POSITRON-ANNIHILATION 2D-ACAR STUDIES OF
DISORDERED AND DEFECTED ALLOYS*

A. Bansil and R. Prasad**
Department of P h y s i c s
N o r t h e a s t e r n U n i v e r s i t y , Boston, MA 021?5

L. Co Smedskjaer and R. Benedek
Materials Science Division
Argonne National Laboratory, Argonne, IL

CONP-8705226--1
DE88 003118

60439

P. E. Mijnarends
Netherlands Energy Research Foundation ECN
1755 ZG Petten, The Netherlands

September 1987

/pd

The lubmitted manuscript has been authored
by • contractor of the U. S. Government
under contract No. W-31-109-ENG-38.
Accordingly, the U. S- Government retains •
nonexclusive, royalty-free license 10 publish
or reproduce the published form of this
contribution, or allow others to do 30, tor
U. S. Government purposes.

To be p u b l i s h e d i n M a t e r i a l s Science Forum, P r o c e e d i n g s o f t h e U . S . - J a p a n
Seminar on Electronic Structure and Lattice Defects in Alloys, Honolulu, HI,
May 4-8, 1987.

•Work supported by the U.S. Department of Energy, BES-Materials Sciences,
under Contracts DE-FG02-85ER45223 and W-31-109-ENG-38. I t benefited from
the allocation of supercomputer time on the ER-Cray at the MFE computer
center.
**Permanent address: Department of Physics, Indian I n s t i t u t e of Technology,
Kanpur, India 208016.

DISTRIBUTION OF THIS DOCUMENT IS UN: 1WHTUB

POSITRON-ANNIHILATION 2D-ACAR STUDIES OF
DISORDERED AND DEFECTED ALLOYS

A. Bansil and R. Prasad
Department of physics
Northeastern University, Boston Mass 02115
L. C. Smedskjaer and R. Benedek
Material Science and Technology Division
Argonne National Laboratory, Argonne, Illinois 60439
P. E. Mijnarends
Netherlands Energy Research Foundation ECN
1755 ZG Petten, The Netherlands

ABSTRACT
Theoretical and experimental progress in connection with 2D-ACAR
positron annihilation studies of ordered, disordered, and defected alloys
is discussed. We present, in particular, some of the recent developments
concerning the electronic structure of disordered alloys, and the work in
the area cf annihilation from positrons trapped at vacancy-type defects in
metals and alloys. The electronic structure and properties of a number of
compounds are also discussed briefly; we comment specifically on high Tc
ceramic superconductors, Heusler alloys, and transition-metal aluminides.

I. I N T R O D U C T I O N
Recent experimental and theoretical advances in connection with the method of angularcorrelation-of-annihilation-radiation (ACAR) bring us closer to a full realization of the
potential of this technique for the investigation of the electronic structure of disordered as
well as defected metals and alloys. Several high-resolution, high efficiency two-dimensional
angular correlation (2D-ACAR) machines are now on line in various laboratories around
the world.[1-7] On the theoretical side, realistic treatment cf electron as well as electronpositron momentum densities relevant for Compton scattering and positron annihilation in
* Permanent address: Department of Physics, Indian Institute of Technology, Kanpur, India 208016

disordered alloys has become possible.[8-13] A similarly sophisticated treatment of vacancytype defects in metals and alloys can be anticipated. The increasing availability of highspeed computers should permit extension and application of these theoretical techniques
to more complex systems.
This article focusses on recent developments in three specific, areas, namely, disordered
alloys, vacancy-type defects in metals and alloys and, finally, work on some ordered compounds. In the spirit of the discussions at the US/Japan Workshop, our aim is to give the
reader an overview of the present status of the field and, when appropriate, an indication
of what we believe to be some of the more interesting areas of ongoing and future research
activity. The examples presented are mostly taken from the work of the present group of
authors. The citation of literature, while not very extensive, is representative.
An outline of this article is as follows. After the introductory remarks of Section I, we
consider disordered alloys in Section II. The basic equations for evaluating the configurationally averaged electron momentum density, p(p), and the electron-positron momentum
density, p2-r(p), within the framework of the modern KKR-CPA- based band theory of
alloys[8-13] are stated. Illustrative results for CuNi alloys are presented. Recent results
which compare the 2D-ACAR measurements on disordered CuGe[14\ and CuPd[l5\ alloy single crystals with corresponding KKR-CPA momentum density computations are
described.
Section III turns to positron annihilation from vacancy-type defects in metals and
alloys. The positron state in the preceding consideration of annihilation from alloys is
Bloch-like and thus extended. In contrast, as is well known, positrons have a tendency to
trap at vacancy-type defects in materials; see references 16-18 for recent reviews concerning
defect-related work. This case differs fundamentally from the Bloch- state case because
for the trapped positron, it is most natural to carry through the formalism in real space
rather than in momentum space. The relevant formalism for annihilation from a monovacancy, a di-vacancy, and from other small defects such as vacancy-impurity complexes is
outlined.[19] Results of the application of the theory to the case of a mono-vacancy in Cu,
the first such calculations for a d-band metal, are presented as an example. The 2D-ACAR
experiments , combined with pi^ (p) calculations , should provide a defect-specific probe of
vacancy-type defects in metals and alloys.
Section IV considers ordered compounds. We comment on systems of current interest
to the present group of authors; these include high-Tc ceramic superconductors, heavyFermion alloys, Heusler alloys, and advanced alloys, especially the Ft and Ni aluminides,
which are important high-temperature intermetallics; experimental and theoretical work
is currently in progress in all these cases. Some of the difficulties encountered in the
theoretical consideration of momentum densities in such complex systems are stated.
In conclusion, we believe that 2D-ACAR experiments on ordered and disordered alloys,
with or without defects, together with theoretical momentum density computations, should
provide interesting new insights into the electronic structure and properties of a wide range
of materials.

