^Q-scans along the cube axis [100] in the paramagnetic
phase for Cr (
) and Cr -f 0.2 at.% V (
) at the same reduced temperature,
t = 1.027(2). The constant energy transfers are: (a) u> = 0 (quasi-elastic scattering);
(b) u> = 0.5 THz. The data points to which these curves are fit are shown Figs. 1 and
2 of reference [10].
2. Cross section of inelastic scattering S(Q,w) for Cr (
) and Cr + 0.2 at.% V (- - -) at the same reduced temperature, t = 1.027 (2), at (a) the commensurate point
(1,0,0); (b) the incommensurate point (1-6, 0,0); and (c) the ratio of the cross sections
at the two positions for each sample. The curves are calculated by use of eqns. (2)
and (3), with values of the parameters given in Table 1, which optimize the fit to both
q-scans and w-scans.
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POSITRON ANNIHILATION STUDIES ON HIGH TEMPERATURE SUPERCONDUCTORS
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Kalpakkam 603 102, Tamil Nadu, India

ABSTRACT
The results of positron annihilation measurements as a function
of temperature, across T c , in a variety of high temperature
superconductors (HTSC) are presented.
These results are discussed
in the light of the theoretically calculated positron density
distribution and the electron-positron overlap function.
It is
shown that the temperature dependence of annihilation parameters is
related to the nature of the positron-electron overlap within the
Cu-0 network. The variation of the positron annihilation parameters
in the superconducting state is discussed in terms of a model of
local electron transfer from the Cu-0 plane to the apical oxygen
atom.
In addition to the studies on temperature dependence of
annihilation characteristics, the results of positron annihilation
studies on Fermi surface in these materials and the investigation of
structure and defect properties of HTSC are also discussed.
1.

INTRODUCTION

The discovery of high temperature superconductors has initiated
an enormous activity,
both theoretical and experimental,
to
understand
the normal and superconducting states in these systems
/1,2/.
Positron annihilation spectroscopy (PAS), which is a well
known probe of the electronic structure and defect properties of
solids /3/ has been extensively applied to the study of the cuprate
superconductors (for earlier reviews see Ref.4, 5 and 6 ) . These
studies can be broadly classified into three major areas : (1)
studies on the temperature dependence of positron annihilation
characteristics across T c , (2) investigation of the Fermi surface
in these materials and (3) studies on the structure and defect
properties.
Studies on the temperature dependence of positron annihilation
characterisics in HTSC have been carried out with a view to look for
possible changes in the electronic and structural properties across
the superconducting transition. Experiments have been carried out in
a variety of high temperature superconductors, in particular in the
YiBajCujOy.*
(Y 1:2:3) system /7-15/. A variety of temperature
dependencies, viz., an increase, a decrease and a constancy of
annihilation parameters have been observed in the superconducting
state. Several qualitative explanations have been proposed to
account
for the
observed variation of positron annihilation
parameters in the superconducting state. In this paper, the results
of the temperature dependence of annihilation parameters
are
discussed in conjunction with the theoretically calculated positron
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density
distribution.
It
is shown that the different
temperature
dependencies,
seen
in the various
cuprate
superconductors,
are
related
to the nature of positron density distribution with respect
to the Cu-0 plane. This Leads to a simple model based on the
local
charge
transfer from the Cu-0 plane to the apical oxygen atom which
can
consistently explain the temperature dependencies seen
in
the
various cuprate superconductors.
One
of the key issues, which has a direct bearing on
several
theoretical
models
high
temperature
superconductivity,
is
the
question
of the existance of Fermi surface / 1 , 2 / .
Measurements of
two dimensional angular correlation of annihilation radiations
(2DACAR)
which
provides
information
on
the
electron
momentum
distribution
in
solids, has been successfully applied
to
obtain
detailed
information
on
the
Fermi
surface
in
the
A-15
superconductors
/16/.
With
this
background,
several
2D-ACAR
experiments
and detailed theoretical analysis have been carried out
mainly on the Y 1:2:3 system /17-24/.
While an unequivocal
answer
to
the
question
of the existance of Fermi surface
has not
been
obtained
so
far,
this remains a field of intense
activity
whose
current status is reviewed in this paper.
One
of
the unique
features
of
the
high
temperature
superconductors is
that
the presence
of
structural
defects, in
particular
the oxygen
vacancies, has a strong influence
on
its
superconducting properties / I , 2 / .
In this respect, PAS, with its
sensitivity
to vacancy-type defects, can be expected
to
provide
information
on defects in these systems.
PAS studies on Y
1:2:3
/25,26/
and Bi-Sr-Ca-Cu-0 / 2 7 / indicate changes of the annihilation
parameters
with oxygen stoichiometry.
The difference between
the
annihilation
parameters
in
the orthorhombic
(Yi B a ^ u ^ O 7 )
and
tetragonal
(YjBa^CUiOe)
phases has been used to study
the
phase
decomposition of Y 1:2:3 at low temperatures / 2 8 / .
In
this
paper, we elaborate en the above mentioned
positron
studies
on HTSC
with emphasis on the
temperature
dependence
of
positron annihilation characteristics across T c .
The format of
the
paper
is as
follows:
Sec.2
provides a brief
introduction
to
positron annihilation spectroscopy.
The results of the
temperature
dependence
studies in the Y 1:2:3 system are presented in
Sec.3.1.
These
are
discussed
in terms of the calculated
positron
density
distribution
(FDD) and the electron-positron overlap
function
in
Section
3.2.
It is shown that there exists a correlation
between
the
observed
temperature
dependence and the nature
of
PDD
with
respect
tthe
superconducting Cu-0 plane. An analysis
of
the
positron results on the basis of local charge transfer is
presented
in Sec. 4.
The correlation between the temperature dependence and
PDD in
the other
HTSC materials, Y-Ba-Cu-0 (Y 1:2:4:8) /29/ LaSr-Cu-0
/ 9 / , Bi-Sr-Ca-Cu-0
/ 2 7 / , Tl-Ba-Ca-Cu-0
/ 3 0 , 31/, and NdCe-Cu-0 / 3 2 / are presented in Section 5. A brief account of the PAS
studies on Fermi surface and defect properties are presented in Sec.
6 and 7 respectively.
A summary of the positron studies on HTSC are
presented in Sec.8.
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2.

POSITRON ANNIHILATION SPECTROSCOPY

Detailed reviews on positron annihilation spectroscopy
(PAS)
and its applications to the study of electronic structure and defect
properties
of solids car. be found in Ref.3.
The measured
annihilation characteristics are the lifetime of the positron, the
angular correlation of the annihilation photons and the Doppler
broadened energy spectra of the annihilation radiation.
The
lifetime of the positron in the medium is determined by the electron
density at the site of the positron. The angular correlation of the
annihilation photons provides information on the electron momentum
distribution in the solid. The electron momentum distribution also
results in the Doppler broadening of the annihilation radiation.
In a perfect crystalline material,- the positron exists in a
delocalised Bloch state, whereas in the presence of vacancy type
defects,
the positrons are localized at these defects.
The
annihilation characteristics of the positron trapped at defects are
different from those in the Bloch state and this can be used to
characterize the defects.
The different modes of annihilation of a
positron in a crystal appear as different components in the lifetime
spectrum.
From an analysis of the lifetime spectra, the various
lifetime components and their relative intensities can be extracted.
In addition,one can obtain the average lifetime of the positron in
the medium and the bulk lifetime corresponding to the annihilation
from the Bloch state. Most of the results in this paper have been
discussed
in terms of the bulk lifetime.
The Doppler broadened
energy spectra are analysed in terms of a lineshape parameter S,
which is defined as a ratio of the counts in the central low
momentum region to the total counts in the entire photopeak of the
511 keV annihilation radiation. The S parameter is a measure of the
fraction of annihilations with the low momentum valence electrons.
The annihilation rate ( inverse of lifetime ) of the positron
in the medium is determined by the overlap of the electron and
positron densities /3,33/:
*

=.

(1)
X

where | ^ ^ M is the positron density and
P [n(r)J is the enhanced
electron density at the site of the positron taking into account the
electron-positron correlation. The enhancement factor corresponding
to homogeneous electron gas, viz., P = [2 +134n(r) ] is used in the
calculation of annihilation rate from the valence electrons, while
the annihilation from the core electrons is calculated in the
independent particle approximation with no enhancement. The positron
density distribution in Eg. (1) is obtained from the solution of
the Schrodiger equation with the positron potential containing the
Hartree
electrostatic
potential
and
the
electron-positron
correlation potential.
The electron density is obtained from
rigorous band structure calculations or from superposed atomic
electron densities. Theoretical calculation of the positron lifetime
in the various HTSC
materials /3>3/ according to the above
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mentioned prescription are seen to be in
experimental results (see table 1 ) .
3-

good agreement with

the

TEMPERATURE DEPENDENCE OF ANNIHILATION CHARACTERISTICS
ACROSS T c

It is well known that in a BCS superconductor, the pairing of
electrons in the superconducting state results in the smearing of
the electron momentum distribution / 4 /
which can be in principle
observed
by
positron
annihilation
spectroscopy.
However,
experiments in the conventional BCS superconductors such as Pb,
NbsSn, V^Si indicate no'change in the annihilation characteristics
below T c /34/.
The absence of any temperature dependence of
annihilation characteristics at or below Tc is rationalized as
arising due to the fact that the superconducting pairing affects
only a small portion of electrons near the Fermi surface whereas tht
contribution to the annihilation rate arises from all the valence
and core electrons in the system. The smearing of the Fermi surface
in these BCS superconductors is also too small / 4 / to be detected
by angular correlation measurements. It is against this background
that the large changes in the annihilation characteristics observed
in the HTSC have attracted a considerable attention.
3.1

Y 1:2:3 Superconductors

With the advent of the HTSC, the first measurement of the
temperature dependence of annihilation characteristics across T c was
carried out in Y 1 Ba2Cu 3 0 7 . x (Y 1:2:3) by Jean et al /?/.
In the
ceramic
superconductor,
the positron lifetime and
lineshape
parameter S were observed to decrease below T c , whereas no such
change
was seen in the oxygen deficient
non-superconducting
compound. This indicates that the observed temperature dependence is
intimately related to superconductivity in this' system. Since these
early measurements, there have been several /7-15/ studies on the Y
1:2:3 system. While most of these measurements indicated a decrease
in positron annihilation parameters below T c , in some experiments
different kinds of temperature dependencies were observed.
For
example, Harshman* et al /ll/ observed an increase in lifetime below
Tc,
and
Corbel
et al /14/ reported different
temperature
dependencies in samples with different preparation conditions.
In
addition, a variety of temperature dependencies are seen in the
other
cuprate .superconductors (see Sec. 5) . This has caused
considerable confusion in identifying the intrinsic temperature
dependence associated with the superconducting transition in the
HTSC materials.
One of the key experiments /35/ that has helped to elucidate
the different temperature dependencies is the controlled study on
undoped and Zn and Ga doped Y 1:2:3.
Figure 1 shows the results of
the experiments on Y 1:2:3 doped with various levels of Zn.
It is
seen that the decrease in bulk lifetime seen in vmdoped Y 1:2:3
reverses to an increase in lifetime in Zn doped Y 1:2:3. The
variation of lifetime in all cases is seen to be correlated with Tg,
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Fig.l Variation of bulk lifetime as a function of temperature in
undoped and Zn doped Y 1:2:3. Arrows are marked at T c . From Ref.35.
which decreases with the increase in Zn content.
In the following,
we show that the different temperature dependencies in undoped and
Zn doped Y 1:2:3 are related to the difference in the positron
density distribution with respect to the superconducting Cu-0
planes.
3.2

Positron Distribution and the Electron-Positron Overlap

The crystal structure /36/ of Y 1:2:3 is characterised by two
dominant structural features: The superconducting Cu-0 planes and
the Cu-0 chains.
The Cu-0 chains are believed /l,2/ to play an
important role in controlling the doping of the Cu-0 planes.
Using
the structural data from Ref.36, the positron density distribution
in Y 1:2:3 has been calculated /33,37/ by solving the Schrodinger
equation with the positron potential obtained as sum of the Hartree
potential and the correlation potential in the local density
approximation.
The positron potential has been obtained using the
potentials and electron densities from the orthogonalised linear
combination of atomic orbitals (OLCAO) band structure calculations
/38/.
The resulting /33/ PDD in the (010), (110) and (100) planes
of Y 1:2:3 are shown in Fig.2.
From these figures, it is seen that
the maxima of the positron density is between the Cu(l) atoms of the
Cu-0 chain in the basal plane.
There is very little positron
density in the Cu(2)-0 plane.
These features of the PDD are in
agreement with those obtained using linearised augmented plane wave
(LAPW) method /13,22/ and superposed atomic potentials /37,39/.
Figure 3 shows the PDD in the (010) plane for the case of Zn
doped Y 1:2:3 with Zn substitution at Cu(2), Cu(l) and Y sites /33/.
A comparison of this with Fig.2a indicates that the PDD which was
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Fig. 2. Contour plot of the positron density distribution in
YiBa£Cu 3 O 7 , calculated using the OLCAO method. The minimum contour
is at 0.0001 e/ a.u 5 , and the subsequent contours are at an
increment of 0.005 e*/ a.u 3 . The maximum contour is in between the
Cu(l) atoms. From Ref.33.
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Fig.3. Contour plots of the PDD in the (010) plane of Y 1 Ba A Cu <t 0 7
with Zn substitution at (a) Cu(2), (b) Cu(l) and (c) Y sites. The
scale is as in Fig.2. From Ref.33.
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completely confined to the region between Cu-0 chains in undoped Y
1:2:3 becomes uniformly distributed in the case of Zn doped Y 1:2:3.
In particular, the positron samples the Cu(2)-0 plane in Zn doped Y
1:2:3.
It is seen from Fig.l and 2 that in undoped Y 1:2:3 wherein a
decrease in lifetime is observed below .Tc the PDD is in the region
between the Cu-0 chain?. In the case of Zn doped Y 1:2:3, wherein an
increase in lifetime is observed below T c , the PDD is uniform
encompassing the Cu-0 planes. This suggests that the different
temperature dependencies may be related to the different regions of
the crystal probed by the positron. This is investigated in detail
/33/ by considering the elctron -positron overlap function, which is
the integrand in Eq>
(l)!. This provides information on the
contribution to annihilation from the various atoms in the unit
cell. The overlap function has been calculated from the electron and
positron densities obtained fro:a self consistent
orthogonalised
linear combination of atomic orbitals (OLCAO) band
structure
calculations /33/.
In addition to the calculation of the overlap
function, the total annihilation rate from the valence and core
electrons and the partial annihilation rates from the atoms of the
Cu-0 network have been calculated.
These are listed in table 1 and
2 for the Y 1:2:3 and other cuprate superconductors.
Figure 4 shows the plot of the overlap function in the (010),
(110) and (100) planes, of Y 1:2:3.
It is seen from Fig.4 that the
overlap functions are centered around the oxygen atoms (0(1) and
0(4)) of the square planar Cu-0 cluster associated with the Cu(l)
atom of the Cu-0 chains. There is very little contribution from the
Cu(2)-0 plane.
An evaluation of the partial annihilation rates,
from the various Cu and 0 atoms in the unit cell indicates (see
table 2) that the dominant contribution to the annihilation is from
the apical oxygen atom.
The electron-positron overlap function in
the case of Zn doped Y 1:2:3 for the case of Zn doping at Cu(2),
Cu(l) and Y sites are shown in Fig.5.
It is seen that majority of
annihilations is from the 0 atoms and there is very little
contribution from the Cu atoms.
Comparing with Fig.4a, it is seen
that in addition to the contribution from the 0(1) and 0(4) atoms as
in undoped Y 1:2:3, there is a significant contribution from the
0(2) and 0(3) atoms of the Cu(2)-0 plane.
The partial annihilation
rates from the apical oxygen oxygen atom,
9i [0(a)] and the planar
oxygen atoms ?v [O(p)j are compared in table 2.
It is seen that in
the case of Zn doped Y 1:2:3, the annihilation rates from the planar
and apical oxygen atoms are nearly similar in magnitude in contrast
to
9k [0(a)] »
*[0(p)] in undoped Y 1:2:3.
Based on this
difference in the contribution to the annihilation from the planar
and apical oxygen atoms in undoped and Zn doped Y 1:2:3, a model for
the temperature dependence of annihilation parameters is proposed as
discussed in the next section.
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Cu
[100]

[110]

[010]

Fig.4. Contour plot of the overlap of the electron and positron
densities in (a) (010), (b) (110) and (c) (100) planes of Y 1:2:3.
The minimum contour is at 0.02 ns" 1 / a.u 3 and the subsequent
contours are at increments of 0.05 ns" 1 / a.u*. The maxima are close
to 0(1) and 0(4) atoms. From Ref.33.
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Fig.5. Contour plot of the electron and positron overlap in Y 1:2:3
with Zn substitution at (a) Cu(2), (b) Cu(l) and (c) Y. From Ref.33.
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4.

