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INTRODUCTION

Half-metallic ferromagnets have raised considerable interest in re-

cent years. Band-structure calculations for these materials yield a

surprising result: the band structure of one spin direction is metal-

lic, while that for the opposite spin direction has a gap straddling

the Fermi level, a situation typical of a semiconductor . The Cl.

compound NiMnSb is a prototype of this group of systems. The pres-

ent thesis describes a study of the electronic structure of NiMnSb

with the aid of the positron-annihilation angular-correlation method.

The experiments have been performed with the two-dimensional angu-

lar-correlation set-up of the Netherlands Energy Research Foundation

ECN in Petten. Spin-polarized results have been obtained by making

use of the inherent polarization of the positron source. An interpre-

tation of these data based on a calculation of the momentum density

gives direct information on the electronic structure, notably on the

geometry of the Fermi surface.

The present chapter gives some introductory remarks on positron anni-

hilation, Heusler alloys and half-metallic (ferro)magnetism. The

method of measurement and the momentum-density calculation scheme are

surveyed in chapters 2, 3 and k. A discussion of the experiment and a

theoretical analysis are given in chapters 5 a°d 6. Parts of this

thesis have been published or will be submitted for publication:

chapter 5; K.E.H.M. Hanssen and P.E. Mijnarends, Phys. Rev. B ^k_,

5009 (1986),

chapter 6; K.E.H.M. Hanssen, L.P.L.M. Rabou, P.E. Mijnarends and

K.H.J. Buschow, to be published.

In comparison with the already published version some parts of chap-

ter 5 have been edited to make this thesis internally consistent and

to avoid duplication.
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1.1. The positron

The Dirac equation provides the quantum-mechanical description of a

system of relativistic particles. For a fermion there are four

linearly independent eigensolutions, each corresponding to a specific

energy (positive or negative) and spin ('up' or 'down'). The awkward

negative-energy solutions emerging from this description cannot be

discarded by assuming that they are never realized in nature, as it

can be proven that the positive-energy states alone do not form a

complete Hilbert space. In his 'hole theory' Dirac showed how the

negative-energy solutions may be interpreted . At that time (1930),

there were only three basic particles in physics: the electron, the

proton and the photon. The hole theory implied the existence of a

fourth one: the positron.

The hole theory assumes that in the ground state of nature (vacuum

state) all negative-energy states are filled. Positive-energy elec-

trons, which obey the Pauli principle cannot fall down into these

states. Consequently the negative-energy electrons do not manifest

themselves in most observed phenomena. If, however, an amount of

energy greater than the gap separating the positive and negative

energy states is supcMed to the vacuum, e.g. by interaction with a

photon, a negative-energy electron can be raised to a positive energy

(the gap is equal to 2m0c , where m0 is the rest mass of an electron

and c the velocity of light). Together with the positive-energy

electron a 'hole' is formed in the sea of negative-energy electrons

This process is called pair creation. The hole behaves as a particle,

which is known as the positron (e ). It has the same mass as an

electron (e ) but an electric charge of opposite sign. It possesses a

positive energy. The positron exists only for a limited time, since

a positive-energy electron can make a transition to the empty nega-

tive-energy state. The electron and the positron annihilate and their

energy is imparted to two, sometimes three, photons.

|.
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In 1932 Anderson detected the positron in a cloud-chamber experiment
Q

on cosmic rays . Other experin:
o

pair creation and annihilation

on cosmic rays . Other experiments verified the predicted effects of
..9.10

1.2. Positron annihilation in solids

Since about 1950 the positron is used as a probe to investigate con-
11-13

densed matter . As the characteristics of the annihilation pro-

cess (see Fig. 1.1) are almost entirely determined by the initial

state of the positron-many-electron system positron annihilation be-

came a valuable tool in fundamental solid-state research (electronic

structure) as well as material science (structural defects). In

contradiction to X rays and neutrons, positrons do not form 'ideal1

probes, as they are charged and hence interact electromagnetically

with electrons and ions. However, these interactions are sufficiently

well understood to interpret the main part of experimental data, al-

though there are still gray areas (e.g. electron-positron correla-

tion) . Positron-annihilation techniques are covered in a number of

excellent reviews , so here we survey the field only briefly.