II. D I S O R D E R E D ALLOYS
IIA. E l e c t r o n M o m e n t u m Density
The quantity of central interest for discussing the electron momentum density p(p)
is the (PiP) matrix element of the electron Green's function, in terms of which p{p) is
expressed as [20]

p{p) =--

f dEIm < G[p,p;E) >
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where p(p,E) = — ir~1Im < G(p,p;E) > is the spectral momentum density.
Equation 1 is a convenient starting point for the calculation of average momentum
density in alloys because < G > can be calculated within the framework of the CPA or
the ATA theory. In particular, for a general ordered medium of effective atoms, p(p, E) is
expressed in terms of atomic quantities as[20]
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where

and

Here, K. = y/E, N is the number of atoms/unit volume, L = (/,m) is a composite angular
momentum index and YL the corresponding spherical harmonic, ti(p,p') are the general
matrix elements of the effective medium t-matrix, and B(£,E) is the matrix of the KKR
structure constants.
Equations 1-4 yield the ATA or the CPA momentum density depending on the specific
form of the t-matrix. For a random binary alloy AXB\-X, the ATA corresponds to the
choice
tATA{p,p') = < t{p,p') > =xtA{p,pr)

+ (1 - x) tB{p,p'),

(5)

where tA and ijj are the A and B atom t-matrices. The CPA scatterer is defined by the

matrix equation
tcPA(P,p') = <*(P>p') > -[tA{p,K] -tcPA{p,K)}FcPA{E){tB(K,p')

-tCPA[K,P%

(6)

where
FCPA(E) = jj J2

B
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Here, r = i(/c, /c) denotes the on-the-energy-shell elements of the t-matrix; these elements
are more familiar than the off-the-energy-shell elements t(p,p') for p and/or p' ^ /c. The
summation in equation 7 extends over the Brillouin zone. Note that for p = p' — K,
equation 6 is a complicated condition for evaluating the quantities TCPA{E)- In. contrast,
for the half- off-shell elements (i.e. i(p,/c) and t[K,p) for p # K) equation 6 is linear in
the unknowns. In fact, once TQPA is obtained, all other elements of the CPA t-matrix
are straightforwardly computed in terms of TCPA without the need to solve any additional
non-linear equations.
The nature of the spectral density given by equations 3 and 4 deserves some comment
even in this brief survey. The free electron poles present in the first and the second terms on
the right side of e Ration 3 can be shown to cancel exactly so that p(p,E) varies smoothly
near E = p 2 . The important structure in p(p,E) arises from the presence of the inverse
matrix in equation 4(b) and is thus controlled by the secular equation
\\T-i(E)-B(k,E)\\=0.

(8)

In the perfect crystal limit equation 8 gives the band structure in the KKR scheme. This
equation therefore forms a natural basis for generalizing the concept of Bloch energy bands
to disordered alloys. Predictions of the alloy theory in this respect have been tested via
angle-resolved photoemission spectroscopy and a wide ranging agreement between theory
and experiment has been found to exist in fc-point-by-A-point detaii in the various cases
studied.[l3,2l]
IIB. Electron-Positron Momentum Density
The average momentum density P2^{p) relevant for the angular correlation of (twophoton) annihilation radiation in a disordered alloy can be expressed in terms of the
electron and positron Green's functions as[22]

dr'exp{-ip- (f - f')] J dE f[E) J
X < Im G(r, r'; E) Im G+ (f, r'; E+) >,

(9)

where -f refers to the positron quantities and f(E) is the Fermi-Dirac distribution function.
In the 'spirit of the independent-paxticle model(IPM), it is reasonable to decouple the

average of < ImG ImG+ > as
< ImG ImG+ >—> Im < G > Im < G+ >

(10)

Form (10) is expected to be a good approximation in transition and noble metal alloys.
Use of the convolution theorem on the right side of equation 9 then yields
< ImG{pk+

k+ - Kn,p- fc+ - Kn>; E) >

nn>

X < ImG+(k+ + Kny k+ + Kn>\E+) >.

(11)