TEMPERATURE DEPENDENCE OF POSITRON ANNIHILATION PARAMETERS
AND CHARGE TRANSFER

Several plausible explanations have been put forward to explain
the temperature dependence of positron annihilation parameters in
the HTSC materials. These include (1) smearing of the momentum
distribution in the superconducting state leading to the decrease in
S-parameter /15/, (2) change in the electron-positron correlation
due to the pairing of holes in the superconducting state /13/, (3)
local changes in the structure such as the dimerisation cf oxygen
atoms /ll/ etc. It has been shown recently that the
BCS theory
cannot account for the variation of annihilation parameters in the
superconducting state of HTSC materials /40,41/. There have been
some detailed theoretical models /42,43/ which are based on the
strongly
correlated
electronic
structure
of
the
cuprate
superconductors.
The change in the annihilation characteristics
below T c has been attributed /42/ to the change in the positron-hole
correlation due to the real-space pairing of holes in the Cu-0
planes. Such a model considers the positron to be in the Cu-0 plane
and predicts an increase in lifetime for T < T c .
The stiffening
of the charge response to the positron has been considered /43/
within the resonating valence bond model and this model also
predicts an increase in lifetime below Tc. It is seen that these
models do not account for the decrease in lifetime as seen in
undoped Y 1:2:3
( see Fig.l). This may be because these models
assume that the positron is located in the Cu-0 plane.
However, in
Y 1:2:3, the positron density is mainly in the region of the Cu-0
chains (cf. Fig.2).
This emphasises the need to take into account
the correct PDD in the description of temperature dependence of
annihilation parameters.
From the calculation of PDD and overlap function discussed
above, it is seen that in undoped Y 1:2:3, wherein a decrease in
lifetime is observed, the PDD is mainly in the region of Cu-0 chains
and the annihilation is dominated by the apical oxygen atom. In the
Zn doped Y 1:2:3, wherein an increase in lifetime is observed, there
is a significant positron density in the Cu-0 planes and the
annihilation has large contribution from the planar oxygen atom.
With this information, the different temperature dependence, i.e.,
both a decrease in lifetime, as in undoped Y 1:2:3, and an increase
in lifetime as in Zn doped Y 1:2:3, can be consistently explained
/33/ in terms of an electron transfer from the planar 0'atom to the
apical 0 atom.
This is schematically shown in Fig.6. An electron
transfer from the planar to apical 0 atom will lead to a decrease in
lifetime in undoped Y 1:2:3 since the annihilation is dominated by
the apical 0 atom (see table 2 ) . The depletion of electrons from
the Cu-0 layers will in the case Zn doped Y 1:2:3 contribute to an
increase in lifetime since there is significant annihilations from
the 0 atoms of the Cu-0 layer. Thus, it is seen that by invoking a
charge ( electron ) transfer from the planar oxygen atom to the
apical oxygen atom, the observed decrease in lifetime in undoped Y
1:2:3
and the increase in lifetime in Zn doped Y 1:2:3 can be
qualitatively
understood if we take into account the correct
positron distribution in these systems.
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Fig. 6. Schematic diagram of the local electron transfer in Y 1:2:3.
The band to the left shows the range of the PDD.
It may be remarked that the notion of charge transfer as used
to interpret the positron annihilation data has also been used to
explain
several experimental results in the high temperature
superconductors.
The variation of lattice parameter and Cu-0 bond
lengths with oxygen stoichiometry in Y 1:2:3 has been interpreted
/44/ in terms of charge transfer between the Cu-0 planes and the
Cu-0 chains. The change in the Cu-0 bond lengths across the
superconducting transition, as obtained from EXAFS measurements
/45/, has also been interpreted along similar lines.
The charge
transfer excitation between the apical oxygen and the plane has been
used to interpret the infrared /46/ and Raman data /47/ in Y 1:2:3.
The idea of charge transfer excitation also forms the basis of
several theoretical models of superconductivity . For example in the
polarisation induced mechanisms /48/ of superconductivity in which
the attractive interaction between the holes in the Cu-0 plane is
mediated by the charge excitations in polarisable medium such as the
Cu-0 chains in the Y 1:2:3 structure. A pairing of holes in the Cu-0
plane would require an increase in the effective electron density at
the apical oxygen atom.
The decrease in the lifetime in Y 1:2:3
wherein the positrons probe the apical oxygen atom can be taken to
be an evidence in support of such a model . Further work is required
to explore in detail the relevance of the positron data in the
context
of
various
charge transfer
excitation
models
of
superconductivity.
5.

POSITRON STUDIES IN OTHER HTSC MATERIALS

In
the following,
we present the results of
positron
annihilation measurements across T c in the other hole doped cuprate
superconductors: La-Sr-Cu-O, Yj.Ba3.Cu4O* (Y 1:2:4:8), Bi-Sr-Ca-Cu-0
(Bi 2:2:1:2),
Tl-Ba-Ca-Cu-O, and the electron doped superconductor
Nd-Ce-Cu-O.
These results are discussed in terns of the calculated
positron density distribution.
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5.1

Y-Ba-Cu-0 (Y 1:2:4:8)

The structure of the Y^Ba^Cu^Og superconductor with a Tc of 80
K, is known to be made up of two Cu-0 chains in contrast to the
single Cu-0 chain in the Y 1:2:3
structure.
With the known
preference of the positron to the open regions of the crystal
structure, it is anticipated
that the positron density will be
maximum
in the region between the
Cu-0
chains.
Positron
annihilation measurements /29/ show a decrease of lifetime (see
Fig.7) and Doppler broadened lineshape parameter for
T <
Tc.
Calculation of the PDD indicates (see Fig.8) that the maxima of the
positron density is in the region between the Cu-0 chains.
Thus,
the experimental results and the calculated PDD in the Y 1:2:4:8
system provide a strong support for the correlation between the PDD
and
the temperature dependence of annihilation parameters as
discussed in the case undoped Y 1:2:3.
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Fig. 7. Bulk Lifetime versus
temperture
in Y 1:2:4:8 • The
arrow refers to the Tg of the
sample. From Ref. 29.
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Fig.8.
Contour plot of the PDD
in Y 1:2:4:8. The maximum of PDD
is in the region between Cu(l)-0
chains. From. Ref. 29.

5.2 La-Sr-Cu-0
Figure 9 shows the temperature behaviour of positron lifetime
in La|.«5 Sr o ,e CuO^. in both the superconducting (T c " 33 K) and the
non-superconducting samples /9/.
While in the non-superconducting
sample,
the lifetime is independent of temperature,
in the
superconducting sample,
the lifetime increases below T c .
A
computation /9,49/ of the PDD in this system indicates that the
maximum of the positron density is in the region of the Cu-0 plane.
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In this respect, the results in La-Sr-Cu-0 are similar to Zn doped Y
1:2:3, wherein also the positron probes the Cu-0 planes and an
increase in lifetime is observed for T 4. T c .
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Fig.9. Positron lifetime versus temperature in superconducting and
non superconducting La-Sr-Cu-0. From Ref. 9.
5.3

Tl-Ba-Ca-Cu-0

The Tl-Ba-Ca-Cu-0 superconductors in which the number of Cu-0
layers
can be varied systematically and hence possibly
the
disposition of the PDD with respect to the Cu-0 planes forms an
interesting system to investigate the correlation between the PDD
and the temperature dependence of annihilation parameters.
With
this motivation experiments /30,31/ have been carried out in Tl
2:2:0:1, Tl 2:2:1:2 and Tl 2:2:2:3 superconductors having one, two
and three Cu-0 layers.
The results of the lifetime measurements in
these systems are shown in Fig.10. In Tl 2:2:2:3 a large increase in
lifetime is observed for T < T c (124K). In Tl 2:2:1:2, the lifetime
is observed to decrease for temperatures below Tc (80 K ) , whereas in
Tl 2:2:0:1 having a Tc of 20 K, the lifetime is seen to be
independent
of
temperature.
These
different
temperature
dependencies have been analyzed /30,33/ in terms of the calculated
PDD and the electron-positron overlap function.
Figure 11 shows the positron density distribution as obtained
using
the potentials and electron densities from OLCAO band
structure calculations .It is seen that in all the three systems the
positron density is in the region of the Cu-0 layers away from the
Tl-0 layers.
The positron distribution gets progressively more
confined to the Cu-0 layers with the increase in the number of Cu-0
layers. In the Tl 2:2:2:3, wherein an increase in lifetime is
observed below T$ , the positron density is completely confined to
the region between the Cu-0 layers. A calculation /33/ of the
partial annihilation
rates
indicates ( see table 2 ) that the
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dominant contribution is from the planar 0 atoms. In these respect,
the results in Tl 2:2:2:3 are akin to those in Zn doped Y 1:2:3. In
the Tl 2:2:1:2 system, while the positron density is still in the
region of the Cu-0 planes a decrease in lifetime is observed.
This
difference in the temperature dependence, as compared to Tl 2:2:2:3,
was attributed /30/ to finer differences in the PDD of the two
systems: The positron density being significant at the apical 0 atom
in Tl 2:2:1:2, whereas it is completely confined to the Cu-0 plane
in Tl 2:2:2:3. However, recent calculations /33/ of the positronelectron
overlap function and the partial annihilation rates
indicate (see table 2) that the contribution from the planar oxygen
atom is dominant as in Tl 2:2:2:3 and hence an increase in lifetime
should have been observed. This requires further investigation. In
the Tl 2:2:0:1, the positron distribution is more uniform and the
partial annihilation rates from both the planar and apical oxygen
atoms are nearly equal (see table 2 ) . A near equal weightage and
opposite temperature dependence of the contributions from the planar
and apical oxygen atom can account for the temperature independence
of lifetime in Tl 2:2:0:1. The lack of temperature dependence may
also /30/ be related to the smaller Tc (20 K) in this system.
5.4

Bi-Sr-Ca-Cu-0

Positron
lifetime measurements /27/ in Bi-Sr-Ca-Cu-0 (Bi
2:2:1:2) superconductor indicate no change in lifetime below Tc (80
K) as shown in Fig.12.
This is in contrast to the other hole doped
superconductors.
In
order to understand these
results,
a
calculation of the PDD has been carried out using the potentials and
charge densities from OLCAO calculations.
The resulting PDD is
shown in Fig.13. It is seen that the maximum of the positron density
is in the region of the Bi-0 layer. The preference of the positron
to the Bi-0 layer, which is in contrast to the Tl system wherein the
positron probes the Cu-0 layer ( cf. Fig. 11) arises basically due
to the large (~ 3 A) interlayer seperation between the Bi-0 layers
which acts as a attractive region for the positron.
The calculated
PDD shown in Fig 13 are in good agreement with those obtained using
LAPW calculations /50/.
In addition to the negligible positron
density at the superconducting Cu-0 layer, the positron density is
also small in the region of the apical oxygen atom ( see the (110)
projection in Fig.13).
We emphasise this since the apical 0 atom
plays an important' role in the charge transfer between the Bi-0
layer and the superconducting Cu-0 layer.
A calculation of the
partial annihilation rate indicates that the annihilation from the
apical
oxygen atom contributes to only 2.5% of
the
total
annihilation rate /27/. Thus, the small positron density at the Cu0 layer and the negligible overlap with the apical oxygen atom can
account
for
the insensitivity of positron lifetime to
the
superconducting transition in Bi 2:2:1:2.
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5.5

Nd-Ce-Cu-0

Figure 14 shows /32/ the variation of lifetime as a function of
temperature in the electron doped superconductor Nd ,.85 Ce O is CuOs.ag
and in the non-superconductor Nd,.,5 Ceo.»s CuO-^. . From a calculation
/32/ the positron distribution and annihilation characteristics in
Nd-Ce-Cu-0 system with Cu and 0 vacancies, it is inferred that the
decrease in lifetime seen in the range of 150 K to 50 K in the
superconducting compound arises due to positron interaction with the
oxygen vacancies which act as shallow traps.
In the Nd-Ce-Cu-0
system, no change in lifetime is obseved for T < T c (22 K) though
the calculation /32/ of the PDD indicates that the positrons probe
the Cu-0 layers.
The lack of temperature dependeoce may be due to
(1) the absence of apical oxygen atom in the Nd-Ce-Cu-0 structure
and (2) the small T c in this system.
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Fig.14. Positron lifetime versus temperature in the superconducting
Nd j.85 Ceo-15 CuOs.g* and the non-superconducting Ndt.«? Ceo-15 CuO.4.
The arrow refers to the T c . From Ref. 32.
From the PAS studies on different cuprate superconductors
reported in this section,
it is seen that a variety of temperture
dependencies are observed for T < T c .
Some systemacics in these
results can be discerned, when the results are analysed in terms of
positron density distribution and the electron-positron overlap
function.
These calculations show that the positron's sensitivity
to superconductivity arises primarily from the ability to probe the
Cu-0 network in the Cu-0 layer.
Further, the relative magnitude of
the annihilations from the apical and planar oxygen atoms determine
the temperature dependence of positron annihilation parameters below
T c . When the annihilations are predominantly with the apical oxygen
atom as in undoped Y 1:2:3, a decrease in lifetime is seen for T<T,.
On
the other hand,
when the dominant contribution to
the
annihilation is from the planar oxygen atoms as in Zn doped Y 1:2:3
and Tl 2:2:2:3, then an increase in lifetime is observed for T < T c .
With this systematics, the different temperature dependencies, i.e.,
both the increase and decrease has been understood in terms of a
model of local electron transfer from the planar oxygen atom to the
apical oxygen atom.
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6.

FERMI SURFACE STUDIES

Positron
annihilation,
particularly
2D-ACAR,
has
been
successfully used to investigate Fermi surfaces in metals and alloys
and in several A15 superconductors /3,16/ . In a 2D-ACAR experiment,
the two dimensional projection of the electron-positron momentum
density, _P(t») , is measured:

=S

•(2)

where
•(3)

\
are the electron and positron wavefunctions and m j W
+
is the electron occupation number in the j th band reflecting the
position of Fermi surface. Thus the Fermi surface signatures can be
observed as the discontinuities in P(P^, obtained by reconstruction
from the measured N (p x , p,,) or directly as the discontinuities in N
( t>n , py ) .
It is seen from Eq (3) that the Fermi surface
discontinuities are strongly intermixed with the potentially
large
anisotropies in f (f») due -to wavefunction modulations. It is
therefore usual to perform the Lock-Crisp-West /3/ zone folding of
the various extended zone components into the first Brillouin zone.
Such a procedure coherently enhances the Fermi surface signal and
has been suucccessfully applied to elucidate the Fermi surface
features in many systems.
With the widespread interest on question of the existance of
Fermi surface in the HTSC materials, several groups have carried out
2D-ACAR experiments in Y 1:2:3.
Hoffman et al /17/ measured the
2D-ACAR curve by integrating along the [100]/[010] direction of the
twinned crystal of Y 1:2:3.
The anisotropic part of the 2D-ACAR
curve was folded back to the first Brillouin zone to get the once
integrated electron occupation number and these were found to be in
good agreement with the results of band structure calculations.
Smedskjaer et al. /18/ have emphasised the advantage of projection
along
[001] axis in elucidating the Fermi surface features in view
of the 2-dimensional nature of the electronic structure in these
systems. From the discontinuities in the LCW folded /3/ anisotropic
part of the 2D-ACAR curve,
the Fermi surface features were
identified and a model for the Fermi surface topology was proposed
/18/.
Bansil et al
/21/ have carried out first principles
calculations of the electron-positron momentum distribution.
Their
calculations reproduce the details of the angular correlation curve
and derivative spectra obtained in the experiments /18/, from which
the Fermi surface related features were identified.
While the above mentioned experiments and analysis seem to
indicate a clear evidence for the Fermi surface, some of the more
recent experiments and theoretical analysis have cautioned against
the unambigous interpretaion in terms of the Fermi surface. Haghighi
et al /19/ have carried out 2D-ACAR experiments in Y 1:2:3, along
the [001] projection, with higher statistical accuracy than the
earlier experiments /18/. The LCW analysis of the anisotropic part
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of the 2D-ACAR curve indicate no rapid changes that could be
attributed to Fermi surface.
Comparing the experimental results
with the electron-positron momentum distribution, calculated in the
cluster approach, these authors /19/ find that the anisotropy in the
2D-ACAR curve reflect the spatial distribution of the positron
density rather than the fine details of electrpnic band structure.
Further, recent measurements by the Geneva group /20/ have indicated
"Fermi-surface" like features even in the insulating phase of Yl:2:3
again pointing to the importance of wavefunction effects /22/.
There have been some detailed theoretical calculations /22,23/
of the electron-positron momentum distribution in Y 1:2:3 which have
helped to resolve some aspects of the contrary results regarding
Fermi surface mentioned above. Singh et al /23/ have identified the
expected discontinuities in the momentum distribution due to the
"plane -like" the "chain-like" Fermi surfaces in Y 1:2:3. These
calculations
indicate
that
after taking into
account
the
instrumental resolution and the fact that the positrons sample
predominantly the Cu-0 chains, the steps due to "plane like" Fermi
surface are too small to be observable. However, even the "chain
like" features have not been seen /19/ in the high statistics
experiments. This may be related to the trapping of positrons at
defects and in the chain disorder.
In order to understand the
observation of Fermi surface features in the earlier low statistics
experiments /18/, the effect of poisson noise and its propagation
in the LCW folding procedure, and its influence on the observabilty
of Fermi surface discontinuities has also been investigated in
detail /24/. These indicate the structures earlier observed and
attributed to Fermi surface [ 18,21] might be partially due to noise
effects. As a result of these analysis, it is suggested that further
experiments on Y 1:2:3
system should be carried out with high
counting statistics on completely defect free samples. It is
also preferable / 23/ to carry out experiments on systems such as
Tl-Ba-Ca-Cu-0 ( Tl 2:2:1:2 ) , which contain no Cu-0 chains and
wherein the positrons probe the Cu-0 planes /50/ in order to obtain
an unamiguous identification of Fermi surface in the HTSC systems.
7.