There are a number of radioisotopes that emit positrons with typical

energies of several hundred keV. (Positron-annihilation techniques
22

commonly employ Na). When such positrons enter a solid they lose

their energy rapidly (within 10 s) first by atomic ionization and

excitation followed by collisions with the electrons and subsequently

by phonon scattering. Since the lifetime of positrons in solids is

greater than 10 s thermalisation is complete even at liquid helium

temperatures . The implantation depth of 100 um is sufficient to

guarantee that most of the positrons annihilate in the bulk of the

sample . The annihilation radiation emerging from the sample is

mainly studied with the following three techniques:

1. Lifetime

Simultaneously with the positron Na emits a 1.28 MeV T quantum.

The time elapsed between detection of this quantum and the subse-
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quent detection of a 0.51 MeV annihilation quantum can be measured

by a delayed coincidence technique employing time to pulseheight

conversion and multichannel analysis. Resolutions of about 200 ps

FWHM can be obtained, while even better resolutions of 145 ps have
19

recently been reported . In a perfect metal all positrons anni-

hilate from a Bloch-like state and (apart From source terms) a

single-exponential spectrum is produced. When defects like va-

cancies, voids or dislocations are present they act as attractive

centres for a positron and hence the spectrum consists of several

exponential components. In order to extract the lifetimes and re-

lative intensities such a spectrum must be analyzed by computer.

2. Doppler broadening

The momentum of the electron-positron pair p = p^ + p (see Fig.

1.1) causes a Doppler shift of the energies of the Tf quanta in the

order of a few keV. In the laboratory frame the energies are given

by
Ek(2) - Eri(2) (±> Pi c'2' < i a )

where E . ,_> = m0 c* are the energies in the centre-of-mass frame.

Measurement of the line shape can give the distribution of

p. = (p , 0, 0): the momentum component which (in the centre-of-

mass system) is parallel to the direction of emission of the T

quanta. The commonly used Ge(Li) or intrinsic Ge detectors have a

good efficiency but a limited energy resolution (1.5 keV full

width at half maximum (FWHM) which corresponds to *• 6 mrad; 1 mrad

= Iff3 m,c).

3. Angular correlation of annihilation radiation (ACAR)

The angle between the two If quanta deviates only very little from

180°; typically by a few tenth of a degree. By measuring the de-

viation

8 * P tM,c (1.2)

the distribution of the transverse momenta p = (0,p ,pz) can be

obtained (see Fig. 1.1). The traditional one-dimensional or 'long-

slit' set-ups resolve only one component of p and yield results
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similar to Doppler broadening measurements with lower efficiency

but higher resolution (> 0.4 mrad FWHM). Modern two-dimensional

set-ups measure the p and p components simultaneously and conse-

quently yield two-dimensional distributions {resolution > 0.25 x

0.25 mrad FWHM). This thesis is concerned with an angular corre-

lation experiment and ACAR set-ups will be described in more tech-

nical detail in the next chapter.

An angular-correlation experiment gives information on the geometry

of the Fermi-surface. Also wave functions can be tested provided the

behaviour and interactions of the positron are understood. There are

several other techniques which yield comparable results. From an

energy analysis of the T radiation Compton scattered from a sample

the electron-momentum density can be determined directly. However.

ACAR experiments attain resolutions which are better by an order of

magnitude. The Fermi-surface can be probed by measuring the de
21

Haas-van Alphen effect, the size effect or the magnetoresistance

These methods often have a superior accuracy, but, unlike positron

annihilation, cannot be applied at high temperatures or in disordered

alloys with sclute concentrations above 1%. When applied to ferro-

or ferrimagnets the ACAR technique has the unique possibility of
2 2 2."\

yielding spin-polarized results ' . To that end use .i.. roade of the

inherent polarization oT the positron beam, which is a consequence of

the non-conservation of parity in $ decay. Results of ACAR research

have been reviewed by Berko ' ' and Mijnarends '

l.̂ j. Heusler alloys and half-metallic magnetism

Heusler alloys •* are ternary intermetallies usually containing Mn.