By comparing forms 3 and 11, it will be seen that the evaluation of p(p] only requires
the diagonal elements Im < G(p,p) >, but to compute P2f(p) a- knowledge of the general
elements Im < G[p,q) > and Im < G+(p,q) > is required. These quantities can be
obtained via a straightforward generalization of form 3 for the electrons as well as the
positron; care is however necessary in the positron case since only the properties of states
near the positron band edge in the alloy are involved.
Effects of electron-positron correlations, neglected in writing equations 9 and 11, should
be included in a proper theory of pi^p). The semi-empirical "momentum" as well as
"energy" and angular-momentum dependent enhancement schemes[23-24] of the sort that
have been invoked by various authors in perfect metals should not be difficult to adapt
to the case of alloys. The problem of self-consistency should be formulated within the
framework of a two-component density functional theory[25-27]. More work is necessary
in this regard because little experience exists at this time in treating such enhancement
effects for alloys.
Figures 1 and 2 provide illustrative p{p) and P2i[p) results in CuNi solid solutions.[22}
The upper set of curves in figure 1 shows that some of the changes in p{p) as we go
from Ni to Cu are: (i) the break at approximately 0.5 a.u. in Ni in the first Brillouin
zone(BZ) moves to higher momenta on alloying and the size of the break increases; this
results from an increase in the [110] Fermi Surface(FS) radius k\\o and of the s-p character
of the associated states with increasing Cu concentration . (ii) The [110] FS radius also
yields "Umklapp" breaks in p(p) around p= 2 a.u.; these breaks move to correspondingly
lower momenta with increasing &no- 0") In the alloys the breaks are not sharp but are
rounded due to disorder scattering of electrons. The preceding changes are seen to persist
qualitatively in the lower set of curves for P2^{p}- However, the P2i{p) curves decrease
more rapidly with p compared to p(p) and thus appear to be more peaked in the first BZ.
This difference between p(p) and P2i{p), which occurs more generally, is a consequence of
the nuclear repulsion of the positron.
Figure 2 considers the momentum density along an off-the-zone-center direction. The
particular direction shown is interesting because a dip is seen around pz = 1.8 a.u. in
Ni and CuisNin but not in Gu or CUSQNI^Q; this dip arises from the presence of d-hole
pockets in the Ni-rich alloys. It turns out that, due to momentum and angular momentum
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FIGURE 1: Electron momentum density p(p) (upper set of curves) and
electron-positron momentum density p2-j{p) (lower set of curves) in Cu,
Cu75Nt25, Cu5QNi5Q, and Ni along the [110] direction. [After Ref. 22].
selection ru'es, the disappearance/appeaiance of d-holes does not cause a dramatic change
in the momentum density in the first BZ, but larger effects occur along the off-center
direction at higher momenta in figure 2. By comparing the upper and lower set of curves,
we further note that this dip continues to be seen clearly even when the positron spatial
distribution effects are included, although the size of the dip is reduced.
The experiments usually do not measure the three-dimensional functions p(p) and
P2~t[p) but only their one or two dimensional integrals in the momentum space. In this
connection, figure 3 considers the Compton profile J[q) in CuNi alloys[28] which for a
polycrystal is given by
oo

J{q)=2rjdpp<p(p]

>

dir ?

(12)

where the brackets denote an angular average in p space. In the calculations of figure 3
the angular average was carried out by using one special direction[29]. The agreement
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FIGURE 2: Same as the caption to figure 1, except that this figure gives momentum densities along the off-the-zone-center direction joining the (ill) and (113)
recipiocal lattice points (see inset).[After Ref. 22].
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FIGURE 3: Measured and calculated difference [Jctt(g) and Ni Compton profiles.[After Ref. 28].

between the Cu

for JCM — "Ni between theory and experiment is seen to be good, despite the fact that
\Jcv ~ JN<\ >s a t m o s t a f e w percent of the value of JCU{Q)- Both curves in the figure show
a minimum at p a 0.6 a.u. This feature is associated with the condition pcu{p) = PNi{p)
which indeed occurs around a p value of 0.6 a.u. in CuNi alloys close to the FS break
in Cu in the first BZ ( see, e. g., figure 1); the maximum at p s=s 2 a.u. posseses the
same physical origin and it reflects the position of the FS break in the fourth BZ. The
broad dip around p=4 a.u. in the solid curve is an artifact of the experiments and is
not physically important; it has to do with the K-electron contribution which due to
experimental conditions is included in the spectra in the range of 3.3-4.3 a.u. only in Jmil)
but not in Jc«(g)- Reference 28 further compares KKR-CPA calculations with Compton
measurements on CuNi alloys and finds a good overall agreement for the entire range of
compositions. These results suggest that it may be possible to extract useful information
concerning FS geometry from high-resolution Compton experiments on alloys, especially
if single crystals are used.
IIC. Recent Results in CuGe and CuPd Solid Solutions
We have recently carried out extensive 2D-ACAR measurements in a — Cu9iGeg[l4]
and in CuPd[lS] solid solutions containing up to 25% Pd, together with corresponding
KKR-CPA calculation based on the electron momentum density p(p). We divide our
comments as follows.
IIC.l 2D-ACAR Spectra and Electron States at the Valence Band Edge
Figures 4 and 5 show that very substantial changes occur in p(p) as Cu is alloyed with
Ge or Pd. p(p) in Cu is flat and featureless in the first BZ, but in CuGe it develops a
pronounced peak and in CuPd a dip at p = 0. These effects contrast sharply from the case
of CuNi alloys discussed in Figure 1 where the momentum density remains quite flat in the
first BZ. Due to momentum and angular momentum selection rules, p{p) at p = 0 arises
from states around the valence band edge; in particular, the d-bands do not contribute
to p(p) at p = 0. The electron states at the valence band edge, which lie some 10 eV
below the Fermi energy Ep are not accessible in any other experiment; in photoemission,
for example, these states possess rather small intensities and are masked by background
and secondary emissions. CuGe and CuPd thus provide the first examples where alloying
effects deep in the spectrum produce clear signatures in p{p).
We discuss now the 2D-ACAR spectra in CuGe and CuPd and the extent to which these
spectra reflect the behavior of p(p) near p = 0. After taking the instrumental response into
account, the 2D-ACAR distribution is given by an integration of P2i(p) along the detector
axis:
N{py,Pz) oc / dpx P2^{p).

(13)

The theoretical 2D-ACAR results of figures 6 and 7 are based on the use of p{p) rather
than P2T(P); this approximation amounts to the neglect of positron spatial distribution
effects in computing P?.1{p) but it is not important for the present purpose of investigating

FIGURE 4: p(p) along [100] in Cu (thin solid curve) and CugoGeio (heavy solid
curve). Contributions to p(p) in the alloy for E > 0 (dashed) and E < 0 (chain
curve) are shown. The inset gives complex band structure of CugoGeio after reference 30.