DEFECTS AND STRUCTURAL STUDIES

It is well known that in the HTSC materials, the defects and
in particular the oxygen vacancies play an important role in
controlling the superconducting properties /I,2/. In this section we
provide a few examples to illustrate the application of positron
annihilation spectroscopy to the study of defects in HTSC materials.
On quenching the superconducting orthorhombic Y 1:2:3
from
elevated temperatures, the oxygen atoms are known to be
depleted
from the basal plane, containing the Cu-0 chains, resulting in the
formation of non- superconducting tetragonal phase. Since in the Y
1:2:3
system, the positron density is in the region of the Cu-0
chains ( cf.Fig.2),
it can be anticipated the
annihilation
characteristics will be sensitive to the oxygen content in the basal
plane. Theoretical calculations of the postiron distribution and
lifetimes have been carried out / 37,39 / in the ordered structures
an
having
oxygen stoichiometry of Og ,
Ofc-s >
^ ^7 •
These
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calculations indicate that the positron exists in a delocalised
state in the ordered arrangement of vacancies in the basal plane and
that the lifetime in the oxygen deficient tetragonal phase is larger
than in the orthorhombic phase. Further, these calculations also
indicate that an isolated oxygen vacancy in the Cu-0 chain is not an
efficient trap of positrons.
The variation of positron annihilation parameters as a function
or quench temperature, which varies the oxygen deficiency, has been
reported by Bharathi et al /25/ and Smedskjaer et al /26/. It is
seen from Fig. 15 that the lifetime increases continuously with the
increase in quench temperature from a value characteristic of the
orthorhombic phase to that of the tetragonal phase. The larger
1i fet ime in the tetragonal phase as compared to the orthorhombic
phase is in accord with the theoretical calculations mentioned above
/37,39/. While it is clear from Fig. 15 that the positron lifetime
varies with the oxygen deficiency, the exact mechanism underlying
this is not clear and several explanations have been proposed. The
increase in lifetime with quench temperature has been attributed
directly to the increase in oxygen vacancy concentration. Following
the well known method of analysing the positron behaviour in the
presence of defects, viz., in terms of the trapping model [3]
Smedsjkaer et al /26/ have concluded that the oxygen vacancies act
as weak trapping centres with a small trapping rate. While this is
in conformity with the results of the theoretical
calculations
/ 37, 39 ,22/, which also indicate that the oxygen vacancies are weak
traps, the application of a simple trapping model to the present
si tuation. where the structure of Y 1:2:3 itself changes with the
increase in oxygen deficiency, may not be valid. This suggests that
the variation of lifetime with quench temperature reflects changes
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Fig. 15. Variation of positron lifetime parameters as a function of
quench temperature ( T Q ) in Y 1:2:3. (b) Variation of mean lifetime
and S parameter as a function of T*.
From Ref. 25.
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in the electronic/ structural properties associated with the change
in oxygen vacancy concentration rather than directly the vacancy
concentration itself.
As an example of this type of reasoning, the
variation in lifetime has been attributed to the change in the
charge state of the vacancies with the variation of
oxygen
deficiency /25/. Alternatively, it is also possible to qualitatively
explain the variation in lifetime with quench temperature in terms
of charge transfer model. It has been shown recently /44/, from the
measurement of Cu-0 bond lengths, that increasing the oxygen
deficiency results in an electron transfer from the Cu-0 chain to
the Cu-0 plane leading to decrease in the hole concentration in the
Cu-0 planes. Such an electron transfer can account for the increase
in lifetime with the oxygen deficiency since the positrons probe the
Cu-0 chains ( cf. Fig. 2 ) . Thus it is seen that various
explanations are possible to understand the variation of lifetime as
shown in Fig.
15.
In order to discriminate between
these
posibilities, theoretical calculations of the positron behaviour at
disordered arrangement of 0 vacancies in the basal plane of Y 1:2-3
are required.
Recently, there has been considerable interest in the low
temperature part of the phase diagram of Y.Ba,Cu,O7 x . Theoretical
calculations by Katchaturyan et al /51/ indicate the decomposition
ot off-stoichiometric Y 1:2:3 into orthorhombic 0 7 and tetragonal 0fa
phases whereas the calculations by de Fontaine et al /52/
suggest
the decomposition into orthorhombic 0 6 . 5 and 0 7 phases. In view of
the fact that the positron annihilation characteristics in the
various ordered phases are different /37,39/, it can be expected
that
PAS can contribute
to resolve this issue.
With this
motivation, positron lifetime experiments have been carried out as a
function of ageing time at various ageing temperatures /28/. On
ageing at 200 C, the bulk lifetime is observed to increase from a
value characteristic of the orthorhombic phase to that of the
tetragonal phase ( see Fig. 16). Such an increase in bulk lifetime,
when the average stoichiometry is observed to be constant /28/ can
be taken as the evidence for the formation of the tetragonal phase
due to phase separation of the original off- stoichiometric Y 1:2:3
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Fig.16. Lifetime versus annealing time at 200*C in a Y. Ba,Cu-0 7 *
sample having the average oxygen deficiency of x - 0.25. The
reference lifetime values in orthorhombic phase ( x- 0.15), and and
the tetragonal phase ( x - 0.67, 0.85 and 0.93) are indicated.
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As another example of PAS studies of defects in HTSC, we
present the results in the Bi-Sr-Ca-Cu-O. In this system, T c is
observed to decrease with the increase in oxygen content and this
behaviour is understood in terms of the intercalation of 0 atoms in
between the Bi-0 layers altering the hole concentration in the Cu-0
layer /53/. An independent evidence for the presence of extra oxygen
atoms between the Bi-0 layers is desirable. In view of the fact that
the positrons probe the Bi-0 planes t, cf. Fig. 13), it can be
expected that PAS will be sensitive to the intercalation of oxygen
between the Bi-0 planes. With this motivation, experiments have been
carried out in heat treated Bi-Sr-Ca-Cu-0 /27/.
The lifetime is
observed to decrease with the loweing of annealing temperature (see
Fig. 17), whereas the weight of the sample is observed to increase
indicating the uptake of oxygen. With support from theoretical
calculations, the variation in lifetime seen in Fig 17 has been
explained /27/ in terms of the intercalation of oxygen atoms in
between the Bi-0 planes.
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SUMMARY AND CONCLUSIONS

In the present paper, the result of positron studies on the
electronic
and
defect
properties of the
high
temperature
superconductors were discussed. Extensive studies on the temperature
dependence
of annihilation characteristics indicate that
the
variation in annihilation parameters is correlated with T c .
The
different kinds of temperature dependence can be understood if we
take into account the distribution of positrons with respect to the
superconducting
Cu-0
planes.
The changes
in
annihilation
characteristics with temperature points to a local change in the
electron distribution below T c .
The results of the various 2D-ACAR
experiments
and the theoretical calculations of the momentum
distribution were discusssed. These studies point to the need for
further experiments with high counting statistics on defect free
samples before a definitive answer to the question of existence of
Fermi surface is obtained. A few examples illustrating the potential
of PAS to the defect studies in HTSC systems were indicated. The
application of PAS to the detailed study of electronic structure and
defect properties of the HTSC systems appears very promising.
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Table
1.
Calculated valence annihilation rate, A v«.*> ,
annihilation rate,^covc , and positron lif etime,T:ca.t , in the oxide
their
superconductors.
The experimental lifetimes along with
references are also indicated. From Ref. 33.

Sys tern

*val
(i.s-1)

*core
(ns'1)

Y 1 :2:3
Zn doped Y123
at Cu(2)
at Cu(l)
at Y
Tl 2:2:0 :1
Tl 2:2:1 :2
Tl 2:2:2 :3
Bi 2:2:1 :2

5.9259
7.0032
7.1670
6.7873
4.3040
4.8683
4.9058
4.2370

T

cal
(ps)

'''exp
(ps)

Ref

0.1050

166

190

34

0.1855
0.2337
0.1790
0.3651
0.3268
0.3267
0.1441

139
135
143
214

130

34

193

220
180

191
228

170
240

30
30
30

27

Table 2. Comparison of the partial annihilation rates from the
oxygen and copper sites in various high temperature superconductors.
0 (a) and 0 (p) refer to the apical and planar oxygen atoms. The
experimentally observed variation of lifetime for T
is also
indicated. From Ref. 33.
System

Y 1:2:3
Zn doped Y123
at Cu(2)
a f Cu(l)
at Y
Tl 2:2:0 :1
Tl 2:2:1 :2
Tl 2:2:2 :3
Bi 2:2:1 :2

M0(a)] •

*[0(p)]

MCu(p)]

(ns 1 )

(ns 1 )

(ns 1 )

3.5344

0.7054

0.0639

3.5886
3.1259
2.6752
2.4174
0.1539
0.0476
0.1102

2.6249

0.1273
0.3529
0.3293
0.1096
0.3061
0.2500
0.0314

3.7975
3.9052
2.6742
5.9239
6.2737
0.4698

Lifetime
behaviour

( T < Tc)
Decrease
Increase
Constant
Decrease
Increase
Constant
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JOSEPHSON TUNNELING STUDIES IN HIGH Tc

SUPERCONDUCTORS

A.K.Gupta
National Physical Laboratory, Dr. K.S.Krishnan Road, New Delhi-12

1. INTRODUCTION
High Tc oxide superconductors are granular in nature and the
superconducting
grains in these superconductors are weakly
coupled at the grain boundaries. The flow of ^jpercurrent between
the superconducting grains is through Josephson tunneling /1-9/.
The presence of grain boundary weaklinks is a major hindrance in
the development of superconducting wires with high transport
critical current density /10/. On the other hand these naturally
present Josephson weaklinks have been used to fabricate SQUIDS
/11-41/ and other devices /42-44/. A clear understanding of the
nature of the grain boundar"y weaklinks with respect ot sample
preparation conditions, grain size, grain alignment etc. is
extremely important for fabrication of devices as well as for
enhancement of Jc . Moreover, the study of Josephson effect helps
in
understanding the nature of pairing etc.
in high Tc
superconductors. This paper briefly reviews the work done on
Josephson tunneling in HTSC. Fabrication and performance of
SQUIDs and other Josephson junction devices are described.
2. GRAIN BOUNDARY JOSEPHSON WEAKLINKS
The first
direct confirmation of intergrain Josephson
effect in high Tc superconductors was Lhe observation of inverse
ac
Josephson
effect /1-4/
in Y-Ba-Cu-0
superconductors.
According to the inverse ac Josephson effect a dc voltage is
induced across unbiased Josephson junctions by
applied rf
radiations /45,46/. In case of high quality Josephson tunnel
junctions, the dc voltage is discretely quantized and has been
used as a standard for dc volt /47/. However, in other types of
weaklinks even continuously varying dc voltage could be observed.
The voltage is affected by externally applied small magnetic
fields and varies with rf power and frequency. The rf induced
dc
voltage due to the inverse ac Josephson effect has been
observed in bulk samples of high Tc superconductors /1-4,61,62/.
The voltage ranges from a few microvolts to millivolts and is
found to vary with microwave power, frequency and small external
magnetic fields, which confirms that the induced voltage is
indeed due to the inverse ac Josephson effect across the
intergrain Josephson junctions.
Both dc and ac Josephson effects due to intergrain weaklinks
have been observed in constricted samples of bulk /6, 48-52/ as
well as thick /53-55/ and thin films /56-60/ of polycrystalline
high Tc superconductors. Figure 1 shows the I-V curves of a
constricted Y-Ba-Cu-0 sample at 77K for different microwave power
/51/. Shapiro steps due to ac Josephson effect are clearly
observed. Moreover the magnitude of the critical current is
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Fig.l.

I-V Characteristics of a bulk YBCO mlcrobridge at 77K for
different microwave power /51/
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Variation of the critical current of the microbridge with
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Fig.3.

I-V Characteristic of BSCCO thick film microbridge
(a)
without microwaves (b) under microwave irradiations /55/

the critical current and the amplitude of step height with
microwave power is clearly observed. From the grain structure,
the critical current and the microwave response, it was concluded
that the grain boundaries behave as superconductor - normal
conductor - superconductor (SNS) weaklink.
Esteve
et.al
have
observed
Josephson
junction
characteristics
in point contacts of metal
tip/La-Sr-Cu-0
/63/. They have used tips of Nb, Cu, Fe and brass and observed
both dc and ac Josephson effects in each case, irrespective of
the metal used for the tips being superconductor or normal metal.
Under microwave irradiation, Shapiro steps due to ac Josephson
effect are observed. They have concluded that the Josephson
effect is observed due to the presence of intergrain Josephson
juinctions inside the sample and the normal metal tip works as a
lead only.
The IBM group (P.Chaudhari et al ) has measured the
superconducting properties of individual grain boundaries in YBCO
thin films /89/. They have fabricated microbridges in thin films
with
very large grains ( ~ 250 urn ) using eximer
laser
microfabrication technique.
Two types of microbridges were
fabricated
: (a) microbridge which did not contain any grain
boundary and (b) the microbridge which contained single grain
boundary. The Ic-H curves for bridge (a) did not show any
structures while that of bridge (b) showed periodic modulation of
Ic with H. Under microwave irradiation the 1-V curve of bridge
(b) showed Shapiro steps /90/. This proves that the grain boudary
acts as a Josephson Junction. The IBM group has also succeeded
in artificially generating high quality "grain-boundaries" at
specific
substrate location. This was accomplished by realizing
substrate with a proper bicrystal-like structure in order to
induce a grain boundary in the deposited epitaxial YBCO film at
the crystal interface. Using laser micro-patterning /90/ of the
films they have b^en able to fabricate grain boundary junctions
in a controlled way! /90-92/.
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Temperature dependence of the critical current of tbe
constricted film structures have been studied by several groups
to get an idea of the nature of the weak links. It has been found
that Ic 3( (1 - T/Tc)7*' the value of n lies between 1.5-2-0
/8 , 53 , 56 , 57 , 64/ which indicates that the weak links are SN'S type.
3. POINT CONTACTS AND BREAK JUNCTIONS
Point contacts made between metallic superconductors, such
as Nb, Nb-Zr, Fb and Pb-Sn, and high Tc superconductors /65-72/
as well as between two similar /69-77/ or different /77/ high Tc
superconductors have been investigated. Zero-voltage current upto
a critical value is observed in all type of point contacts. The
value of the critical current is found to oscillate with magnetic
field. Under microwave irradiations the Shapiro steps in I-V
curves corresponding to Josephson voltage - frequency relation of
2eV = nh Ti have been clearly observed. This confirms the pairing of
charge
carriers in the superconducting state in high
Tc
superconductors. Niemeyer et al /76/ have observed steps upto
22mV in Y-Ba-Cu-0/Y-Ba-Cu-O point contacts. The fact that the
steps are observed upto such a large voltage implies that the
Josephson oscillations are present at this voltage level. The
frequency of these oscillations lies in the range of 10 T Hz,
which makes these materials very interesting candidates for high
frequency applications. It has also been found that the current
amplitude of the nth step varies with the square root of microwave
power like the nth order Bessel functions. Most of the above
experiments on the ac Josephson effect used microwave with
frequencies of about 10 GHZ.
However, Imai et al /78/ observed
ac Josephson effect in
Nb/Y-Ba-Cu-0 point contacts
using
submillimeter wave radiations
at wavelengths of 871.6 jim (f =
344.0 GHZ) and 570.6 um (f = 525.4 GHZ). Olsson et al /79/
demonstrated heterodyne mixing in the millimeter wave band in GdBa-Cu-0 point contacts. A mixing response was observed upto 55K.
It has been found that the surface of the high Tc superconductors
becomes nonsuperconducting or even insulating with time and
therefore, a special effort is made to puncture this insulating
sheath to make a point contact junction showing Josephson
tunneling. A variation has been to break a wafer of high Tc
superconductors inside a cryogenic liquid such as liquid helium
or liquid nitrogen. The freshly cleaved surfaces are used to make
point contacts. Such junctions are known as break or crack
junctions. Both dc and ac Josephson effects have also been
observed in break junctions of Y-Ba-Cu-0 /80-82/. Microwave
induced steps corresponding to Josephson voltage - frequency
relation of 2 eV " nh *|) have been clearly observed in I-V
characteristics of Y-Ba-Cu-0 break junctions (Fig.4).
4.THIN
FILM
STRUCTURES)

PROXIMITY

AND

TUNNEL

JUNCTIONS

(MULTILAYER

The ideal Josephson junction for device application is thin
film S-I-S (superconductor-insulator-superconductor) type tunnel
junctions and efforts are being made to develop such junctions
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Fig.4.