They are stochiometric and order either in the (Strukturbericht type)

L2. structure with composition X.,MnY or in the Cl. structure with

composition XMnY (see Fig. 1.2). The X atom is a noble metal or a

transition metal with a nearly full outer d shell (Cu, Ni, Co, Pd,

Pt), the Y atom a nontransition metal with s,p valence electrons (Al,

In, Sn, Sb). Most compounds are ferromagnets, although in some

systems (CuMnSb, Pd^Mnln) antiferroraagnetic order exists. The magne-



tic moments with a size of roughly 4 Bohr magneton (uD) per molecule

are almost entirely localized on the Mn sites, except in the com-

pounds containing Co, where the moment is shared between Mn and Co .

Sometimes the term Heusler alloys is used in a more restrictive sense

indicating the L21 compounds only.

Interest in this type of alloys was first raised in 1903 when Heusler

reported that ferromagnets could be made from non-ferromagnetic ele-

ments by alloying copper-manganese bronze (30# Mn) with aluminium,

bismuth, antimony or tin . In 193^ Bradley and Rogers were able to

identify the structure of these compounds as being L2 . Since 1951

Cl. materials have been found with the same type of constituents as

the original Heusler alloys (see for examples Table 1.1).

The Heusler alloys, notably those of the L2. type, have served as
3Q 1)Q

model local-moment systems in the study of magnetic ordering

Kubler, Williams and Sommers showed that the itinerant-electron

picture, as embodied in energy-band theory could describe the locali-

zed magnetic behaviour. They found that the d electrons are delocali-

zed, and move in a common band formed by the d states of the Mn and

those of the X atoms. The localized moments are not so much brought

about by the localization of the occupied states, as by the spin

splitting of Mn which implies that the Mn atoms preferentially sup-

port d states of one spin direction. The minority-spin electrons are

almost completely excluded from the Mn d sites. Correct predictions

of the magnetic order of 1.2, compounds could be obtained by calcula-

tion of the total-energy difference between the ferromagnetic and an-

tiferromagnetic moment alignments. The physical background of the

coupling was discussed on the basis of covalent interactions ' of

the d states on different Mn atoms. The interactions are mediated by

hybrid states formed with electrons of the X or Y sublattice { Y p

states in the case of X = Cu, Pd or X d states in the case of X = Co,

Ni).

The Cl. compounds re-entered the picture when van Engen et al.

found that PtMnSb has the highest known magneto-optical Kerr effect
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at room temperature (see Table 1.1). This property may be put to

practical use in erasable optical recording, a field in which at

present mpinly amorphous rare-earth transition metal films find ap-

plication . The extraordinary magneto-optical properties inspired

band structure calculations by de Groot et al. and later by KUbler,

which revealed that NiMnSb , PtMnSb and CoMnSb are 'half-metallic

ferromagnets': the electrons of one spin direction are metallic,

whereas at the same time the electrons of the other spin direction

are semiconducting (see Fig. 1.3). There are also half-metallic

systems outside the group of Heusler alloys like CrO, and
6

NiUSn , which is ferromagnetic and e.CL , which is ferrimagnetic.

Table 1.1. Measured crystallographic, magnetic and magneto-optical

properties of NiMnSb, PtMnSb and CoMnSb: the lattice con-

stant (a), the Mn moment (\i), the Curie temperature (T )

and the Kerr rotation (*k). The values for <t> were ob-

tained at room temperature for a wavelength of 633 nm.

compound u(uB/Mn) Tc(K) *k(deg)

NiMnSb

PtMnSb

CoMnSb

5-920

6.210

5-875

4.02

3-97
3-93

(a)
730
582
490

(b)

(b)
-0.04

-0.93

-0.02

Unless indicated otherwise data have been taken from Ref. 36

a Taken from Ref. 38

b Taken from Ref. 37
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Also for Heusler alloys half-metallic behaviour may not be confined

to ferroraagnets. When calculated in the hypothetical Cl, structure

FeMnSb is a half-metallic ferrimagnet and CrMnSb a half-metallic
47

antiferromagnet . In real life FeMnSb does not exist in the Cl.