MOMENTUM
FIGURE 5: p{p) in Cu (solid) and Cu^PdVo
tion.fAfter Ref. 15].

(dashed) along the [100J direc-

the behavior of the momentum density near p = 0. [ Figure 1 shows, for example, that p(p)
and P2"i{p) possess a very similar shape near p = 0; the proper inclusion of the positron
mainly reduces the high momentum components of p(p).\
A bump near p — 0 is seen to appear from figure 6 in the theoretical (thin, solid) as
well as the experimental derivative spectra (dashed) in CuGe; this bump is not present in
Cu. A calculation in which the px integration in equation 13 is restricted artificially to
the range -1/2 to 1/2 (in units of 2n/a) rather than the range —oo to +oo produces an
essentially identical bump in CuGe but a practically zero derivative in Cu. It is clear then
that the bump in the CuGe derivative spectra arises from the peak in p{p) near p = 0 and
constitutes a signature of the states at the valence band edge in the 2D-ACAR spectrum.
The complex energy bands in CuGe differ fundamentally froir. Or- in particular, t>:- -Jurich CuGe alloys possess a new Ge-derived impurity band of s-p character (the lower Ai
band in the inset in figure 4). The agreement between theory and experiment in figure 6
offers evidence for the existence of this Ge-derived band in the alloy and a confirmation of
the KKR-CPA predictions[30] in this regard.
Figure 7 compares cuts through the 2D-ACAR measurements in CuPd alloys with
the associated theoretical curves. A distinct flattening of the experimental crrves near
jT= 0 is evident. This feature, which is reproduced in the calculations, arises substantially
from the dip in p(p) near p = 0 discussed in connection with figure 5 above. These
results, like those on CuGe, indicate that 2D-ACAR experiments can yield information
concerning rather subtle features of the electronic spectrum if they are used in parallel
with corresponding theoretical work.
IIC.2 Fermi Surface
In this connection, we return to figure 6. The Cu derivative spectrum (upper set of
points ) shows a peak at py « 5.4 mrad and a dip at « 8.1 mrad; these features arise
from FS breaks in p{p). Upon alloying, both features are considerably smoothed, the
former moves to a higher and the latter to a lower momentum (lower set of points). These
effects are qualitatively expected because on adding Ge the FS of Cu expands and becomes
smeared due to disorder scattering of states.
The FS radii are in principle given by the positions of extrema in the 2D-ACAR
derivative spectra. The finite instrumental resolution, however, can shift the positions of
the extrema and in general a more detailed analysis is necessary. In reference 14 the FS
radii fcjoo and fcno , together with the associated dampings, were obtained from the experimental derivative spectra by using model calculations employing an anisotropic parabolic
conduction band with dispersion relation
Ej- = k2[C0 + C4{kAx + fcj + ki) + Cekltfkl + Cs{k* + k* +

fc28)],

(14)

where kx, ky, kz are the direction cosines of the wave vector k. The constants Co, C4, CQ, and
C8 describe the shape of the FS and were determined by fitting the FS to the Halse-C7i7[3l]
FS in the angular region of interest. A model momentum density based on equation 14
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FIGURE 6: Cuts along py = [010] through the 2D-ACAR distribution (solid lines)
with px = [100] in Cu (top) and CugiGeg (bottom). The dots give the experimental
derivatives. In the low p-region the theoretical derivative (thin solid) and the more
heavily smoothed experimental derivatives are shown.[After Ref. 14].
(a)
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FIGURE 7: Experimental (a) and theoretical (b) [100] cuts of the [001] 2D-ACAR
surface for CuPd alloys.[After Ref. 15].
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FIGURE 8: Derivatives dN(py>0)/dpy (in a limited range around kp) for
{Py,Pz) = ([010], [001]) and ([110], [001]). The curves give fits of the model
described in the text. Arrows indicate the fitted Fermi surface radii, heavy
lines represent the smearing 2Akp. [After Ref. 14].
was then o_ lined by giving a Lorentzian line broadening to all occupied levels; this model
has the advantage that an analytic solution for p(p) is possible. After convolution with
the instrumental resolution function, the model iV(pj,,O) was differentiated and fitted to
the measurements over the range 0.75kp < py < l.2kp. Figure 8 shows that the fits are
excellent in all cases considered.
Table I summarizes the FS results in Cu and CugiGe^. It should be emphasized
that the high precision in determining &ioo and fcno in 2D-ACAR measurements was made
possible by the use of a priori knowledge of the shape of the Cu FS. The measured FS radii
in Cu 91 Gs 3 are in good accord with the KKR-CPA predictions. The measured dampings
Akp are approximately 50% larger than the theoretical values. The overall agreement
between the KKR-CPA values and the measurements is to be considered satisfactory in
view of inherent uncertainties in the first principles electronic structure calculations.
We turn now to the discussion of 2D-ACAR determination of FS radii in CuPd alloys.
In order to extract the FS radii, as in the case of CuGe discussed above, a proper analysis of
the 2P-ACAR data is necessary. In this connection, reference 15 focusses on the question
of possible flattening of the FS of Cu along the [110] direction upon adding Pd. KKR-CPA
calculations predict an appreciable flattening effect up to about 40 at% Pd.[32-34] This
flattening is believed to be responsible for driving the short-range order that has been