I-V characteristics of YBCO break junction at 77K (a) in
the
absence
of
microwaves
(b) under microwave
irradiations /82/

/93-94/. The main difficulty is due to the short coherence length
of high Tc superconductors. Therefore the junction must have
perfect interface on a sub-nanometer scale. This requires the
avoidance of both oxygen deficiency and interdiffusion with the
barrier material. Among a variety of stable insulating
oxides
the
preferred
barrier materials are Ln BaCuO (Ln is Y or a
lanthanide) green phases and PrBa Cu 0 from compositional point
of view.
Layered film structures such as Er(211)/Er(123),
Pr(123)/Er(123), Y(123)/Pr(123) and Y(123)/YPr(123) have been
successfully fabricated using magnetron sputtering /95,96/ and
laser ablation techniques /97,98/. However, a complete thin film
S-I-S
type
Josephson
junction
showing reasonably
good
Josephson Characteristics yet to be fabricated.
An
alternative to S-I-S
tunnel
junction
is
S-N-S
(Superconductor-normal
metal-superconductor)
or
S-N-I-S
( Superconductor - normal metal - Insulator - superconductor )
junctions based on proximity effect. Au, Ag or Pt has been used
as the normal metal as these metals do not remove oxygen from the
YBCO surface. YBCO-Ag-Nb/93/, YBCO-Au-Nb/100/ and YBCO-Au-Pb/90/
S-N-S proximity junctions showing Josephson effects have been
fabricated. Similarly, YBC0-Ag-Al-A10 % -Nb /93/, YBCO-Pt-TaO-Pb
/99/ have also been fabricated. Recently, fabrication of all high
Tc Josephson junction in a planar S-N-S geometry has been
reported by Forrester et al /101/
5. SUPERCONDUCTING QUANTUM INTERFERENCE DEVICES (SQUIDs)
Several groups have demonstrated dc and rf SQUID behaviours
at 77K in high Tc superconductors. DC SQUID behaviour has been
observed in Y-Ba-Cu-0/Y-Ba-Cu-O point contacts /83,84/ and Y-BaCu-0 break junctions /82,85-87/.
It has been found that the
point contacts and break junctions often behave
like double
point contact junctions, which results in periodic oscillations
in voltage-flux characteristics. Fig.5 (a) shows a set of two I-V
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curves
representing
the two extremes between
which
the
characteristic of a point contact oscillates when flux (B) is
varied. Fig 5(b) shows oscillations in V-B characteristics for
several
biasing currents /83/.
Similarly Fig.6 Shows V-B
characteristics of a Y-Ba-Cu-0
break junction for several
biasing currents at 7 7 K.

Fig.5. (a) I-V characteristics
of a point contact for
B - n§> and (n + 1/2) <PO •
(b) Oscillations in V-B
characteristics for several biasing currents /83/

Fig.6. V-B characteristics of
YBCO break junction at
77K for several biasing
currents /82/

Both dc SQUID and rf SQUID operations using grain boundary
weak links in bulk, thick films and thin films of high Tc
superconductors have been demonstrated by several groups. Koch et
al /ll/ have been the first to fabricate a dc SQUID using grain
boundary weak links in polycrystalline films of Y-Ba-Cu-0, The
schematic diagram of the device is shown in the figure 7. It
consists of two microbridges of width 17 jam and a planar
inductor. There is a hole of dimension 40 x 40 pm through which
magnetic flux can pass. DC SQUID behaviour in voltage —flux
characteristics is observed in the temperature range from 4.2 to
68K as shown in figure 8. Since then several other groups /21-28/
have also fabricated thin film dc SQUIDs using YBCO and TBCCO
superconductors and some of them have been operated in the flux-
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Schematic diagram of a thin film dc SQUID.
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Voltage-flux characteristics of the dc SQUID at different
temperatures /ll/.

locked loop mode and have achieved energy sensitivities at 77K
which are comparable in the white noise region, to that of the
commercially available liquid helium temperature rf SQUIDs. The
lowest energy sensitivity achieved to date is 2 x 10"**J/Hz at 1
kHz and 77K. However , there is large 1/f noise below 1 kHz.
DC SQUID like behaviour has also been observed in SQUIDs
fabricated from thick films /8,17,85/ as well as bulk material
/7,61/. Although the energy sensitivity in the white noise region
at 77K of some of the HTSC thin film SQUIDs is comparable to that
of RF SQUID based on I.TSC SQUIDs operated at 4.2K, these SQUIDs
have large 1/f noise at low frequencies. The 1/f noise most
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likely results from flux motion from the trapped flux in the film
or the variation of the critical current of the weak link with
time due to flux motion and/or electrons trapping and untrapping
in the grain boundaries forming the Josephson elements. Another
problem with high Tc dc SQUID is the presence of hysteresis in
field-voltage curve of the SQUID as shown in figure 9. The amount
of the hysteresis is dependent on the sweep amplitude of the
field, and it is almost negligible when the sweep amplitude is
decreased to a value lower than the period of a flux quantum. It
has also been found that the hysteresis in V-B characteristic can
be significantly reduced by reducing the area of pads while
operation of the SQUID in the flux - locked loop mode almost
eliminates the problem when the field is perpendicular to the
SQUID loop /28/. However, when the field is applied in the plane
of the substrate, a small amount of hysteresis remains.
Koch et. al. M l / have also fabricated dc SQUID structures
from epitaxial Y-Ba-Cu-0 films containing many twin boundaries.
However, these structures did not operate as dc SQUIDs unless the
films were damaged across each link. They have also fabricated
single grain boundary SQUIDs using well defined grain boundaries
between very large grains in a polycrystalline film. Recently
Gross et al /87/ fabricated dc SQUID
with a square washer
geometry using c-axis oriented YBCO epitaxial film grown on a
SrTiO
bicrystal as
shown in Fig.10.
The flux -voltage
characteristics of the SQUID at 77K shows perfect periodicity up
to an applied external flux of several 100 flux quanta
without

115.0 —
-4

Fig.9.

-2
0
2
Applied Held (mA)

Effect of the direction of the field sweep on V-B
characteristics of a thin film dc SQUID at two different
biasing currents /27/
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any measurable hysteresis. The SQUID behaviour was observed upto
87K. as shown in Fig.11. The intrinsic energy resolution of the
SQUID above 1 kHz was found to be better than that of any other
previously reported high Tc SQUID and approaches the thermal noise
limit.
The rf SQUID behaviour using grain boundary weaklinks was
first demonstrated by the Birmingham group in a ring of Y-Ba-Cu-0
at 4.2K /29/. It was later discovered that it is not even
necessary to use a ring and that rf SQUID behaviour could be
observed with rf coil wound directly on a bulk high Tc sample
/20,29-32/. The rf SQUID behaviour has been seen even at liquid
nitrogen temperature /20,30-32/. A typical quasi- periodic V-B
Characteristic of a bulk rf SQUID at 77K is shown in Fig. 12 /30/.
Within the bulk sample there are many intergranular loops of
different strength and physical sizes. The scale of the quasiperiodic oscillations is, therefore, determined by the average

Fig. 10. Square-washer design of the IBM thin film grain boundary
junction dc SQUID /87/
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Fig. 12. V-B characteristics of a bulk rf SQUID at 77K /30/
size of those intergranular loops that couple most effectively to
rf field. The radius of the SQUID loop is found to lie in the
range of 10-100 urn and is consistent with typical intergrain
dimensions. It has also been possible to operate the SQUID in the
flux-locked loop mode.
An rf SQUID device similar to that of Zimmerman type 2-hole
Nb SQUID incorporating a Nb-Nb point contact weaklink has also
been fabricated using bulk YBCO superconductor /33-39/. The
schematic diagram of the device is shown in Fig.13. Here grain
boundary weaklinks in a microbridge have been used in place of a
Nb-Nb point contact junction. The device is made out of a well
sintered single phase YBCO pellet. Two holes of about 1 mm
diameter are drilled through the pellet with 0.5 mm seperation
between them. The connecting region is carefully abraded to leave
a connecting bridge of about 200 urn X 200 p or less. The rf coil
of the tank circuit of rf SQUID electronics is placed inside one
of the holes. The field to be measured is applied by passing
current either in the rf coil or via a solenoid in the second
"hole. Typical V-B curves obtained at 77K for three different rf
power levels are shown in Fig. 14. Using conventional rf SQUID
electronics, the device could be operated in the flux-locked loop
mode. Flux noise as low as 2 X 10
$ o /JTTz at 77K has beea
observed in the white noise region. It is only twice as large as
the commercially available liquid helium temperature rf SQUID.
Similarly rf SQUIDs with a quasi-toroidal geometry have
been
fabricated from bulk YBCO /40/. They also used grain boundary
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Fig.13. Schematic diagram of a 2-hole rf SQUID

Fig.14. V-B characteristics of a 2-hole rf SQUID at 77K for three
different if power levels /102/
weaklinks in a microbridge. The device has been operated in the
flux-locked loop mode with flux noise
6 X 1 0 " ^ $o / \I~Hz at 77K
in the white noise region, with excess noise below 100 Hz. RF
SQUIDs have also been fabricated using thin films M l / of YBCO as
well as thick films of YBCO /19/ and BSCCO /18/ superconductors.
The SQUIDs consist of a hole shunted with a microbridge. A 10
turn spiral coii bound from gauge 40 copper wire is tightly
coupled to the SQUID for rf biasing. The YBCO thin film SQUID
have been operated upto 65K M l / while thick film YBCO as well as
BSCCO SQUIDs have been operated at 77K /18.19/. SQUID behaviour
in BSCCO SQUID has been observed upto 95K /88/. Fig. 15 shows the
typical V-B characteristics of the BSCCO SQUID at different
temperatures. The flux noise density of the BSCCO SQUID in the
white noise region ( > 10 Hz) at 77K 3.5 X 1 0 " M $ o / JIz /18/.
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77K

81.5K

85.5K

89.5K

Fig. 15. V-B characteristics of a BSCCO thick film rf
different temperatures /88/

6.

RADIATION DETECTORS
WEAKLINKS

AND

MIXERS

BASED

ON

GRAIN

SQUID

at

BOUNDARY

Kita et al have demonstrated the use of grain boundary weak
links for millimeter wave detection under the hetrodyne mixing
mode /43/. They have fabricated the linear array of grain
boundary
weaklinks
from YBCO film using
photolithography
technique. Typical dimensions of the junctions are width of 4-8um
and length 30 um. They have carried out experiments in the
hetrodyne mixing mode for a signal of 35 GHz with local
oscillation at 34.97 GHz. A large IF output is obtained at bias
voltage lying midway between the zeroth and first Shapiro steps,
and the mixer converson efficiency is about -15 dB.
Song et al /44/ have observed 4th order harmonic mixing
between 35.47 GHz and 8.843 GHz using grain boundary weaklinks in
a bridge made out of bulk YBCO pellet. The noise temperature of
the Josephson mixer
is estimated to be 1000 K. They have also
observed the mixing between an external signal and internally
generated Josephson oscillations.
7. CONCLUSIONS
The superconducting grains in polycrystalline samples of
high
Tc superconductors are weakly coupled at the
grain
boundaries and the flow of current between the superconducting
grains
is through Josephson tunneling.
Thus the
ceramic
superconductor
consists of a series- parallel net work of
Josephson junctions. Although these grain boundary weak links
ha,ve been successfully exploited to fabricate SQUIDs, radiation
detectors and mixers, they are mainly responsible for low
transport critical current density in these materials.
Both dc and ac Josephson effects have been observed in point
contacts, break junctions and in bulk and thin film samples with
constriction. This has established that the charge carriers in
high Tc superconductors are paired. Observation of Josephson
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oscillations upto a relatively high voltage of 22 mV suggests the
possible use of these materials in high frequency devices.
Feasibility of radiation detectors and harmonic mixing based on
grain boundary weaklinks as well as point contacts have been
demonstrated.
DC and rf SQUIDS using grain boundary weaklinks in YBCO,
BSCCO and TBCCO superconductors have beer fabricated and operated
at 77K. The flux noise of the SQUIDs in the white noise region is
comparable to that of commercially available Nb based rf SQUIDs
operating at 4.2K. However the 1/f noise in high Tc SQUIDs is
found to start at higher frequency than that in Nb based SQUIDs.
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SUPERCONDUCTIVITY IN STRONGLY CORRELATED SYSTEMS
WITH LOCAL ELECTRON-PHONON INTERACTION
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Abstract
Recent experiments point out the importance of local electron-phonon interaction
in the high-Tc oxide systems and possibility of polaron formation. In view of that,
an effective hamiltonian, which results from the Hubbard model with strong on-site
Coulomb interaction and in presence of local electron-phonon coupling, is studied
using the Gutzwiller approximation (GA) and the X-operator technique for the extended s- and d-wave superconductivity in a quasi 2-dimensional system. A comparison of the results obtained by the GA and the X-operator technique points out
that the latter approximation, which preserves the local constraint, is more appropriate to study superconductivity in strongly correlated systems. The X-operator
technique predicts the a-wave superconductivity for both low and high hole concentrations whereas the <f-wave superconductivity is stable in the intermediate hole
concentration region. Here the hole concentration is measured from the half-filled
band, having one electron (or hole) per site (n = 1). Tc for the s-wave is higher
for a nearly empty band than for an almost half-filled band. The anisotropy in the
hopping and pairing interaction has more effect on the s- than on the d-wave superconductivity. For low as well as for high hole concentration, i.e. for n ~ 1 and n ~ 0,
the superconducting transition temperature Te for the a-wave pairing decreases as
the jnter-planar coupling increases. The effective mass of the polarons, determined
using the two-phonon coherent state for the phonon subsystem, is very high for low
as well as for high hole concentrations. For the intermediate hole concentration the
effective mass is much lower compared to the low-filling case. The implications for
high-rc superconductors are discussed.

204

1.