structure, although Cl, compounds with composition Ni. Fe MnSb can

be prepared for x approaching 1. Further study of the electronic

structure of these random alloys will be necessary. The half-metallic

nature of CrMnSb is more doubtful as this compound orders in the
48

hexagonal NiAs structure

With regard to the calculations for half-metallic materials given in

Ref. 1 to 5 the following should be noted:

1. All calculations are self-consistent and based on a local density
ha

treatment of exchange and correlation . The local density ap-

proximation is succesful in first principle calculation of

ground-state properties of metals and semiconductors, but is known

to underestimate the optical gap in semiconductors by as much as

30% • However, larger gaps would not affect the half-metallic

character of the results.

2. In the calculations all relativistic corrections have been inclu-

ded except spin-orbit coupling. Estimates of this contribution

suggest that the half-metallic character of PtMnSb may be annulled

to a certain degree. The top of the minority-spin valence band

shifts upward across the Fermi level. A sharp magneto-optical

transition becomes possible which can explain the large Kerr ef-

fect observed. (Recently it has been shown that the size of this

effect can also be accounted for by a plasma resonance of the
52

charge carriers .) In NiMnSb the distance between the Fermi level

and the top of the minority-spin valence band is greater and hence

the half-metallic properties of this material are not affected.

There is limited experimental information relating directly to the

electronic structure of half-metallic materials. Besides the measure-

mcnts of the magneto-optical Kerr effect already mentioned , ellip-
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sometry measurements have been performed on NiMnSb and PtMnSb by van

Engen" and van der Heide et al. The measured optical conductiv-

ities were in reasonable agreement with the calculated ones, based on

the band structures of de Groot et al., but a discrepancy was found

in the position of the onset of the minority-spin interband transi-

tions in NiMnSb, which occured at 0.7 eV, i.e. 0.5 eV lower than in

the calculated curves. This difference can be partially explained by
55

spin-orbit interaction. Spin-polarized photoemission measurements

which probe the polarization of the conduction electrons at the Fermi

level suggest a bond gap smaller than 0.5 eV. Spin-averaged angle-re-

solved photoemission measurements on NiMnSb and electrical resisti-

vity and Hall effect measurements on NiMnSb, PtMnSb and CoMnSb'1' can

be brought into agreement with the calculated band structures, but

give only circumstantial evidence for the existence of half-metallic

ferromagnetism. In spin-polarized photoemission experiments for

NiMnSb^ and CrO^ the 100# spin polarization at the Fermi level ,

which one would expect for a half-metallic material, could not be ob-

served.
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Fig. 1.3- Total density of states of NiMnSb for the majority-spin and

minority-spin direction.
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It has been reported that in NiMnSb segregation takes place , leading

to an enrichment of Sb at the surface. Hence the above-mentioned sur-

face-sensitive techniques may not be adequate to test the half-

metallic nature of NiMnSb, For a 2D-ACAR experiment segregation in

the outermost layers of the sample is no impediment, as the implanta-

tion depth o? the positrons is sufficiently large to guarantee anni-

hilation with electrons in the bulk. This fact, together with the

possibility to perform spin-polarized measurements, makes the angular

correlation technique suited to test the half-metallic properties of

NiMnSb.
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EXPERIMENTAL SET-UP

This chapter focuses on the most important technical aspects of the

angular-correlation apparatus with which the experiments presented in

this thesis were performed. The apparatus belongs to the current gen-

eration of 'two-dimensional' (2D-) ACAR set-ups, which are operative

since more than ten years and have been designed to resolve both an-

gles in the angular correlation rather than one like the traditional

1D-ACAR set-ups did. The advent of these modern measuring devices,

whose spectra obviously contain much more information than the

ID-profiles do, has boosted the value of angular-correlation studies.

At ECN a set-up of the 2D-type with detectors in the form of multi-

wire chambers provided with 'photon-electron1 converters is operative

since 1984. The general lay-out of this device, the detection system

with its two-dimensional read-out and the computer-based data-ad-

dressing and storage system will be discussed.