TABLE I. Fermi radii and associated disorder smearings along jlOO] and [110] directions
in Cu and CucuGeg. Akp denotes 1/2 of the full width of the smearing function. All
quantities in mrad units; 1 mrad= 2.5896 nm" 1 .
Cu

kioo

2D-ACAR
(Ref. 14)

dHvA
(Ref. 31)

2D-ACAR
(Ref. 14)

KKR-CPA
(Ref. 30)

5.58±0.02
5.03±0.02
• *. •

5.58±0.01
5.01±0.01

5.94±0.1O
5.42±0.03
0.5±0.1
0.4±0.1

5.93
5.32
0.35
0.23

AkUQ

observed in CuPd alloys in diffuse electron and x-ray scattering studies.[35-36] Note that
an analysis in the present case along the lines of the preceding CuGe data would not be
meaningful; in CuGe the shape of the FS was assumed to be same in Cu and the alloy, the
focus was on determining the FS smearing; in CuPd, the FS smearing is rather small and
the main purpose was to determine changes in the FS shape on alloying.
With these remarks in mind, the [100] FS radius kp was determined in reference 15 by
fitting the 2D-ACAR CuPd data to a model spectrum parametrized in terms of elliptical
and Gaussian terms:
p y ),

(15)

where
y

(

[ 0,

otherwise,

and
G{px,Py) = exp{-l/2[(px/aF)2 + (Py/at)2}}.

(17)

Least-squares fits of the parameters I\,I-i,op,(7Ukt, and kp were made, taking the instrumental resolution into account. The [110] radius was not analyzed in reference 15 via
equations 15-17 because for the experimental geometry (i.e. [100] integration direction in
equation 13) the FS of Cu near [110] in the first BZ overlaps with the projected FS in
the second BZ as well as with the projection of the FS necks, making the underlying assumptions of the model unreasonable. Nevertheless, it was possible to obtain a reasonably
accurate value of the [110] radius from the peak positions in the derivative spectra, despite
a fairly complicated FS geometry. The results for kioo and kiX0 are summarized in figure
9. The estimated error in the determination of the FS radii are ± 0.04 mrad and ± 0.08
mrad for the [100] and [110] radius respectively.
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FIGURE 9: kp/ksz where kp is the FS radius in a given direction and
is the Brillouin zone dimension in the same direction. Radii along [100] and
[110] direction are shown. Least squares fits through the data of Ref. 15
(open squares) are shown by solid lines. Theoretical results are: reference
33 (filled diamonds), and reference 32 (open triangles).
The agreement between theory and experiment in figure 9 is excellent, especially with
the KKR-CPA calculations of reference 33. The more rapid decrease oikf/ksz in the [110]
direction compared to the [100] direction provides clear evidence that the FS of Cu indeed
flattens along [110] upon alloying. We note that this flattening effect is seen in KKR-CPA
calculations in other Cu-based alloys with decreasing electron/atom ratio as well as in
the rigid band computations.[10] The present 2D-AGAR results differ substantially from
the lower-resolution point slit angular-correlation experiments of Hasegawa et. a/.[37]; in
particular, the slope of the kn0 line (lower solid) in figure 9 is 60% greater than that of
a straight line drawn through the data of reference 37; the present kno slope is in fact in
good accord with the values deduced by Ohshima and Watanabe[35] from diffuse electron
scattering.
So far we have focussed primarily on the behavior of p[p) near p* = 0 and the FS
breaks. But figures 6 and 7 show many other changes in the 2D-ACAR spectra of Cu
upon alloying; see, for example, the region p > 6 mrad in the figures. To understand these
effects a full computation of the P2^[p) along the lines of equation 11 is necessary. Studies
of other alloys, magnetic as well as non-magnetic, in the spirit of the present approach
should prove worthwhile.

III. VACANCY- T Y P E D E F E C T S IN METALS AND ALLOYS
IIIA. Formalism: Annihilation from a Trapped Positron
It is convenient to cast the general equation 9 in the form[l9]
^(P) ti?<S~-A'K

(18)

where {Rm} is the set of lattice vectors. [Reference 34 considers representation 18 for
P2i[p) for Bloch-state positron in disordered alloys.] By using the expansion[38,39]

ImG{rur2,E) = £ Z%{TX - Rm,E) ImT?£, Z^{f2 - Rn,E),

(19)

LV

where r\{f-i) lies in the Wigner Seitz cell on the m[n) site, Z^
the Schrodinger equation in the ith muffin-tin sphere, and

is the regular solution of

T{E) = [r"1 - B(E)}-1

(20)

is the path operator matrix in the site indices n and the angular momenta L. B is similarly
a matrix which in a perfect crystal is the Fourier transform of the KKR structure constant
matrix encountered in equation 4(b) above. By using expansion 19 for the electron as well
HS the positron Green's function, the coefficient Mmn can be written as[l9]
n

If

f

mn[P) — ~i / p-Ef[E) / dE+f[E+)
7T J

<e—ixs

>

>

ALlLi[p,L,E+)

J

where

The superscript a(/3) in equations 21 and 22 indicates that the site rn(n) is occupied
by atom of type a(0); the superscript e(p) refers to electron(positron) quantities. The
integration in equation 22 is over the ith cell volume ft,-.
In general, Equations 18-22 are applicable to an arbitrary assembly of non-overlapping
muffin-tin potentials. The central quantities which need to be evaluated for a given defect
are the real space path operators Te and Tp for the electrons and the positron via equation
20. We emphasize that the path operators need only be computed for the first few near
neighbor shells of lattice vectors because the sum in equation 18 converges rapidly owing to
the decaying nature of the trapped state positron wave function. We illustrate the theory
by considering briefly the cases of a mono- and a di-vacancy in a perfect crystal.