Introduction

The discovery of high-T,. superconductivity in copper oxides/1,2/, subsequent experimented studies and search for the understanding of the properties of these materials
has given an enormous impetus in studying the strongly correlated systems. A great
variety of pairing mechanism has been proposed. A number of them suggests real
space pairing. The notion that the single band Hubbard model/3/, in the strong
correlation limit, might be the basic hamiltonian to understand high-Tc superconductors was first proposed by P. W. Anderson/4/. Such a model, however, has to be
derived from the electronic structure of the superconducting copper oxides.
The common feature of all high-Tc copper oxides is the presence of CuO2 planes.
The undoped systems (La2Cu04 or YBa.2CuzO%) contain one hole per unit cell of
the CuOi plane and are antiferromagnetic insulators/5,6/. Under doping, i.e. in
La2-xSrxCu04 and YBa^CusOe+x, the number of holes in CuO2 planes increases,
the AF order disappears veiy rapidly with the hole concentration and then the materials become superconducting in the vicinity of a metal-insulator transition. The
superconductivity persists in the hole concentration range 0.05-0.27/7/. One of the
essential differences, with respect to the conventional superconductors, is that in
these new systems the charge carriers (holes) are strongly correlated/8,9/. The simplest way to describe the strong correlation is to use the orfe-band Hubbard model, in
which the strong on-site correlation U restricts the dqnble occupancy in the system
for n < 1, where n is the number of electrons (or/holes), per site, and a MottHubbard gap exists to charge excitations for n = 1. As a consequence, for n = 1,
the system behaves as an insulator or semiconductor. Strong correlation also leads
to an effective antiferromagnetic (AF) interaction in the system. In high-Tc systems
the Cu-d^^t and O-px/v bands are strongly hybridized. The additional holes, introduced by doping, go presumably to the oxygen sites./8,9/. It is now commonly
accepted that, in-between the two Hubbard subbands separated by U — Ud « StV,
there is an additional p-type, band separated from the upper Hubbard subband by
the charge transfer gap Aft*2eV and that extra holes go to this band./8-ll/.This has
led to a controversy whether an effective single band model can describe the basic
physics of the high-Tc systems or at least an explicit study of a two-band model is
necessary/12/. Zhang and Rice/13/ argued that a hole, upon doping, resides on a
square of the oxygen atoms and couples strongly to a central Cu-spin fonning a local
singlet. The hopping of oxygen holes now appears to be equivalent to the motion
of the singlets between the respective two nearest neighbor Cu-sites. They showed
that, under this situation, the hamiltonian describing the charge and spin motion
is the effective hamiltonian of the single-band Hubbard model in the large-17 limit,
the so called i-J model/13/. There is,-however, another possibility of introducing a
single band model, suggested by the elctronic structure of the copper oxides/8-11/.
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The added holes go predominantly to the oxygen atoms and, since the intra-oxygen
hopping is large (tpp ~ 0.85eV), the superconductivity in the copper oxides may
be described by the motion of the holes through the oxygen band only/14,15/. An
important difference between these two different approaches is that the low concentration of holes corresponds to a nearly half-filled band (n ~ 1) in the t-J model
whereas it corresponds! to an almost empty band (n ~ 0) in the latter approach.
Studies on the t-J model have been motivated by the idea that the superconductivity in cuprate oxides results from the correlation-induced magnetic interaction.
The mean-field studies of the t-J model/16-19/ have shown that the system becomes
superconducting at finite hole concentration x. However, one of the limitations of
the all approaches is that the restricted hopping in the projected Hilbert space (of no
double occupancy) cannot be treated exactly and generally the renormalized hamiltonian mean field approach/16,18,19/ based on the Gutzwiller approximation(GA)/20/
or the slave boson technique/17/ are used to handle the constraint. Thus the constraint is imposed only on the mean-field level.
The recent photo-induced infrared-absorption studies/21-23/ have shown that a
local tetragonal to orthorhombic distortion is developed around the charge carriers in the high-Tc systems and a self localized gap state is associated with the lattice deformation, which suggest that the polarons or the bipolarons are the charge
carriers in the high Tc oxide systems. Measurements of the elastic constants/24/
and oxygen Debye-Waller factor/25/ also point out the importance of the elecfronlattice interaction in the high Tc systems. The results of the frequency dependent
conductivity/26/ and the thermoelectric power/27/ studies in La-Sr-Cu-0 system
are consistent with the picture of conduction by polarons. A number of studies
has been made with a view th*t superconductivity in high Tc systems may be polaronic and/or bipolaronic in 4&ture/l4/, /28-30/. It is well known that the local
electron-phonon (e*pA) coupling in a narrow-band system leads to a formation of
small polarons with an exponentially reduced band-width. At the same time attractive interactions between the intra- and inter-site polarons are induced by the e-ph
interaction. If the on-site Coulomb correlation is strong and the inter-site Coulomb
repulsion is weak, then the phonon induced polaron-polaron attraction would overcome the inter-site Coulomb repulsion and may lead to the inter-site polaronic or
bipolaronic superconductivity/14/, /28-33/. Furthermore, the large polarizibility of
the O2~ ions and the proximity of the added holes to these ions may also favor strong
local electron-phonon coupling and formation of polarons and/or bipolarons in the
high-Tc systems/15,29/. An relevant question in studying the polaronic/bipolaronic
superconductivity in the high-Tc oxides is how strongly the bare on-site Coulomb
repulsion V is renormalized by the strong e-ph interaction giving the effective on-site
Coulomb interaction Uejf. There are two possibilities - either U is screened largely
by the local deformation/29/ or the system is in the strongly correlated regime where
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V• <' ^> WT, where Wv is the polaronic half-band-width. For the first case the Hartreeiook (HF) appropriation is reasonable. However, the reduction of U by conventional
lattice polaron formation may be small compared to U and the polaronic narrowing of
the band-width may also favor the strong correlation limit condition and, therefore,
put the system into the strong correlation regime. In the HF approximation/33/ the
extended s-wave pairing is suppressed by the on-site correlation whereas the d-wave
pairing is not affected. In the strong correlation limit the on-site repulsion produces
a magnetic interaction which favors pairing and superconductivity. For a strongly
correlated Hubbard system with the local e-ph interaction there may be two channels for superconductivity: one phonon induced and the second one of the magnetic
origin.
For strong correlation to treat the hoping of holes(electrons) in the restricted
space generally the renormalized hamiltonian mean field approach/19/ based on the
GA/20/, the slave boson technique/17/ or the Hubbard method (the X-operator
technique)/34-37/ are followed. In the GA and in the slave boson technique/16-19/,
the local constraint of no double occupancy at each site is lifted and replaced by a
global one, whereas in the A'-operator technique the local restriction is preserved, the
approximations involved are in the decoupling scheme. In the GA and in the slave
boson technique the strong correlation shows up only in the effective band-width.
For n = 1, the band is half- filled, the chemical potential is zero and the band-width
(without the Fock correction contribution) is also zero. In the X-operator technique
the correlation has its effect in the band-width as well in the density of states. For
n — 1, the lower Hubbard subband is filled and the chemical potential lies at the
top of this sub-band. The chemical potential and the effective band-width behave
differently with filling (or introduction of holes) in the X-operator technique and
in the GA. The electronic transport properties,such as the Hall coefficient and the
thermoelectric power, of the high Tc oxide systems for low hole concentrations may
be explained following the Hubbard approach(or the X-operator technique) but not
by the GA/34/.
In this talk I shall discuss (i) the superconducting phase diagram (the extended sand d-wave pairing) as obtained within the GA and the X-operator technique for a
quasi 2-dimensional system with different values of the anisotropy strength/37/, (ii)
the variation of the polaronic bandwidth with the hole concentration in the strongly
correlated system.For discussion of the superconducting phase diagram we consider
an extended Hubbard hamiltonian, derived from the polaronic consideration, and
treat the polaronic band narrowing factor as independent of the hole concentration
as in the conventional case. In section 2 the form of the polaronic hamiltonian in
a strongly correlated system is given. It is pointed out that the AF interaction
arising from the virtual1 hopping of electrons(holes), is not renormalized due to the
polaron formation. The GA and the X-operator procedures, to obtain the equations
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for the chemical potential and the superconducting order parameter, are illustrated
in sections 3 and 4, respectively. In section 5, the results for the superconducting
phase diagram, obtained by the GA and the .XT-operator technique, are presented. A
comparison with the HF results is also made. In section 6, we discuss the behavior
of the polaronic band-width in the strongly correlated system, determined using the
two-phonon coherent state for the phonon sub-system and following the X-operator
technique and the GA. In section 7, we present the summary of the results.

2.

Effective polaronic hamiltonian for a strongly correlated
system

The single band Hubbard hamiltonian with strong on-site Coulomb interaction and
in presence of a local interaction of phonons with the holes in excess of n = 1, is
given by
H = He + He.vh + Hph,
(2.1)
where

He = - E V U ' / ' E ^ + ^EWI,
ft.-.Xl-nfrXfcq +

(2-2)
fttq),

(2.3)
(2.4)

are the electron, electron-phonon, and phonon parts of the hamiltonian respectively.
Here fj. is the chemical potential, Uj is the hopping integral between sites i and j ,
c

\a (ct>) is the creation (annihilation) operator for an electron at a site : with a spin

a = ± 1 , n,v = cj,,c,v is the corresponding t-th site number operator, and U is the
on-site Coulomb repulsion. ffe-pfc describes the local interaction between the excess
holes (represented by the operator (1 — n,v)(l — Ai9) where a — —a) and the phonons
with a wave vector q; 6q (6 q ) is the corresponding creation (annihilation) operator
for phonons with the frequency u>0, assumed dispersionless for simplicity. The indices
i and j run over all sites of the lattice and U, = tx, ty, or tt if sites i and j are nearest
neighbors (n.n.) along the x, y, and z axis respectively and Uj — 0 otherwise.

The linear interaction term He-Ph (2.3) may be eliminated by the standard canonical transformation/38,39,40/
H = exp(R)H

(2.5)

exp(-R),

where
- nia){\ - hi9){b\

- 6q).

(2.6)

With this transformation the site energy is renormalized and the on-site interaction
is reduced by an amount of the polaronic self-energy. We consider the case where the
bare U is large, as relevant for the high-Tc oxides, so that the renonnalized on-site
correlation Uejj is positive and large enough to restrict the double occupancy for
n < 1.
In such a situation one works in a truncated Hilbert sub-space of no double occupancy and uses a transformation which eliminates the terms describing transitions
from the lower to the upper Hubbard sub-bands/41,42/. After this transformation
the resulting effective hamiltonian, containing terms up to the order of t2/Uejf, is
- nis)c\gcio{ 1 - hi9)

- hia) - clcidc)9Ci
- nk?) exp (Yk - VJ)
(2.7)

where
- *,).

(2.8)

Here
(2.9)
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is the inter-site attractive interaction between two polarons induced by the e-ph
interaction, fi' is the renormalized chemical potential to be measured from the center
of the polaronic band. The fourth term describes the effective AF interaction between
two nearest neighbor spins, J^; = 4i^/J/ e //. It is to be noted that no phonon operators
are involved in this term. This term describes the processes which do not carry any
real lattice deformations, hence, is not renormalized by the polaron formation. The
fifth term in Eq. (2.7) describes the hopping of a singlet pair, where a hole(and the
associated lattice deformation) hops over two lattice spacing and is renormalized by
the polaron formation. This pair hopping term contributes only when two sites,
singly occupied with opposite spins, and an empty site are successive neighbors. We
will not consider thiis term. Finally, K compensates for the additional hole-particle
transformation to the second and third term of Eq. (2.7).
At this stage, td obtain ah effective electronic hamiltonian, an averaging over the
phonon state is made/38-40/ and this is reasonable only in the anti-adiabatic limit
i.e. when the phonpn frequency is much higher than the polaronic band-width/28/.
Then the obtained polaronic hamiltonian reads

'Yn

- I V Vn n ,

(2.10)

where t£ = f,v,exp{— £ q [yi(q) — 0j(q)]2/wo}> for the simplest case of averaging over
the zero-phonon states! Because of the exponential factor, <?_,- are substantially reduced from the bart £,j. It may be mentioned that if one averages over the two-phonon
coherent state/31,45/ or considers the phonon assisted hopping processes/30/, tf;- are
less reduced and become hole concentration dependent. For the discussion of the
superconducting phase diagram we do not consider such processes and assume t'j to
be fixed parameters. The hamiltonian (2.10) is just a hamiltonian of the t-J model
with the additional phonon-induced polaron-polaron interaction term.
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3.

Gutzwiller approximation — the renormalized hamiltonian approach

The effective polaronic hamiltonian (2.10) contains the strict local constraint that
prohibits double occupancy at any site. This constraint is very difficult to handle
analytically. In the renormalized hamiltonian approach/19/, based on the Gutzwiller
approximation,/20/ the strict local constraint is lifted and replaced by an average
constraint. The correlated system appears then as an uncorrelated one with appropriate classical renormalization factors for different processes. Correlation manifests
only in these renormalization factors which are the ratios of the probabilities of the
corresponding physical processes in the correlated and uncorrelated spaces. The
renormalization factor/19/ for the hopping process is <j>t = 2x/(l + x) and that for
the AF interaction is 4>J = 4/(1 + x) 2 , where x(= 1 — n) is the hole concentration in
the system. (If one considers hopping of a up spin between two nearest neighbor sites,
such a process is allowed in the correlated space when the particular site is occupied
by a up spin and the nearest neighbor site is empty and its probability is (n/2)x. In
the uncorrelated space such a process is allowed if the particular site is occupied by a
up spin and its nearest neighbor site is not occupied by a up spin; the probability of
this is (n/2)(l - n/2). So, <f>t = ((n/2)x)/((n/2)(l - (n/2))) = 2x/(l + x). Processes
for the AF interaction require that two nearest neighbor sites are singly occupied
with opposite spins. Probability of such process in the correlated space is (n/2) 2 ,
whereas that for the uncorrelated space is ((n/2)(l — n/2)) 2 . Ratio of these two
probabilities gives <f>j.) The inter-site (phonon induced) polaronic attractive interaction, which contributes when two polarons are at sites i and j , is not renormalized
since the probabilities of this process appear to be the same for both correlated and
uncorrelated spaces.
Then the renormalized polaronic hamiltonian may be written as

~ ft 2 J Vijfliffhjgl

C C

i i9Cj

where Jh = £,J 0 -. In general t£ = <J,*£,*£, Vi, = VX,VV1VX, and Jtj = Jx,Jy,J,
depending on whether the sites t and j are nearest neighbors along the x, y, and
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; axis respectively. Using the HF approximation to the third and fourth terms in
Eq. (3.1), the following equations for the chemical potential and order parameters
are obtained

A

n =

— JJ l - ^ - t a n h ( / 9 J E q / 2 )

k

fj E ( y k-q + J k - a ) < c_

=

JV

(3.2)

q

= TFE^k-q + J k - q J ^ - t a n h ^ q / ^ ,
iv

pa

(3.3)

^r, q

q

= < ciaCi+a>(, >= ——• 22 cos(qa)

1 — -~ tanh (flEq/2)\,

(3.4)

where
=

e q -/,
,cos{qa),

T o = ^i*S - (Va - \ja)Pa,

=

>/q

+ A»,

= 2EV Q co fl ( 9o ),

(3.5)
(3.6)

(3.7)

(3.8)
(3.9)

a

4c<w(9a),

(3.10)

and a = x, y, or z. The chemical potential is measured from the center of the
renormalized polaronic band with the Hartree correction included and qa is the o-th
component of the wave vector measured in units of inverse lattice constants. The
second term, in the expression (3.7) for Ta, is a Fock correction to the kinetic energy
resulting from the phonon induced inter-site attraction and from the correlation
induced AF interaction term. These two contributions have opposite signs and the
Fock correction vanisfies for Va = Ja/2. We shall not consider the Fock correction.
The superconducting transition temperature for the extended «-wave (A x = Ay)
and the tf-wave (A z = —Ay) pairing are determined by solving the equations (3.2)
and (3.3) self-consistently. The results are presented in section 5.
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4.

X-operator technique

Hubbard/3/ introduced the X-operator technique to discuss the single band Hubbard
hamiltonian . In the site representation the appropriate Hilbert space is spanned by
the four states per site: |0 >, \a >, \c >— | - a >, and \d > representing the empty,
singly occupied with spin a and — a, and doubly occupied site respectively. These
four states are orthogonal and form a complete set, i.e.
<a|0>

= 6a0,
| = 1.

(4.1)
(4.2)

Any site operator A{ may be expressed as

(4.3)

In terms of the X-operators the fermion operators c1<7 and c\a are

where Xf13 = |a >,< 0|,- changes the state of an atom at a site i from a state |0 >
to a state \a >. In the truncated Hilbert space of no doubly occupied sites

c* = * r and c£ = *f°,

(4.5)

and the hamiltonian (2.10) in terms of the X-operators takes the following form

1/

vao \r<r'ff'
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The X-operators are not canonical and obey the anticommutation (+) or commutation ( —) relations

[Xf,X]SU = W^Xf

± 6aSX^),

(4.7)

according to whether both of the operators have fermionic character or at least one
of the operators has bosonic character. An operator X* has fennionic (bosonic)
character if the difference in number of fermions between the two states \a > and
|/? > is odd (even).
Using the above commutation relations (4.7),the equation of motion for the Green
functions involving the JT-operators are constructed and following the Hubbard I type
of decoupling, for which the scattering corrections and the resonance broadening
corrections (as defined in Hubbard III paper/3/) are neglected, the equations for the
chemical potential and the order parameters are obtained as

(4 8)

-

(

Pa

) ( ^ ) ^

(4.9)

= <xrx%a>
^ (^) E

[

\

]

(4.10)

where
(4.11)
(4.12)

Ta = ( i ± £ ) tl - (Va - \ja)pa,

(4.13)
(4.14)
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Vq = 2$3V o c(M(g o ),

(4.15)

Ja = 2YJacos(qa).

(4.16)

In the numerical calculation we do not consider the Fock correction to the quasiparticle energy eq for simplicity. However, as it has been already mentioned, the Fock
correction is negligible if Va « \ Ja.
The gap function (Eq. (4.9)) has the form
Aic = A x cos(fcx) + Ay cos(fcy) + A z cos(fc2).

(4.17)

and the the superconducting transition temperature Tc may be found from the linearized version of the gap equation (4.9) with Eq = £q at the transition point. This
leads to the following equations

[l + fl Ya0Da0]A0 = 0,

(4.18)

a=l

where Ya0 = [-(1 + x)Vx,-(l + x)Vy,-(l + x)Vz) for 0 = 1,2,3 respectively.and
independently of a; Va = VQ + Ja for a = x, y, or z. The coefficients Da0 stand for
the summation over the momentum space

and aa = cos(ka) for a = x, y, or z. The obtained system of linear equations (4.18)
is a general one and it allows to find the superconducting transition temperature
for the extended s> ( A r = A y ) and d-wave(Ax = —Ay) pairing. The results of the
numerical calculations are presented in section 5.