2.1. Method of measurement

When positrons emitted by a radioactive source (e.g. Na, Co or

Cu) annihilate in a sample, pairs of 511 keV annihilation quanta

are emitted which have total momenta p with a momentum-density dis-

tribution p(p). Measurement of the direction of the T-radiation with

the aid of two detectors, placed symmetrically on either side of the

sample (see Fig. 2.1a) and connected to read-out electronics by means

of a coincidence trigger, yields the 2D-angular correlation

N(8y,9z) = N(py,pz) « /p(p) dpx. (2.1)

The detection system must be able to resolve the positions (y^, z^)

and (yp, z?) of coincident events. From these coordinates the momen-

tum components p and p (which are transverse to the emission direc-

tion in the centre-of-mass system) can be determined as they are re-
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lated to the angles

and

by

y 2 ) / L ( 2- 2 a )

Z 2 ) / L ( 2- 2 b )

py(z) " V W (2-3)

Here m0 is the electron mass, c the velocity of light and L the sam-

ple-detector separation. The parallel component p , responsible for a

small Doppler shift in the photon energies, is not determined in an

angular-correlation experiment. The approximations inherent in Eq--..

(2.2a), (2.2b) and (2.3) are justified as the deviations from colli-

nearity given by the angles 8 and 0 are only small (of the order of

1°).

The conflicting demands in an ACAR experiment are angular resolution

and counting efficiency. A natural limit to the angular resolution

is determined by the thermal motion of the positron. Further contri-

butions are defined by the size of the region in which annihilation

occurs, projected onto y and z and the inherent detector resolution.

For years the status of detector technology only allowed measurements

of the ID type. In these studies the position discrimination in one

direction is sacrificed in order to gain counting efficiency. This

is achieved by employing long Nal (Tl) scintillation counters (indi-

cated by A in Fig. 2.1b), which do not resolve the position along

their axis. The resolution along the z-axis is defined by collima-

ting lead slits (B). One of the counters is fixed, the other one can

rotate around the sample. Thus, measurements can be performed at

preset angles 8^. The ID-angular correlation is given by

N(pz) « //p(p) dpx dpy.



Fig. 2.1.a. General geometry of a 2D-ACAR set-up

L: sample-detector separation

2: detector dimension

Typical dimensions: L B 10 m, 1 = 30 cm.

Fig. 2.1.b. General geometry of a 1D-ACAR set-up.

Typical dimensions: L = 3 m, 2 = 75 cm.
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This approach, advantageous as it may be from the point of statis-

tics, leads to a considerable loss of information.

The earliest 2D measurements have been realized with what were basi-

cally scanning point detectors ' . Extensive use of these methods

has been hampered by the inherently low counting rate. A more practi-

cal way to obtain 2D-ACAR distributions is to employ a multidetector

system or a pair of stationary position-sensitive detectors (see Fig.

2.1a). Such set-ups do not only have the advantage of a wide angular-

field of view, but also lead to a satisfactory counting rate as many

pairs of positions on the two detectors can be combined to form the

same pair of angles (6 , 6 ). A 2D-ACAR detector should have the fol-

lowing characteristics:

1. efficient detection of 511 keV T-radiation;

2. a large active area;

3. good two-dimensional position resolution;

k. good time resolution, which allows a narrow coincidence window and

thus leads to a low background of accidental coincidences.

Various types of detectors have been used in 2D-ACAR studies. A num-

ber of systems employed by some prominent research groups will now be

discussed.

In the mid-1970s Berko and co-workers at Brandeis University obtained

the first full-fledged 2D-ACAR results with a multidetector system

using Nal(Tl) counters. After the construction of a set-up with 2x11

counters in two linear arrays a larger apparatus was realized with

2><32 counters in two square arrays (resolution 0.5*1-5 mrad FWHM at

L=10 m) . One of the arrays scans the angular correlation in the

vertical direction. The other array is given a variable horizontal

off-set to cover the full distribution. Although the Nal (Tl) coun-

ters employed have an excellent detection efficiency (80%) , the low

effective area of these discrete-element systems results in a rela-

tively low average efficiency in a measurement of a full 2D distribu- s
i

tion. This geometry does allow, however, the simultaneous measure- ;



ment -*ith high efficiency of a number of profiles spaced several

mrads in the p direction.
y

Anger cameras, which were originally developed for T-ray imaging in

medical diagnostics, were for the first time applied in a 2D-ACAR

set-up by West and his group at the University of East Anglia . A

resolution of 0.65x0.65 mrad FWHM was reached at L=l4 m using cam-
p

eras with an inherent resolution of 5X5 mm . In an Anger camera a

large disc-shaped Nal crystal is optically coupled to an array of

photomultiplier tubes. Present commercially available devices have a

spatial resolution of 3 to 5 mm in both directions and a detection

efficiency somewhat above 1OJS.