The path operator for a mono-vacancy in an otherwise perfect crystal can be obtained
by using the well known exact solution of the single impurity problem[8,11,40] ( the "impurity" in this case being the vacant site) which involves the path operator for the perfect
crystal and the phase shifts of the vacancy and the crystal muffin-tin potentials. For
example, the (00) positron path operator is given by
TP'00 (£) = A, {E) TPlC'00 (£),

(23)

where TPlC'00 is the perfect crystal path operator, and

DV(E) = [1 + (r^(E) - rr\E)) T^E)]-1.

(24)

Here, TV and TC refer to the positron muffin-tin potential for the vacant and the occupied
crystalline sites respectively.
Various physically interesting quantities are obtained straightforwardly in terms of the
path operators. For example, the bound state energy £{, for the vacancy-trapped positron
is given by the poles of the path operator T$' in equation 23. With equation 24 in mind,
the relevant secular equation is [19]
||[1 + (t-\Eb)

- f e - 1 (^))r P l C l 0 0 (^)]|| « 0.

(25)

Since the bound state positron will usually occupy an s-state, only the s-s element of
equation 25 need normally be considered.
The charge on the vacant site is

P(r) = - T " 1 j dE Im G°° (f, r; E)

(26)

—oo

and the density of states is

p{E) = -n-1 J d3rImG°°{r,f;E),
n

(27)

where the mono-vacancy Green's function is given by equation 19 in terms of the path
operator T$' . Equations 26 and 27 are applicable to either the positron or the electron.
We turn now to the case of a divacancy; here we must solve the "two impurity"
problem, i.e., evaluate the divacancy path operators Tav in equation 2C when sites 0 and
1 are vacant and all others are occupied.[41] Note that if there are N sites and we include
angular momentum indices, equation 20 is of dimension N x Lmax; exact solutions are

however possible by matrix partitioning methods[42j for any element T£™. For example,
for n = m = 0
T0d°, = \T00-T0lDvaT10]Ddiv,

(28)

where
a =ro"1-r-1;

(29)

Dv = [aT00 + l\~l

(29)

and
=

[p-i - o^^oT 1 0 ]- 1 .

(30)

Here much of the notation is obvious; subscripts v and div denote mono- and di-vacancy
quantities. Most important, equations 28-30 are only Lmax x Lmax matrices and express
the defected medium path operators in terms of the medium path operators T 00 , T 01 and
T 10 . Expressions for path operators T£™ other than n = m = 0 can also be written down
explicitly.
The approach outlined above for a divacancy is easily generalized to treat defects
such as vacancy-impurity complexes. In these and other similar situations, we are faced
with a problem where the defected region extends beyond the central site. The treatment
of an M-atom "defect" placed in a medium k carried out (exactly) by a straightforward
extension of equations 28-30; we will obtain in general an equation involving supermatrices
of dimension M x Lmax which are not difficult to handle for small M values.
Finally, in a disordered alloy, both sides of equation 18 are to be ensemble averaged;
in a random binary alloy, we then obtain
() >=
where < M >, in view of equation 21, involves the configuration average < ImTe ImTp >
of the product of electron and positron path operators. Reference 19 proposes to first
replace this averag-2 of products by a product of averages in the spirit of the IPM equation
10, followed by a further decoupling of the averages T^n and T L in terms of KKR-CPA
effective medium path operators, which are given by equation 20 with r, replaced by TQPA
( see equation 6) on all lattice sites. Detailed formulae for p2-,{p) within this framework
are presented in reference 19.
IIIB. Mono-vacancy in Cu
We discuss now results of reference 19 for a mono-vacancy in Cu on the basis of the
KKR formalism of the preceding section . These are the first calculations of P2-j(p) for a
vacancy trapped positron in a d-band metal based on a realistic muffin-tin potential. The
previous work[43-45] on mono- and di-vacancy in Al, while establishing an important proofof-principle, is based on pseudo-potential and super-cell approaches, which are difficult to
extend to d-band systems and to disordered materials.