5. Superconducting phase diagram
The results for the superconducting transition temperature Tc for the extended sand cf-wave pairing are shown in Figs. 1 and 2 for the renormalized hamiltonian
mean field approach (the GA) and in Figs. 3 and 4 for the X-operator technique. To
study the quasi 2-dimensional system we take t$ = t^ = tp, tpz = rf; V* = Vyp = V,
Vt = rV; Jx = Jv = J, and Jx — r2J.
The case r = 0 corresponds to an isotropic
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Figure 1: Plot of the s-wave superconducting transition temperature Tc versus the
hole concentration x, for different values of the anisotropy parameter r within the
Gutzwiller approximation. The values of the parameters used: V/W = 0.5 and
J/W = 0.5. W is the half-band-width for the 2-dimensional case)
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Figure 2: Plot of the d-wave superconducting transition temperature Tc versus the
hole concentration x, for various values of the anisotropy parameter r within the
Gutzwiller approximation. The values of the parameters used: V/W = 0.5 and
J/W = 0.5.
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Figure 3: Plot of the s-wave superconducting transition temperature Tc versus
the hole concentration i , for various values of the anisotropy parameter r within
the X-operator technique. The values of the parameters used: V/W = 0.5 and
J/W = 0.5.
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Figure 4: Plot of the d-wave superconducting transition temperature Tc versus
the hole concentration i , for various values of the anisotropy parameter r within
the X-operator technique. The values of the parameters used: V/W = 0.5 and
J/W = 0.5.
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2-dimensional system for which the polaronic half band-width W = itp. The values
of the parameters used in the numerical calculations are V/W — 0.5 and J/W = 0.5.
Conside ing realistic parameters for the high-Tc systems, the AF interaction is about
O.leV/44/, the bare electronic band-width is about 1 - 2 e V / l l / and the effective
mass of the charge carriers (polarons) is ~ 5 — 10m e /45,46/, the choice of parameters
is quite reasonable.
The GA predicts at zero hole concentration ( i = 0 or n = 1) the same transition
temperature Tc for both the extended s- and d-wave pairings . With doping, Tc
decreases and Te for the d-wave is higher than for the a-wave. But at very large
doping, when the band .is ahnost empty there is a crossover and the s-wave pairing is
stable compared to'the d-wave. The stability of the d-wave for low hole concentration
within the GA and the slave boson technique is a well known result/14,17,19/. The
dependence of Tc on the anisotropy factor r is very weak for low hole concentrations.
For higher hole concentrations Tc for the s-wave pairing decreases with increasing
r. For the d-wave pairing the variation of Te with r is much weaker. It should be
pointed out, however, that in the mean field calculation the anisotropy has been
taken into account only through the proper choice of the density of states. The
fluctuations in the order parameter, which may be important for systems that are
close to 2-dimensional ones, have not been considered.
In the GA, Te is maximum at x = 0/16,47/. However, for (J + V) > T > <j>ttp,
predicted Te should be related to local singlet pairing formation temperature rather
than to superconductivity. With increasing hole concentration Tc for both the s- and
d-wave pairing decreases. The rate of decrease depends on the value of tp/{J + V).
Higher the value of t9, faster is the decrease of Tc with x. Considering polarons as the
charge carriers with effective mass 5 — 10me, we take the value of V rather small. For
this reduced value of the band-width, Tc decreases with x slowly and the difference
between the Tc's for the d-wave and the s-wave pairing is small.
In Figs. 3 and 4 the -Te, as predicted by the AT-operator technique is shown.
Remarkably, Te is zero for zero hole concentration. For low as well as high hole
concentration (x < 0.1 and x > 0.7) the a-wave pairing has higher Tc than the dwave pairing. The d-wave pairing is stable in the intermediate hole concentration
region (fig. 4). The effect of the anisotropy factor r on the d-wave pairing is weaker
than on the d-wave pairing. For the j-wave pairing the transition temperature reduces
with increasing r for low as well as high hole concentrations. In the intermediate hole
concentration region Tc for the j-wave pairing is zero for the two-dimensional case
(r = 0) and increases, rapidly with r for r > 0.2. As r —» 1 (the three-dimensional
case) 2V* for the «- and d-wave pairing approach each other. We note that, at
x = 0.11 and at x = 0.67, all the curves for Tc for different values of r intersect,
i.e. at some particular densities Tc may be independent of r. We also compare the
superconducting phase diagram obtained by the GA and the X-operator technique
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Figure 5: The s-wave superconducting transition temperatures Tc versus the hole concentration i , for the 2-dimensional case (r = 0) as obtained within the Gutzwiller
approximation (GA), the X-operator technique (X-op), and the Hartree-Fock approximation (HF). The values of the parameters used: V/W = 0.5 and J/W = 0.5.
For the HF approximation l/ e ///W =? 0.5.
with that obtained by the Hartree-Fock(HF) approximation. The variation of the Tc
with the hole concentration within these three approximations, is shown in figs. 5
and 6. For low density of fermions the .s-wave is stable for all cases. Tc's, predicted
by the three approximations, coincide as n -» 1.
This reflects that the effect
of correlation is small for low density of fermions and it vanishes at n = 0. For
0 < n < 0.4, the predictions for Tc, obtained by the X-operator technique and the
HF approximation, are very close to each other both for the s-wave and the d-wave
pairing. On the other hand the GA predicts much higher Tc. These results also
point out that for the superconducting phase diagram the X-operator technique is
a better approximation than the GA. The deficiency of the GA is that the effective
band-width is very reduced because of the renormalization factor <j>t{= 2x/l + x),and
this band-width should not correspond with the actual band-width of the charge
carriers.

6.

Polaronic band-width for a strongly correlated system

In section 2 to get an effective hamiltonian of the electron sub-system we take average over the zero phonon state for the phonon sub-system of the hamiltonian (2.7).
However, Hang/43/ and Chakravarty etal./48/ pointed out that for a many electron
system a two-phonon coherent state may correspond to the ground state of the system. We/31,32,49/ studied the relevance of the two-phonon coherent state and the
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Figure 6: The d-wave superconducting transition temperatures Tc versus the hole concentration i , for the 2-dimensional case (r = 0) as obtained within the Gutzwiller
approximation (GA), the X-operator technique (X-op), and the Hartree-Fock approximation (HF). The values of the parameters used: V/W = 0.5 and J/W = 0.5.
For the HF approximation Uef//W = 0.5.
corresponding polaronic band-width in a strongly correlated system following the
GA and the X-operator technique. Writing the hamiltonian (2.7) in terms of the Xopsrators and taking the average over the two-phonon coherent state for the phonon
sub-system;|*pfc > = exp[-a £,(&;&< - 6J&J)]|0 >, where a is a variational parameter,
one obtains/32,49/ for an isotropic system (*„ = t, Vjj = V, and 7^ = J; where i
and j are nearest neighbors)
H

*li

=
t,a

where
(6.2)
(6.3)
Here N is the total number of sites in the system. We have not considered the pair
hoping term. The ground state energy Eg of the system described by the hamiltonian (6.1) is
Es

= <Heff>+[in
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= Nu>0(sinh2a)2 - u o i + V£
4 \

4

"' - ' yaovoa

£

< Xf°Xf

^

< (Xf'Xf

- X?*Xj°) > .

(6.4)

The variational parameter Q is determined from the minimization of the ground state
energy i.e. from the condition dEg/da = 0, which leads to the following equation

(e** - 1) = 8zp (-L) ( i - V «p[-fo7a,.V<lB],

(6.5)

where p = < XfXf
>, is site and spin independent in the normal paramagnetic
state. Using the Green's function technique and the Hubbard-I decoupling scheme,
as mentioned in section 4, the equations for the p and the chemical potential are
obtained as:
E ( ^ T 1 ) 7q^ [1 - taah(#q/2)],

p =< X!'X? >= ^

(6.6)

and

( )

^53

,

(6.7)

where

U = -[(^t.

+ J'p)]^-^

7q = E e x P(«q- R .;),

(6.8)
(6-9)

i

J' = J/2-V,

(6.10)
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The hopping average p, for any particular filling, is determined from eqs. (6.6)
and (6.7) using the square density of states
_ /

-W < e, < W,
otherwise,

(<U1)

where cq = £q + ft' is the energy of a quasi-particle measured from the center of
the band. W is the half-band-width and for a two-dimensional system with z = 4,
W = 4t e // where

W/ = ( ^ £ K + 7'p-

(6-12)

Once the hopping average p is determined, the value of a and the corresponding
polaronic hopping te (= t exp[(—g2e~Aa/u>l)]) are found out.
In order to make a comparison between the results obtained by the X-operator
technique with those that follow from the GA, one should calculate a and the corresponding hopping te within the GA for the same set of parameters. According to
the GA, the equation for the two-phonon coherent state parameter a, the hopping
average p, and the chemical potential /i are/32/
(6-13)
(6.14)
(6.15)
(6.16)
where

J>P

)\

7q

"

In fig. 7 we plot the variation of the polaronic hopping (te) with the hole concentration (z) as predicted by the Jf-operator technique and the GA. The values of the
parameters used for the numerical calculations are p2/w» — 3.24, J'/we = 1.0, and
t/u0 = 6, 3, and 2. Both the approximations predict the same qualitative variation
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0.0

Figure 7: Plot of the polaronic hopping (te/uo) versus the hole concentration (i), as
predicted by the X-operator technique ('X-oper.') and the Gutzwiller approximation
('GA'). Values of the parameters are $2/wo = 3.24, J'/u0 = 1, T/wo = 0.01. The
curves labeled 'a', 'b', and V correspond to tfw0 = 2, 3, and 6 respectively.
of the te with x. For small hole concentrations te is small; te shows a rapid increase
in a narrow range of the hole concentrations and then te is weakly dependent on x
for the intermediate hole concentrations. For larger hole concentrations te decreases
with x. In the low hole concentration region, the X-operator technique predicts
a faster increase of te with x than that by the GA. For higher hole concentration
side, the difference between the X-operator technique and the GA results is small
and for i -+ 1 both the results are identical. The range of x, where tc shows a
rapid increase, is narrower for higher values of t/u0. For certain values of the t,
u)o and g, the polaronic band-width depends only on the two-phonon coherent state
parameter, which, in turn, is determined by the kinetic energy of the charge carriers.
Both the X-operator technique and the GA predict the same qualitative variation of
the kinetic energy of the charge carriers with the hole concentrations (fig.8), and, as
a consequence, the same qualitative variation of a and i e . For t/uo = 3, (this value
may be accepted for the high-Tc systems and also is in the small polaronic limit) the
polaronic band-width is very narrow for small hole concentrations and then increases
rapidly in a range of hole concentrations, x 6 (0.05 - 0.25). For x < 0.05, where the
polaronic band-width is very narrow, the condition of bipolaron formation, i.e. the
band-width is much less than the inter-site polaron attraction, is likely to be satisfied.
The corresponding bipolaronic band-width would be further narrower and the charge
carriers very heavy. For x > 0.05, as the polaronic band-width increases rapidly, the
bipolarons may melt into polarons of relatively lighter mass. A combined effect of
melting of bipolarons and rapidly increasing band-width of the polarons with the
hole concentrations would lead to a sharp decrease in the effective mass of the charge
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Figure 8: Plot of the normalized kinetic energy of the charge carriers, EK, measured
in units of the half-bandwidth, versus the hole concentration. Within the X-operator
technique, EK = p, and within the GA, EK = 2xpi/(l + x). Note that for low
temperatures, EK does not depend on the value of t/u0.
carriers. The rapid increase in the electric conductivity, observed in high-Tc oxide
systems at low hole concentration, may be attributed to this sharp decrease in the
effective mass of the charge carriers/32/. The analysis of the thermoelectric power
results of the high-Tc oxide/50/ systems also suggests that, in the insulating phase
for low hole concentrations, the band-width of the charge carriers is very narrow and
in the small polaronic limit. Then, the band-width increases exponentially with x in
the narrow superconducting composition range x € (0.05 — 0.27). Our results of the
polaronic band-width has the same characteristics as predicted from the analysis of
the resistivity and thermoelectric power data.

7.

Summary

The predictions for the superconducting phase diagram for a single band Hubbard
model with strong on-site interaction, by the Jf-operator technique and the GA,
are qualitatively different. The jf-operator technique predicts the extended a-wave
superconductivity for low concentrations of holes (nearly half-filled band) as well
as for low density of fermions (almost an empty band); the corresponding Te decreases with increasing inter-planar coupling. For intermediate hole concentrations
the X-operator technique predicts the ef-wave superconductivity, the corresponding
Tc is weakly dependent on the inter-layer coupling. The GA predicts d-wave superconductivity for low concentration of holes, i.e., for a nearly half-filled band and
the s-wave superconductivity for low concentration of fermions, i.e., for an almost
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empty band. Tc, predicted by the GA, is much higher than that by the X-operator
technique and weakly dependent on the inter-layer coupling.
The predictions for Tc, by the ^-operator and the HF, are very close to each other
for low density of fermions (almost empty band), which reflects the fact that for low
density of fermions the correlation should not show up. The superconducting phase
diagram, obtained by the X-operator technique, is much closer to the experimental
situation of the high-Tc oxide systems than that by the GA. For description of the
electronic transport properties of the high-Tc systems also the Hubbard method (or
the X-operator) is a much better technique than the GA.
The polaronic band-width in the normal state of a strongly correlated system,
determined using the two-phonon coherent state and following the X-operator technique and the GA, shows the same qualitative variation with the hole concentration
in both the approximations. The polaronic band-width is very small for low hole
concentration and, then, increases rapidly in a narrow range of hole concentration.
This behavior of the polaronic band-width is consistent with that predicted from
some of the normal state properties of high-Tc oxide systems.
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NEURAL NETWORK MODELS OF ASSOCIATIVE MEMORY
C. Dasgupta and V. Deshpande
Department of Physics, Indian Institute of Science
Bangalore 560 012
The basic principles underlying the use of neural networks
as models of associative memory are outlined in the Introduction.
Two different classes of neural netwoL ; models of associative
memory are discussed in subsequent Sections. In the first class
of models, a hierarchical structure is used for the storage and
associative recall of an exponentially large number of strongly
correlated memories.
In these models, the patterns stored in
the higher levels of the hierarchy represent generalized categories and these in the lower levels represent finer details.
In the second class of models, limit cycles are used for storing
individual memories.
If the initial state of the network is
close to one of the stored patterns, then the system goes into
a limit cycle in which the overlap of the instantaneous configuration with the target pattern oscillates in time with a large
amplitude, whereas the overlaps with the other stored patterns
remain close to zero. Results obtained from analytic calculations
and numerical simulations on the behaviour of these models are
summarized •
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I.

Introduction
Recently, lot of interest has been focussed on neural network

models of associative memory (Amit, 1989).
large,

highly

(neurons).

connected

assembly

of

A neural network is a

simple

computing

elements

In the simplest models, each neuron is assumed to be a

two-state threshold device having outputs +1 or - 1 , representing
the active or the quiescent state, respectively.
may be represented by an Ising spin.
stored

in

the

network

is

The information

embedded

(synaptic efficacies) among the

Such a neuron

in

neurons.

the

(memories)

interconnections

The time evolution of

the network is governed by an assumed dynamics of the individual
neurons.

The system behaves like a content-addressable memory if

the configurations representing

the stored memories

are locally

stable attractors of the assumed dynamics.
The neural network models which have received the greatest
attention from physicists belong to a class of which the original
Hopfield model (Hopfi'ld, 1982, 1984) is the simplest example.
these models, the synaptic

interaction matrix is assumed

symmetric with zero as diagonal elements.
"energy

function"

(Hamiltonian)

for

the

In

to be

One may then define an
network

which

has

the

property that the most commonly assumed dynamics of the neurons
corresponds to the rule that the state of a neuron is changed (the
corresponding

Ising

spin

decreased in the process.

in

flipped)

only

if

the

energy

is

Such a network functions as a content

addressable memory if the interaction matrix is chosen so as to
make the memorized configurations local minima of the associated
energy function.

This analogy with a spin-system described by a
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Hamiltonian has made possible the application uf many concepts and
techniques developed
spin-systems
Hopfield

in the

Statistical Mechanics

to the scudy of neural networks.

model, the memories

were

assumed

of disordered

In the

to be

original

random

binary

strings (strings of elements each of which takes on the values +1
or

1 with equal probability) and the so-called "generalized Hebb

rule"

was

used

to

construct

the

synaptic

matrix.

Extensive

studies using methods of Statistical Mechanics (Amit c . al, 1985a,
1985b,

1987)

associative

have

memory

shown
if

the

that

this

number

of

model
stored

functions
memories

as

an

does

not

exceed about 15% of the total number of neurons.

This restriction

on the storage capacity

of the Hopfield

model.

is a major shortcoming

Another problem with the Hopfield model arises from the

fact (Amit, 1989) that it performs very poorly if the patterns to
be stored have strong correlations among themselves.
During the last few years, several attempts have been made to
overcome the shortcomings of the Hopfield model.

In

particular,

several neural network models with a hierarchical organization of
correlated memories have been proposed.

In the first part of this

talk, a class of hierarchical neural network models introduced by
Dotsenko
strongly

(1986)

for

correlated

the

storage

memories

are

and

associative

discussed.

In

recall

these

of

models,

the patterns stored in the upper levels of the hierarchy represent
generalized categories and those stored in lower levels describe
finer details.

The interaction matrix is constructed in such a

way that the spins in the lower level tend to converge to stored
patterns which are "consistent" with one of the categories in the
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sense that the sign of the magnetization of the state reached by
each lower level cluster matches that of the corresponding bit of
one of the patters stored in the upper level.

We first show that

the models originally proposed by Dotsenko have a serious flaw:
they are not able to detect or correct errors in categorization
which may be present in the input, if, as originally proposed, the
patterns stored in the lower levels correspond to random binary
strings.

We then describe two different models which attempt to

overcome this shortcoming of the original models.

We show that if

the interaction between different levels of hierarchy is taken, as
suggested by Dotsenko, to have the form of an uniform field acting
on the lower-level spins, then the system cannot correct any error
in

categorization.

This

is

due

to

the

fact

that

the

energy

associated with the uniform field term is much smaller than that
of the Hopfield term which, as a result, is dominant.

Hence, in

the first model, we redefine the interactions between levels of
hierarchy to have the form of a field conjugate to memories stored
in the lower level to overcome this problem.

In the second model,

a three-spin interaction term is included in the lower level in
addition to the binary interactions of the Hopfield

type.

The

inclusion of such a term breaks the symmetry between a - memory and
its

complement

categorization

state
in

the

and
lower

helps
level

in
of

correcting

the hierarchy.

errors

in

Detailed

analytic and numerical studies of the performance of these models
show that both these models are able to detect and also to correct
in varying degrees any error in categorization that may be present
in the input pattern.
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The models discussed in the first part use attractive fixed
points of the underlying dynamics to store and retrieve memories.
A general dynamical system with many interacting variables may, of
course, exhibit stable attractors other than fixed points.

In the

second part of this talk, we consider neuron network models which
use

limit

cycles

for

carrying

out

specific

tasks.