If multiwire chambers are to be used for 511 keV T-ray detection,

they must be provided with photon-electron converters. Detectors of
Q

this hybrid type were developed by Jeavons at CERN . Spatial resol-

utions of i mm can be achieved and detection efficiencies of 8.5#

to 16% are reported ' . Detectors of this type are employed in

the 2D-ACAR set-up of the group of Manuel at the University of Geneva

(angular resolution 0.24x0.30 mrad FWHM at L=10.5 m, detector reso-

lution lxl mm ) . A similar apparatus has been used in the pres-

ent study and will be discussed in more detail in the following sec-

tions.

2.2. Apparatus for the measurement of the 2D angular correlation

The sample, irradiated with positrons from a radioactive source

( Na), is situated at the centre of the experimental set-up. A pair

of two-dimensional position-sensitive detectors registers the part of

the annihilation radiation emitted by the sample in a solid angle

about the line connecting the two detectors (see Fig. 2.1a). Anni-

hilation quanta impinging on both detectors in coincidence are regis-

tered. The coordinates of the points of incidence are read out by

CAMAC devices and transferred to an on-line computer, a VAX 11/750,

which calculates the transverse momentum components (p and p ) of

the annihilation-photon pairs. The data are used to build up an



angular-correlation distribution.

The position-sensitive detection is realized with the aid of multi-

wire chambers. As the detection efficiency of these chambers for 511

keV Tf-radiation is poor they are provided with photon-electron con-
Q

verters . The detectors have been designed in collaboration with

Dr. A.P. Jeavons (CERN) and the National Institute for Nuclear and

High-Energy Physics, section K (NIKHEF-K) in Amsterdam. The convert-

ers have been built at ECN. NIKHEF-K has constructed the wire cham-

bers and assembled the detectors.

The detectors are placed on high-precision tracks on either side of

the sample and can be positioned at distances anywhere between 5 and

Table 2.1. Detector specification and performance. All data are given

for a sample-detector separation of 12 m.

field of view

geometric resolution (FWHM)

position information

50 x 50 mrad

0.21 x 0.31 mrad2

300 x 300 array

0.167 x O.I67 mrad bins

efficiency for 511 keV T quanta - 8%

net efficiency

after rejection of poorly defined results ~ (>%

coincidence rate for a quartz sample

measured with a ^5 mCi Na source 30 s-1

1 mrad = 10 m.c

Due to thermal e motion there is an additional broadening in
fir »

both directions of 0.0306 N/m T FWHM. Here m is the effective posi-

tron mass (1.2 < m* < 2.3. see Ref. 13-15).



12 m away from the sample. In this way the counting rate may be tra-

ded for angular resolution. An advantage of the continuous adjusta-

bility of the sample-detector separation is the possibility to choose

this distance such that the lattice parameters in reciprocal space

and the sampling interval are approximately commensurate. This fa-

cilitates the data analysis. Table 2.1 gives a summary of the main

characteristics of the set-up. More detailed information is given in

sections 2.2.1 and 2.2.2.

2.2.1. Central part

The central assembly of the experimental set-up, outlined in Fig.

2.2, is formed by a cryostat in combination with a positron source.

In thf< cryostat, built by Thor Cryogenics, temperatures can be set

with the help of a heater coil (4) driven by a Lake-Shore temperature

controller. Different temperature ranges between 7 and 100 K can be

covered by choosing an insert with the appropriate cooling capacity.