Figure 10 shows partially summed contributions pfy[f>) for a mono-vacancy in Cu ; the
superscript (j) is to indicate that all contributions to p2-y(p) up to the j i k near neighbor
shell in equation 18 have been included. It is striking that the j = 0 (vacant site) contribution is flat and featureless. In fact, the j = 1 curve, which adds contributions from the
nearest neighbor (nn)-(110) shell to the j = 0 curve, leads to a dramatic change in shape;
addition of contributions from subsequent shells yields relatively smaller changes. Figure
10 indicates that p^{p} is converged to within 10% of pt-^ip).
It is clear that the nn-(llO)-shell and not the vacant site dominates the low p behavior
of P2i{p)- This appears surprising because it may reasonably have been argued that ,
owing to the rapid decay of the trapped positron wave function with distance from the
vacant site, all but the central site contribution will be negligible. The relative sizes of the
vacancy and nn-shell terms can be understood by noting that P2~{p) involves overlap of
electron and positron wave functions. In the vacant site the positron amplitude is large
but the electron density is quite small, while in the nn-shell a large electron charge density
annihilates with the tails of the positron wave function. The exponential decay of the
positron wave function will make the contributions from more distant cells much smaller.
Our calculations show that about 48% of the positron charge resides on the vacant site in
Cu. While this fraction can be expected to increase in cases of stronger positron vacancy
binding energy, we expect the nn-shell contribution to dictate the shape of p21(p) curve in
most metals.
Figure 11 compares P2~i[p) for the mono-vacancy along the three principal symmetry
directions. p2i[p) is less anisotropic for the trapped positron than for the Bloch-state
positron; in particular, the latter contains pronounced FS breaks ( see, for example, figure
4 or 5), which are not present in the trapped positron case. This result is expected,
because the presence of the vacancy destroys translational symmetry of the system; the
k conservation rules are relaxed, permitting all occupied electron states to contribute to
Computations on alloys within the formalism of this section, together with high temperature 2D-ACAR measurements on Cu and CuGe are in progress. One important feature
of the P2T(P) may be anticipated in this connection. The fact that the low-p* shape of
Pit{p) is controlled by the electronic structure in the nn-shell, suggests that the shape
of the central peak in P2i(p) will be a sensitive function of nn-shell composition. If so,
2D-ACAR experiments on vacancy-type defects may provide useful information about the
nn-environment of the defects.
Several important effects not discussed so far need to be investigated in order to gain
a satisfactory understanding of p<in(p) for the vacancy trapped positron. These are the
electron-positron correlations and the lattice relaxation[46] around the defected region. In
connection with the electron-positron correlations, the "enhancement" effects on P2i{p)
have already been alluded to in the discussion of alloys in Section II above. Note further
that the trapped positron (but not the Bloch-state positron) will attract additional electron
charge in the vacant site; simple estimates indicate that a screening charge of about 0.3
electrons is drawn into the Cu mono-vacancy.[47]
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FIGURE 11: P2^{p) for the vacancy trapped positron in Cu along principal symmetry directions.[After Ref. 19].

IV. STUDIES OF COMPOUNDS
Among compounds, high Tc ceramics, heavy Fermion alloys, Heusler alloys, and hightemperature aluminides are a few examples of systems of current interest. The application
of the present theoretical framework or of the 2D-ACAR technir<"« to such materials
is in principle straightforward but faces difficulties of a more practical nature. On the
experimental side, it is usually difficult to obtain good single crystals of reasonable size.
Concerning theoretical methods, much of the —o-nentum density work to date has involved
simple close-packed non-magnetic met- h. and alloys of light atoms. In treating compounds
of the type mentioned abovp. on uiie other hand, a substantially greater level of complexity
cannot be avoided. For example, any meaningful discussion of heavy Fennion systems
must include /—electrons and invoke a relativistic theory. Heusler alloys obviously cannot
be cc"i..aered in a non-magnetic framework. The lattices of many of the compounds are
quite open, making it important to incorporate non-muffin-tin corrections to the potentials.
Even in the case of an aluminide such as N13AI where we have a close-packed metal with
relatively light atoms, the LI2 structure involves 4 atoms/unit cell, making any realistic
P2~i(p) study computationally demanding. Finally, a satisfactory theory must obtain oneparticle electron and positron potentials at some reasonable level of self-consistency. For
these reasons, we should generally expect the calculations of P2i(p) for compounds in
the near future to be a "patchwork" of different techniques and approximations, dictated
often by the computational resources and the specific aims in any given study. With these
remarks in mind, we discuss briefly some of our own work in the area of compounds.
IVA. Heusler Alloys
Here we discuss the momentum density calculations of reference 48 on the C1& Heusler
alloy NiMnSb. A striking feature of the spin-dependent band structure of this system is
that the Fermi energy lies in a half-full majority spin band, but in a gap in the minority
spin bands. The majority spin bands are thus metallic while the minority spin bands are
semi-conducting.
Typical results for the majority spin momentum density p<L(p) in NiMnSb are presented in figure 12; figure 13 gives corresponding minority-spin results p^[p). The KKR
scheme was employed for calculating these momentum densities, but the muffin-tin potentials were based on the self-consistent augmented spherical wave (ASW) computations of
de Groot ct. al.[49] In evaluating pz^ip) by the KKR method angular momenta up to / = 2
were included in a scalar relativistic approximation.
In accord with its metallic nature, p^{p) in figure 12 shows several FS breaks, indicated
by arrows. By comparing figures 12(a) and 12(b), we see that sizes and positions of the
breaks vary with direction of p as is common in most metals. In contrast, the semiconducting minority bands yield smooth P^{p) curves in figure 13. Interestingly, in figure
12 the dashed (unfilled) portion of the partial contribution from one of the bands exhibits
a sharp dip at the T-point in the second BZ at p = (0,0,2) and a corresponding peak at
the T-point in the first BZ at p = 0. This feature is not related to FS breaks but is a

Ibl

FIGURE 12: Momentum density p%Ap) for the majority spin electrons in NiMnSb
(heavy solid). Thin lines give contributions to p%~(p) fr°m various bands; the
dashed parts correspond to unoccupied states. The arrows indicate the positions
of Fermi breaks, (a) and (b) refer to p along T — X and T — L directions respectively.