In

models, there are two kinds of interactions: a Hopfield

these
- like

term that tends to stabilize the system in a memorized state and a
second

term with

a time delay

that

acts

to induce

between a memorized state and its complement state.
choice

of

the

values

of

the

parameters,

this

transitions
For a proper

model

exhibits

limit-cycle behaviour in which the overlap with a target pattern
oscillates in time with a large amplitude and overlaps with all
the other stored patterns remain close to zero.

An asymmetrically

diluted version of the model is solved exactly
extreme dilution.
better
The

We find

than a similarly

performance

of

the

numerical simulations.

in the limit of

that the model with cycles

diluted

version

fully

connected

performs

of the Hopfield model.
model

is

studied

by

We find a behaviour qualitatively similar

to that of the dilute model.

The model with cycles is found to

perform better than the Hopfield model as a pattern classifier if
the memory loading level and the degree of corruption of the input
•patterns are large.
Finally, we use the principles of the model with limit cycles
to construct a third model for hierarchical storage of correlated
memories.
time delay

This model makes use of a set of interactions with a
to

induce, if necessary,

transitions

between

memory
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states

and

their

complements

to

correct

any

error

categorization which may be present in the input state.

in

Numerical

simulations show that this model performs as desired.
Details of the analytic and numerical calculations summarized
below may be found in two papers which have been submitted

for

publication (Deshpande and Dasgupta, 1990 a, b ) .

II.

Hierarchical Models
Following

Dotsenko,

we

consider

which the low^r level consists of n
neurons {Ising spins).

a

two-level

hierarchy

in

clusters, each containing n i

These neurons are represented by the Ising

variables { aa I, t = 1, 2,
each of these clusters, p

n i and a = 1, 2, ..... n 2 .
random binary patterns

stored by using the Hebb rule.

In

(memories) are

Thus, the intracluster interaction

matrix has the form

a

1

^—i

/ja

n<x

where n labels the p ' different memory states in each cluster and
5. = +1 or -1 with equal probability.
p

and n , with the ratio o^ = P / n t

We assume large values of
having a value much smaller

than a , the critical value calculated for the Hopfield model.
*

We

C

consider a version of the model in which the upper level of the
hierarchy consists of a different set of neurons, ( Pa \, a = 1,
2,... , n .
» 1,

p /n
2

p

The next step is to store a certain number, p g {n^, p 2
« <* ) of random binary patterns
2

c

I<f>U| , v - 1, 2
u

and a = 1, 2, ...., n , which represent the categories, in the
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upper level.

This is done by assuming that the neurons in the

upper level interact among themselves via the Hebb-rule matrix

q ) ( p

U

(X f- p

r

v& *

= 1

where A is an adjustable parameter.

In the original model, the connection between the two levels,
which should ensure that each lower-level cluster converges only
to memory states with the correct sign of the total magnetization,
is supposed to be provided by a ferromagnetic interaction of each
spin p

in the upper level with all the spins

r. of one of the lower-level clusters.

la.}, i = 1

The Hamiltonian is then

given by
"2

r
a=ii>j

a > /3

or

where h is a positive constant of order unity.
usual

deterministic

(zero-temperature)

(3)

We assume

asynchronous

the

dynamics

defined by the rule
o" (t + 1) = sign [ha (t) ]

(4)

where the local fields fha } are given by
Pa

(5)

The effects of fast synaptic noise may be taken into account by
modifying the dynamics in the following way:
a" (t + 1) - - a" (t) with probability 1 if h" (t) a* (t) < 0,
a" (t + 1) • - a" (t) with probability exp [ - 2h" (t) a" (t) / T ]
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if h" (t) o" (t) * 0

(6)

Here, the "temperature" T is a measure of the strength of the
noise.

The dynamics of the p-spins may be defined in an analogous

manner.
In order to simplify the analysis of the behaviour of this
models, we assume, without any loss of generality, that \ E,. > 0
i

for all << , p.

Then, the desired stable states are the ones in

which one has convergence to stored patterns in the upper level as
well as in each of the lower-level clusters:
aai

= E,i

P<x for all i, a [ Pa = ± 1] ,

p = sign [ [ o" 1 = P = <J>U

for all a.

(7)

By choosing the parameter A to be sufficiently large, one can
always make the states
Eqns.

Ip = <P I stable in the upper layer.

(4) and ( 5 ) , it is readily seen that the state

From

{o.= <p E,. I

which represents a convergence to appropriate memory states in all
the lower-level clusters is locally stable if h < 1. However, for
li ex
h < 1, all states represented by aa= P £. a , i = 1, 2, ..., n , a
= 1, 2
stable.
All

, n

and P

= ± 1 chosen arbitrarily are also locally

T h u s , this model cannot correct errors in categorization.

states

with

convergence

to

memories

in

the

lower-level

•clusters are locally stable irrespective of whether the signs of
the

magnetizations

of

the clusters

correspond

to

one of the

allowed categories or not.
We note here that this model is easier to analyze if we make
the following assumption about the time evolution of this m o d e l .
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We assume that inputs are given separately to the two levels, with
p

set equal to sign

f £CT0< J at the beginning.

The spins in the

upper level are first allowed to relax until they reach a stable
state.

If

the

parameter

A

and

the

ratio

p /n,

are

chosen

properly, then the memory states will be locally stable, and we
assume that such a state is reached in the upper level.
in the lower level are then allowed to relax.
spins

in

the

oc-th cluster

is

then

governed

The spins

The dynamics of the
by

the

effective

Hamiltonian

Since there is no intercluster

interaction, each cluster may be

considered separately and then we may drop the cluster index a.
The problem then reduces to that describing

a single n

- spin

cluster interacting ferromagnetically with a single spin p in the
upper layer.

Cast in this form, an analysis of this model reduces

to that of the behaviour of one defined by the Hamiltonian -

H = - £ J. a. a. - <p h £ a .

(9)

where <P = +1 or - 1 .

The main reason for the failure of this model in effectively
discriminating

between

a memory and

its complement

is the fact

that each randomly selected memory state has a magnetization of
order / n 1#

so that the energy associated with the uniform field

term is also of order / n

if we consider cluster states close to

memories

or

their complements.

The energy associated

with

the

Hopfield

term is, on the other hand, of order n , so that this
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term

dominates

observation

over

the

suggests

effects

that

if

of

the

the

uniform

interaction

between

levels is chosen to have the form of a field
patterns

stored

in

the

lower

level

field.

This

the

two

conjugate to the

cluster,

then

it

may

discriminate effectively between a memory and its complement in
the lower cluster.

We, therefore, consider a model defined by the

following Hamiltonian
p

i

*> I I &
H = " I J M o a - h <*
& a

(10)

ii // JJ= l
l

i>j

where the matrix J. . has the Hebb-rule form of Eq. (1) and <t> = ± 1
represents the state of the spin at the upper level.
of def initeness, we assume that £ ^i

For the sake

> 0 for all p.

Then the

i

memory states, ( J

= £

" i

I ," should be selected at the lower level

i

if <J> = 1, and the complement states should be selected if <t> - - 1 .
As shown below, the added field conjugate to the memory
achieves this goal if the number of patterns

states

(pi) stored in each

cluster is small and the value of h is chosen properly.

If p

large,

memories

then

interfere

the

with

fields

the

conjugate

retrieval

of

to
a

all

the

particular

other
memory

is

and

the

network does not function as desired.
We first consider the situation where p
and assume that <f> = 1.

is of order unity

In a desired retrieval state, { a

= ^
i

|,

i

the local field at site i is given by

h., =- (1
h) ^
& ++ h_S«r
h £ £U *± 00 [—
<1++ h»

—

(11)

Since the largest magnitude the second term can have is h(p

-1),

this state will be stable if 1 + h> h(p 1 - 1) i.e. if h < l/(p 1 -

2).

Similarly, it is easy to show that the ccrr.t-l«ment state, I a

= - ^

I , will be unstable if h > 1/p^

Thus, the field

term

would be able to make the desired choice if the value of h lies in
the interval between 1/p
interval

goes

and l/(p

to zero for

- 2).

large values

Since the width of this
of p , the model

considered here would not be useful in the large-p

being

limit.

The

restriction to small p - values is, however, not a very serious
one because a large number of correlated patterns may be stored in
the network

even if p

network with n

is small.

= 100, n

For example, in a 1010-spin

= 10 and p

= 4, the number of patterns

one would be able to store and retrieve is 4

, which is quite

large.
A

second

way

to overcome

the

shortcoming

of

the

original

model is to introduce one with three-spin interaction in the lower
level clusters.
is quadratic

In the original Hopfield model, the Hamiltonian

in the spin variables and is, therefore, invariant

under a simultaneous reversal of allthe spins.

A Hamiltonian with

a

invariant

three-spin

simultaneous

interaction
spin

term

reversal.

would

not

A model

be

with

such

under

a

a Hamiltonian,

therefore, would not have the degeneracy between a memory and its
complement.
able

to

Since we are interested here in networks which are

discriminate

between

a memory

and

its

complement,

we

consider a model with the Hamiltonian

H - - £ J U oi a - _]±_

V

R

L

i>j

i jk

ff
i j

(12)
k

where <P = ± 1 represents, as before, the state of the spin
upper

lever

and

the coefficients, K.
1 JK

, of

the

three-spin

in the
term

239

have the Hebb-rule like form
1

K
ijk
The adjustable parameter

f,i

p

/J

/J

?

-3>

- — r 2 A J ** •
X determines the strength

the usual Hopfield term J

(relative to

) of the three-spin interaction.

As

ij

before, we consider memory states with £ ^

> 0.

Then for <t> = ±

i

1, the states { a. = ± £. I should be stable and their complements
should be unstable.

Since for <f> = 1, the energy associated with

the three-spin interaction term is negative for the states
£

{a

=

I and positive for the spin-reversed states, the model defined

in Eq.

(12) is expected

between

a memory

and

to provide

its

the required

complement

if

the

discrimination

coefficient

X is

sufficiently large.
The thermodynamic behaviour of the model defined in Eq. (12)
may be analyzed by using a straightforward generalization of the
repiica method developed by Gardner

(1987).

A replica-symmetric

calculation (with <f> = 1) along these lines leads to the conclusion
that for X > 1, this model effectively prevents convergence of the
lower

level

cluster

to

states

with

an

incorrect

sign

of

the

test

the

magnetization.
We

have

carried

out

numerical

performance of these two models.
are able to correct

to

We find that both these models

(in most cases) any error in categorization

that may be present in the input.
taken

simulations

to reach convergence

We also find that the "time"

in the lower

level is

substantially

longer where the initial state is close to a memory state with an
incorrect

sign

of

the magnetization.

Thus, by

monitoring

the
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convergence time, the network would be able to determine whether
the input belongs to one of the allowed categories or not.

III. Limit Cycle Models
In

this

computations

section
are

we

consider

performed

with

a

neural

limit

network

cycles.

The

in

which

model

we

consider here is similar to those constructed by Sompolinsky and
Kanter

(1986) and by

Kleinfeld

(1986)

for

the

recognition

and

associative recall of temporal sequences and cycles of patterns.
This network consists of N neurons, represented by the Ising
variables

la. I , i = 1, 2, . . . , N.

patterns, I £

A number, p, of random binary

I, i = 1, 2, . . . . , N; /J = 1, 2, ...., p, are stored

in the network.

Two different sets of synaptic interactions among

the neurons are assumed

to exist.

The first set is the usual

Hopfield-type, which stabilizes the system in a memory state.
second

set of

memory

state

interactions
to

its

tends to induce

complement

state

transitions

which

is

The

from a

obtained

reversing the signs of all the Ising spins in the memory state.

by
A

time delay associated with the second set of interactions causes
the system to stay in a memory state for some time before making a
transition to the complement state.

We assume the deterministic

(zero-temperature) dynamics defined in Eq.

(4) .

The local field

h((t) is defined as
h

, (t) - £ J.
j*i

where

J

a

(t) - X I i

J

J#i iJ

X > 0 is a control parameter,

o

(t - T)

. (14)

J

x represents

a time delay

associated with the second set of interactions and the interaction
matrix J.

has the Hebb-rule form of equation (1).

The first set
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of interactions
wheraas
memory

the

acts to stabilize

second

state

and

set

tends

the system

to

its complement

induce

in a memory

transitions

state.

state

between

The behaviour

a

of

this

modal Mir be analyzed easily in the limit N -» «, a = p/N -» 0.

Let

us assume that the system has settled down into a memory state, I
a

= S

} , at time t = 0.

Configurations at earlier times are

assume! to be uncorrelated with any memory state.

The, for t < z,

the second term in Eq. (14) does not have much of an effect and
the system remains in the memory state ( a

= E,,° I.

At time t =

x, the le*al field acting on the i-th spin is given by

JJ
h.

(T)

= £.

(1 - X) ± 0 (/a

)

(15)

Thus, if X > 1, the system makes a transition to the complement
state, l o

» - |_

|, at time t = x.

This state again flips back

to the original memory state at time t =* 2 x and thus, the system
continues to oscillate in a limit cycle in which the overlap of
the

sain

configuration

with

the

memory

state

{ £.°

periodically between +1 and -1 with a time period

T

overalls with other memories remain close to zero.

I varies
- 2t, and

There are p

such cycles, corresponding to the p different memories.

If the

system is started off in a configuration close to one of these
memories or its complement, then it goes into the corresponding
limit

cycle.

This network,

therefore,

functions

as a

pattern

classifier and as an associative memory in which each memorized
patters is stored in a limit cycle.

Note that

in the present

model, a memorized pattern and its complement correspond
same

attractor.

represent

In

contrast,

two different

fixed

a

pattern

points

in

and

the

its

original

to the

complement
Hopfield
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model.
If the parameter a measuring the loading level of the network
is

of

order

unity,

then

the

"noise"

term

arising

from

the

interference of non-condensed memory states can not be neglected
and

the

simple

behaviour

of

analysis

this model

described
for p

~ O(K)

because the methods of equilibrium
longer

applicable.

The

above

breaks

down.

is difficult

to

The
analyze

statistical mechanics

dynamics

of

an

are no

asymmetrically

diluted

version of this model may be studied analytically in the limit of
extreme

dilution

by

using

methods

developed

(1987) and by Gutfreund and Mezard (1988).

by

Derrida

et

al

This calculation shows

that this model exhibits stable cyclic behaviour if the loading
parameter a lies within the range a

(X) < a < a

•in

value of a

(X) .

(X) is found to decrease with X for X < 1, and a

m in

m

(X) = 0 for all X i 1.
sufficiently

The

max

large

In

This calculation, thus, shows that for

values

of

a,

the

"noise"

generated

by

the

non-condensed memory states may induce cyclic behaviour even if
the parameter X is less than the critical value ( = 1) needed for
cyclic

behaviour

in

the

a -» 0

limit.

The

value

of

a

(X)

max

initially increases w,ith X, reahing a maximum at X = 1.
increase of X deceases a

.

For a > a

max

Further

(X) , the system shows

max

oscillations between a memory state and its complement.

However,

the amplitude of these oscillations goes to zero

asymptotically.

We

better

find

that

the

limit-cycle

model

performs

than

a

similarly diluted version of the Hopfield model in the sense that
both the maximum storage capacity and the retrieval overlap for a
particular value of a are higher in this model.
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Extensive

numerical

simulations

of

the

fully-connected

limit-cycle model show a behaviour qualitatively similar to that
of the asymmetrically diluted model.

We find

that the maximum

storage capacity of the limit-cycle model for values of X close to
unity is higher than that of the Hopfield model (X = 0 ) .

However

the quality of retrieval, measured in this model by the amplitude
of

osjcillations

of

the

overlap

of

the

instantaneous

spin

confiouration with the target pattern, is found to be poorer than
that

in

the

Hopfield

model

if

a is

close

aHop

to

ie

.

This

c

observation

suggests

that

the

limit-cycle

model

would

be

more

useful as a pattern classifier (where the objective is to identify
the memory

state

memory

(where

stored

pattern).

indeed

performs

closest

to the input)

the emphasis
Numerical
better

than

is

than as an

on a complete

simulations
the

Hopfield

show

associative

retrieval
that

model

as

of

this
a

the

model

pattern

classifier if ttte loading level and the degree of corruption

of

the input are high.
The model for cycle generation discussed above may also be
used for hierarchical storage and recall of memories.

Of the two

different sets of interactions present in the limit-cycle model,
the first one is of the Hopfield type which stabilizes the network
in a memory while the second set induces transitions from a memory
to its complement after a characteristic time delay.

We make use

of the same principles to construct a model in which the system
undergoes a transition from a memory state to its complement

if

the magnetization of the memory state does not have the "correct"
sign.

The local field acting on the i-th spin at "time" t in
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this

model

is

given
h

<t)

by
= V j

a

(t)

- 17 ( t )

V

J

a

(t

-

r)

(16)

where n (t) is a variable that takes on the values 0, 1 according
to whether the sign of the magnetization of the cluster at time t
matches that of the corresponding

spin <J> in the upper level or

not.
In order to understand

the working of this network, let us

consider a situation where at time t = t , the lower-level cluster
has settled down into a memory state I a. =£^ I under the action of
the first term.

The configurations at earlier times are assumed to

be uncorrelated with the memories, so that the contribution to the
local field coming from the second term is O (1// n ) , which may
be neglected.
sign, then

If the magnetization of this state has the correct

the second

term in Eq.

the system remains in this state.