Ibl

FIGURE 13: Same as the caption to figure 12, except that this figure refers to the
minority spin density p^Ap) • [After Ref. 48].

rather subtle consequence of two bands of same symmetry hybridizing over a very small
fc-region around k = 0. Since the portion of the band involved is unfilled, this effect cannot
of course be observed in NiMnSb', in fact, more generally, if the Fermi energy lies either
above or below the hybridizing bands, the total momentum density will not show any rapid
variation.
It is clear that the majority and minority spin densities in NiMnSb differ qualitatively.
2D-ACAR experiments on NiMnSb single crystals are currently in progress. By carrying
out two measurements in an external magnetic field which is parallel or anti-parallel to
the positron polarization, it is possible to obtain individual contributions to the 2D-ACAR
curves from the majority and minority bands separately. Ongoing comparisons of the measured spin-dependent distributions with calculations should ofTer insight into the electronic
structure of the Heusler compounds.
IVB. Advanced Alloys:. Ni 3 Al
Ni and Fe LI2 compounds with Al, Ga and Ge constitute important high-temperature
alloys; over a substantial temperature range, these alloys become mechanically stronger
with increasing temperature. They possess an unusual defect structure; for example, in
NizAl, anti-site defects occur for Al concentration less than 25%, and a small concentration of structural vacancies appears for more than 25% Al.[50,51] B doping increases the
ductility considerably for alloys with less than 25% Al, but hardly affects alloys with more
than 25% Al. Here, we discuss briefly 2D-ACAR results of reference 52 on Ni and NizAl
single crystals. The electronic structure and FS of NizAl bears on the question of stability
and magnetism of the LI2 alloys more generally.[53-55]
A comparison of the cuts through the 2D-ACAR distribution along two typical directions in Ni and NizAl in figure 14 (curves a and b) shows that the two set of data do not
differ dramatically despite the change in lattice structure from fee in Ni to Ll2-type in
NizAl. This is not surprising because the energy and momentum integrations in equation
2 and 13 reduce the sensitivity of the 2D-ACAR profiles to changes in lattice structure.
The momentum density is more representative of the energy bands in an extended zone
scheme, rather than the (usual) reduced zone energy bands.
Figure 14 explores the differences in Ni and NizAl by decomposing the spectra into
an isotropic (spherically symmetric; defined by curve c in each case) and the remaining
anisotropic part, shown as curves e and f. [We will not comment on curve d in this brief
discussion.] An inspection of the isotropic part c shows that the two spectra possess
a different shape in the low p region. The anisotropic parts e and f, while displaying
similarities, also show substantial differences. Many of the peaks in curves e and f, when
reduced to the first BZ, map into the same Appoints, suggesting that the apparently random
looking pattern of structures in these spectra contains useful FS information.
To enhance FS-induced features, the 2D-ACAR surface in j^-space was folded into the
first BZ (an LCW-folding[56]) and once again decomposed into isotropic and anisotropic
parts. Figure 15 shows a contour plot of the anisotropic contribution, together with a similar folding of the Ni data which would correspond to the hypothetical compound N13N1,
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FIGURE 15: Contour plots of the anisotropic 2D-ACAR surfaces for hypothetical
NisNi system (see text, left frame) and Ni$Al (right frame) after folding the
distribution in the first BZ.[After Ref. 52].

i.e., a system with the same crystal structure as Ni^Al but with all the Al atoms replaced
by Ni atoms. In such a representation, rapidly varying parts in the 2D-ACAR surface would
be manifested as closely placed contours. A preponderance of such features is seen in Ni$Al
(right panel); this is to be generally expected because the FS of NizAl possesses several
electron and hole sheets. In comparing the measurements with theoretical FS predictions
of Buiting et. a/.[54], a substantial accord is found, including in particular a confirmation
of the Fi6 sheet for the first time; see reference 52 for details. A theoretical study of the
P2i{p) and the associated 2D-distribution is necessary for a more general analysis of the
the similarities and differences between the Ni and N13AI 2D-ACAR measurements.
IVC. High T c Ceramic Superconductors
The recent research activity concerning the high-Tc ceramics is perhaps the most intense ever undertaken by the scientific community at large. The original discovery of the
La — Sr — Cu compound with Tc « 40if was rapidly followed by the Y — Ba— Cu material
with Tc « 90K, and the most recent reports of much higher Tc superconductors. The new
materials are widely heralded as the beginning of a new era of technological applications
and require little further general comment. One of the obvious challenges is to understand
their electronic structure and its relationship to the unique properties of these materials.
In this connection, we briefly discuss positron annihilation experiments of Smedskjaer et.
al. on YBa2Cu3O7-x.[b7}
Positron arnihilation Doppler broadening experiments were carried out as a function
of temperature on YBaiCuzOy-x polycrystals (pellets) with x « 0.1; the superconducting
transition had a mid-point of Tc = Q2K with a width of 2K. The lineshape parameter S was
obtained from measured spectra by integration over a 2.2 keV-broad region under the center
of the distribution. S is seen from figure 16 to change abruptly at Tc and, furthermore,
the temperature dependence of S on two sides of Tc is different. We summarize the main
conclusions of refererre 57, without presenting details. (:"): the changes in S in figure
16 are mainly due to changes in the electronic structure as sampled by a positron in an
extended Bloch-like state and not due to changes i^ positron trapping at defects, (11):
the behavior of S for T < Tc can be accounted for in a simple BCS-like smearing of the
electron momentum density if the presence of a heavy effective mass band is assumed
close to the Fermi energy; this assumption is consistent with band structure calculations
which show the presence of such a band arising from Cu — O one-dirnensional chains
in YBCLICUZOT.,[58] (»i): the discontinuity in S cannot be explained within the BCStype theory and may indicate a change in band structure induced by the superconducting
transition. While all explanations must necessarily be considered tentative at this stage
of development, figure 16 indicates nevertheless that positron spectroscopy is sensitive to
the superconducting transition in the high-Tc ceramics.
This work was supported by the U.S. Department of Energy, BES-Materials Science,
under contracts DE-FG02-85ER45223 and W-31-109-Eng-38. It benefited from the allocation of supercomputer time on the ER-Cray at the MFE computer center.
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