(16) is inoperative

(n=0)and

If, on the other hand, the sign

of the magnetization of the memory state does not match that of
the upper-level spin, then n = 1 and the second term comes into
play.

The local field at the i-th spin at time

(t + z) is then

given by
h. (tQ + T) = (1 - X) ^
In writing Eq.

(17)

(17), we have neglected correction terms arising

from the interference of non-condensed patterns.

This is correct

if the number of stored patterns, p , is of order unity.

It is

then obvious that if the parameter X is chosen to have a value
greater than unity, then the system undergoes a transition to the
complement

state

{ a =-^

I , which has the correct

magnetization, at time (t + r) .

Thus, for p

sign of

the

~ O (1) and X > 1,
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the

network

functions

in

the

following

way.

If fcht; initial

configuration is close to a memory state with the correct sign of
the magnetization,then the system converges to this memory state
and stays
close

there.

If, on the other hand, the initial state is

to a memory with an incorrect

sign of the magnetization,

then the network still converges to this memory state, stays in it
for a time ~ r, and then undergoes a spontaneous transition to the
complement state which has the correct sign of the magnetization.
This

model,

categorization.

thus,

is

Numerical

functions as expected.

able

to

simulations

correct
confirm

that

errors
this

in
model
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Neural Networks
Dr. G. Haridasan
Electronics Division
BARC
ABSTRACT
Developments in Neural networks lay greater, emphasis to human
aspects

like "recognition" & "learning", with a view

to

develop

"intelligent machines".
INTRODUCTION
It

has

always

"artificial

been

the desire of

humans

to

develop

brain" and such efforts were named under

an

"artificial

intelligence", "Intelligent machine" and the like. During the
century,

when electrophysiologists discovered

the

last

"all-or-none"

behaviour of nerve and muscle cells, the modelling scientists were
quick

to

configure

demonstrate
massive

"pick

networks,

a set of
&

"on-off

Electronics

hold operations": and
they

could

demonstrate

in

a

devices"

to

situation

of

only

"Epilleptic

conditions" or "Coma", satisfactorily (McCullock - pitts (1943) ).
Efforts

were

mathematical

then

made to model nerve - activity

approaches' of "activity-propagation",

in

terms

through

of
the

network.
As
having

the models were purely from physical
any

consideration

of

approaches

without

neuronal connections, the

results

were not rewarding.
LOGICAL NERVE-NET
Using
to

threshold logics, attempt were made during 60 s &

demonstrate

patterns

capabilities

of recognising

serial

&

70 s ,

parallel

of binary coded template images. Subsequently, the

idea

, USini groups of neurons
••i..'-,»'.i

i-npE
I1

'ii.-nri'-- •Mun.-. .
thrr-shold
&

^rid

making

w.-<.-. ©lea

"<ixeitnt&j?y"

MtSngpr!

and

d©ffl©fi§trat©d that

&s

"inhi.M t••ry"
the

is varied, the probability ©f r©ip&ftS© QOUid
wide

fange.

Su«h

variability

wag

in

lnvr?l

uf

b© 4it©red

&§§©ei§tsd

with

Although, "asaeeiativ© l # a r n i m " ef network wai
ity

with' §'3anty=input inferraation

oeuld

r.ueh ii capability is v©ry human. T© gut it
w.Tj,-,

wiit?r«:'as a o^mputer ean feoall ita memory content

t h<!>

addrrss is sp^eified, th« human9 dould reealJ.

«?vt»n

when

di ffei'fin.-e

confronted
betw<r>«h

with

human

"parti^i-data" ,

memory and

'•>•

anotht-r

only

"full

Herein

ouwput.er

in

not

when

ev.-nt,-;

li'-^

ujofiiory,

tli.-

in

H.t

fun-'t | .ltjal aspectii. It is known ritlht- !!ii-.,uuh the wo fid of Kjol..;/y
t.fnI.

3tr'ict'jre

separate

the

and funct1-"'ii

»-VI.IVM

I otf^UitM'

two, in .?» wli. •! i. t i </ approach.

»m\ th*<t

w«.*

In the gaim?

cannot.
w.iy.

also know that th«s lar^'-1" 1 h-.- complexity of ".:> organ, the more
the

information

processing capability of the organ.

The

w>»
is

highly

organlaecl and convoluted a structure-the brain, is the
and

pro.'-'i.sing centra of all

informations that humans

of, Tiiafe-fortr, the iunctiona of the mind and the body had
matter of discussion, rigijt through the ageg.

COMPUTATIONAL DIFFERENCES
When problems are expressed succinctly and instructions state
f-xplicity
be

carried

the sequence of operations, algorithrmic computing cnr.
out,

as in a computer, But,

when

tasks

cannot

be
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specified

in

any

programmable

known

tasks.

analytic

manner,

it

becomes

Problems of "recognition" falls

a

non-

into

this

category.
From
course

random

of

a

noise theory, we know

time-series

cannot

be

that

the

specified

instantaneous

but

only

its

statistical property namely the mean, variance etc. The problem of
recognising

a

tree,

for examle, is

a

random

problem,

having

inherent attributes mentioned above.
Pattern

Recognition

categorised
Paramter

as

one

Techniques of today

of (i)

Data

largely

transforming

could

procedures

Estimation and (iii) Decision Algorithms; to

be
(ii)

carry

out

tasks like "cluster analysis" or "grouping".
Studies
responses

in

Neuroscience

have

shown

that

sub-threshold

are integrative, spatially and teraparally and

synaptic

connections, which are made by passage of chemical mediators
acety]echolin

(Ach),

are the seat of "lerning".

Norbert

like
Wiener

(1948) had summarised succinctly, "It is possible that information
is

stored

neurones

over
or

long

period^ by changes

in

by changes in the permeability of

the

threshold

of

synapse

to

each

message". It is logical'therefore to find the modelling scientists
giving

"weighting

functions" to neuronal connections,

in

their

learning networks.
Electro-physiologists

have recorded

post-synaptic

membrane

potentials and analysed the arrival pattern of miniature end plate
potentials

(raepps), with the quantal release of Ach

from

nerve-

endings. Boyd and Martin (1953) have shown that the release of Ach
is governed by Poisson's statistical laws and Ach is stored in the
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terminal

vescicles

and

released in packets at

the

arrival

of

Action potentials.
The

action-potentials,

information

along

themselves,

the nerve-pathways

are

and

the

carriers

of

inter-spike-intervals

vary depending on the intensity of information at the receptors.
Thus, statistical control of message transfer or

information

flow takes place in neiiromuscular junction.
In his book on cybernetics: or control & communication in the
Animals

and

subject

of

the

machine (1948), Norbert Wiener,

while

Biological learning, associative memory

on

and

the

recall,

states, "There is evidence that there is widespread synchronism in
different part of the cortex; suggesting that it is driven by som^
clocking centre. In fact, it has the order of freqency appropriate
for

the

alpha

rhythm

of

the

brain

as

shown

in

electroencephalogram".
From

the

connection,
pattern

its

and

existence

foregoing paragraphs, it is
time-dependent

clear

variability,

that

the

synaptic

connectivity

its variability during the life situations

of

biological

clock-all

these

are

and

the

significant

to

"recognition" tasks.
MULTILAYER NEURAL NETWORK
The
and

a

set

arranged
layer

present modelling approach considers input as
of processing elements (PE)

is

a

matrix

inter-connected

in

layers one above the other. Each P.E. in

the

takes

a component of the Input Array, operates

on

parallel

with other PEs in the layer, according to

the

function

and delivers a single output to PE in the ' layer

and
first

it

in

transfer
below.
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The

result

is an output array representing

some

characteristic

associated with the input.
The

transfer

function

consists

of

a

set

of

adaptive

coefficients, computed in a way similar to Auto-Regressive
Average

(ARMA)

models, so that minimum

mean-square

Moving

errors

are

achieved after n number of iterations.
VISUAL INFORMATION PROCESSING SCHEMES: IN MAN & MACHINE
Advancement in Neurosciences has shown that ON-OFF
and

receptors

centre-surround antagonism are operative in CAT-retina.

Such

features enable visualisation and follow-up of moving objects,

by

focussing attention on the "edge" information. This situation
also

be compared to the Image Processing Schemes used such

dimensional deconvolution operators which are employed to
features
visual

2-D

falling
optic

in

system

i3 well known. In the retinal region,

"rods"

human

of specific spectral responses are arranged in the
mosaics.

The

electromagnetic

spectrum

of

on the retina is transducted into electrical

and

the

corresponding

optic

form

signals

number

nerve-fibres

communicating the information to higher visual centres, a kind
redundancy
involve
moving

of

operation must operate. Such a processing scheme

must

data reduction and compaction. Further, it is known

that

scenes catch the attention of the viewer. We

can

this to video differencing and transform domain compactions
are

in

visual

at the cortex. With a large reduction in the
sensors

and

information

nerves which are "conducted" to higher centres, for

light

2

enhance

Images. Biologically, massive parallelism

appreciation
of

as

in

"cones",
of

can

carried out in Image Processing Schemes for Image

compare
which

compaction
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and communication.
It is essential to understand that the processing
are

arranged

in

the form of

a

hierarchical

structures

organisation

and

multilevel neural networks are configured along these lines.
With
can

be

holography,

projected on to a photorefractive crystal.

records
into

the advancements in optical volume

the spatially and temporally varying

equivalent

formation

local

charge

density

The

images
hologram

refractive

variations.

indices

Thus

with massively parallel inteconnects (which

image

themselves

encode the information) has become realisable. Using optic benches
and

pattern recognition systems, these images could be

extracted

even though partial information only is presented at the input.
When

the

number

of images to be compared

are

recall time becomes too long because the retrieval is

large,

the

sequential.

But humans recall events in their lives with quickness and clarity
and this aspect is still unachievable.
CONCLUSION
No
brain
present

single
function
what

"recognition".

approach could meet all
except
are

the

the brain itself, as

characteristics

of

we

know

at

process

of

the set of rules that govern

don't
the
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DYNAMICS OF HOPFIELD MODEL NEAR CRITICAL
LOADING CAPACITY
B. K. Chakrabarti
Saha Institute Of Nuclear Physics
92 A.P.C. Road. Calcutta-700009

Neural network models which exhibit features of associative
memory

(recall of learnt patterns from partial information) have

been the subject of extensive theoretical activities. Assuming a
system of N binary state neurons, their energy function is given
by the Hopfield model [Aroit et al 1987rAmit 1989] as
H = - E J o Si S,

(1)

Here S,, (= ± 1) denotes the state of the ith neuron and Ju = Jn
is the synaptic efficacy of the pair
deterministic,

then

the network

(i,j).

is equivalent

If the dynamics is
to an Ising spin

system with the Hamiltonian (1) at zero temperature. Networks with
stochastic

dynamics

are

mapped

onto

a

spin

sy^tero

at

finite

temperature. The non-zero temperature corresponds to the presence
of noit;e.

Information is coded in the system as a set of patterns or
memories which are N-bit binary vectors. Storage of information is
achieved

by modifying

the Jo's so that

the patterns are

local

minima of H. Hopfield model employs the Hebb rule for learning by
taking <7W as

if C,M

(2)

where the set of p memories are denoted by &? • ± 1 for each i •
1,2

N and p * 1,2,....p.
We discuss the following studies involving the Hopfield model

and a modified, version of the Hopfield model.
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A)The variation of the convergence time t as a function of a
• p/N has been sudied numerically
at fixed

. Previous work hab shown that

(nonzero) storage capacity a, the convergence time to a

fixed point grows like z - O(ln N) . As a -» 0, it can be shown
analytically that r ~ O{ln In N) . We have * considered

the other

limit, the limit as a approaches its critical value a,. = 0.14 ±
0.002 at fixed but large N.
In the closely related spin glasses, the relaxation time T is
thought to diverge as the temperature T goes to zero like ln(t/ro)
-

T

, where

£ is

a

constant.

As

T

approaches

the

critical

temperature T c from above, the relaxation time is thought to have
either

a

power

law,

r

exp[A/(T-Tc) ] behaviour

-

(T-Tc)

—s

, or

a

Vogel-Fulcher,

[Ghosh and Chakrabarti

1991].

Since

T

~

the

spin glass like transition at o^ in the Hopfield model at zero
temperature

has

been

rigorously

studied

both

analytically

and

numerically, we have looked for similar behaviour for x.
After
following

constructing

the

model

(constructing

the

JUj) ,

the above procedure, for some random p = ccN learned

patterns, one can study the recall process. Any arbitrary pattern,
given by a set of N values of St's, then develop according to the
(zero temperature Monte Carlo) dynamics:
Si(t+1) - sgn (^jJo

Sj(t) )

(3)

Any 'corrupted' pattern will evolve following the above dynamics.
If

the

initial

overlap,

m^O)

•

(l/N)^/iSj{t>,

domain of attraction of the learned

is

within

the

pattern p, then either

the

network recognises the stored pattern perfectly as the dynamics
brings

the corrupted

pattern

back

to

the

learned

pattern

(for

255

finite

no. of patterns: a • 0) ; or

soiuetrhat imperfectly

it recognises

the

pattern

as the dynamics brings it to a state with

significant overlap with the stored pattern

(for 0<a<0.14)

[Amit

1989]. We (Ghosh et al 1990, see als> Ghosh and Chakrabarti 1991)
studied the retrieval time (number of iterations required to reach
from

a

'corrupted'

corresponding

learned

pattern

with

pattern) near

driven by the storage capacity
is

taken

networks

as
of

0.142).

From

N

16,000

upto

fixed

distortion,

to

the phase- transition

the
point

(the critical storage capacity o^

the

simulations

neurons

we

on

fully

obtained

connected

the

average

relaxation time behaviour with initial overlaps m(0) = 0.80 and
0.95, as a function of a. After starting the system in an initial
state

with

convergence
resulting

one

of

the

to a fixed
final

above
point

overlap,

overlaps,

the

was measured.

m(«)

£ 0.975.

time
In

Figure

all
1

needed

for

cases,

the

shows

three

histograms for the distribution of the convergence time taken at a
-

0.07,0.110

and

0.130

with

m(0)

«

0.95

in

each

case.

histogram represents '4000 initial starting configurations
0.80
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0.tO
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0.00
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chosen from 20 sets of random patterns. Figure 2 shows a plot of
the average convergence timr x against ot. The plot indicates r expl-A(N) K - a P l , with n of the order of unity. From this graph a
Vogel-Fulcher type behaviour is ruled out and fits to a power law
were not convincing.

U-i

12-

H

•

•

108-

•«!:••

2-

.000

.020

.040

.0*0

.080
.100
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140
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I if• - rkH i4 *\tt-Aft v«mtcipciwe lintc m a (UIKIHMI o( a U*r m|(t|«0MI (orcksi
.nll'l - U»S <HUJIC>> Jl .V.Ik.lUI. ami U* »HUI-O.«i lJuoK.nJil il V * K«W I he H
tkoxt ilka b«^i tn u dneuued ia Ihr ••».

For a Hopfield network with finite amount of noise we study
the dynamics at finite temperature. For a fixed storage capacity a
UaJ

above a temperature T M (a), no retrieval solution appears i.e.

there is no local?y stable state [Amit et al 1987]. T M » 1 for a =
0 and T M - 0 for ax^. He have found numerically th* intermediate
values of T M (the point beyond which x •• *) by finite temperature
Monte Carlo simulation for a system with 500 spins (Ghosh 1990).
Figure 3 shows the phase diagram for TMversus a. For a fixed value
of a

(»0.12) near maximum

storage

capacity

the behaviour of x

against temperature is studied for initial distortion m(0) - 0.90.
The plot (Figure 4) indicates the average convergence time r*1 -# »
as T -• T M

(fixed a) and behaves as x - expt-A(TM-T>"] , m * 2,
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similar to that obtained for the behaviour with variation of a (at
fixed T; T=0).
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Figure 3

Figure 4

B) In order to investigate

the ability of Hopfield

recognise the correlation between any two given
patterns, we consider the following problem
tro patterns have a finite correlation
Hopfield

model,

the

patterns

uncorrelated). Then starting
system evolve according
observed

to

be

higher

(to be learned)

(Sen 1990). Let any

(note that in the
taken

to

to

be

usual

completely

from these two patterns, we let the

to eqn
than

arc

network

(3). The final correlations are
the

initial

values.

The

final
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correlations vs. the initial correlations are shown for diferent <t
for a system of 500 neurons in fig S. We are presently studying
the variation of o^ with variation in the initial' correlations, in
the Hopfield
Chakrabarti

network

as well

as

in

layered

networks

(Sen

and

1989).

c) We now consider a dynamically defined Hopfieitt" like modified
neural network

(automata) model where the updating of the spin at

time t+1 depends on the configuration at times t-1 and t according
to the following rule
(4)

Sv(t+1) = sgn [I.Jij (Sj{t)+XS,(t-l) )]

For negative values of X, patterns are obviously stored as limit
cycles

[Deshpande

numerical

results

and

Dasgupta

obtained

so

1990].
far

For

indicate

positive
that

X

limit

also,
cycles

appear above critical values of x and «. The storage capacity of
this

model

is

also

greater

than

the

Hopfield

model.

Some

preliminary results (Sen and Chakrabarti 1990) for a system of 200
neurons is y5 ven in fig 6.
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