A superconducting magnet generates a magnetic field with a maximum of

6.5 T. The magnet (11) is of the split-coil type and is suspended in

the tail section of the liquid helium bath (12). The sample (6) is

mounted on a copper block at the end of the insert and is thermally

connected to a set of cooling fins (3), which clamp in the bore of

the helium vessel. It is possible to withdraw the insert into a spe-

cial compartment in the top assembly (1*0, which can be shut off from

the main vacuum. After the valve (13) is closed the insert together

with the top assembly can be removed. In this way samples can be

changed without warming up the total system. The height at which the

sample is positioned can be adjusted by a ring (1) which is provided

with an internal thread. The insert can be rotated to obtain the

desired aziouthal orientation of the sample.

Positrons are supplied by a Na line source (7) manufactured by
22

Amersham International pic. The half-life of Na is 2.6 years. In

the decay a 1.28 MeV T quantum is emitted and in 902 of all decays a

positron is produced. The maximum kinetic energy of the positrons is

5^0 keV except for a fraction 6 x 10 which is emitted with a maxi-



mum kinetic energy of 1.82 MeV. The average source activity over the

period of the measurements described in this thesis was 35 n>Ci. The

nominal dimensions of the source are 5 x 1 min . but a scan with a

narrow-slit Y-activity counter revealed that the active material is

rather unevenly distributed (see Fig. 2.3). Owing to self-absorp-

tion the optimum positron yield for this amount of active material is

not reached.

The active material is contained in a titanium holder with a 5 um

titanium window and a platinum backing. As a result of the high ato-

mic mass of platinum a fraction of the positrons striking the backing

is back-scattered into the forward direction which results in an in-

crease of the positron yield. However, this reduces the average pola-

rization of the intensified beam owing to the fact that the direct

and reflected beam are oppositely polarized. A positron beam emitted

by a source of this type has an effective polarization of about 0.3

as determined by Rabou . The source is mounted at the end of a rod.

During normal experimental operation the rod resides in a recess in

the tail section of the cryostat. In case of maintenance of the

cryostat the rod with the source can be retracted by remote control

into a lead container and sealed up.

The e beam enters the cryostat through a 5 urn titanium foil (8). A

momentum component perpendicular to the magnetic field of the super-

conducting magnet causes the path of the positron to be helical with

a maximum radius of 0.5 mm at 6.5 T. This upper bound applies only to

positrons with the maximum energy of the fi spectrum emitted at a gra-

zing angle with the surface. On the average the radius will therefore

be a small fraction of the maximum value. After collimation the e

beam illuminates the sample (6) over an area of approximately 7 x

3 mm . By making use of the partial polarization of the e beam it is

possible to perform spin-polarized measurements on ferro- or ferri-

magnetic materials. In that case the magnetic field not only colli-

mates the e beam but also aligns the electron-spin populations. In

the sample the positrons are stopped at the depth of typically a few

tenths of a millimetre and after thermalization they will annihilate.
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adjustment ring for

height positioning of

sample

nitrogen vessel

cooling fins

heater coil

quartz window

sample
22

Na line source

titanium window

uranium collimator

outer collimator

magnet

helium vessel

valve

top assembly

Fig. 2.2. Central assembly: schematic diagram of cryostat and source.



A part of the annihilation radiation passes through collimators of

depleted uranium (9) inserted into the split between the coils of the

magnet and leaves the cryostat through a pair of quartz windows (5).

After passing through the outer collimators (10) in the lead

shielding the radiation is detected by the hybrid multiwire chambers.

The lead shielding not only guarantees personal safety but also

shields the detectors from direct T radiation from the positron

source.

2.2.2. Detectors

For the positron-sensitive detection for 511 keV Y radiation, multi-

wire chambers have to be provided with photon-electron converters. A

converter is a plate containing a high-density material. The confi-

guration is designed to provide an efficient conversion of the incom-

ing T quanta into photo or Compton electrons which may subsequently

be detected by the multiwire chamber placed behind it.

In our case a converter is an approximately 6 mm thick stack of

2h lead foils (0.11 mm) alternated with insulating foils (Vetresit,

0.10 mm), bonded with Araldite. The stack is perforated with a hexa-

gonal pattern of holes over an area of 300><300 mm . The holes have a

diameter of 0.8 mm and a 1.0 mm pitch (see Fig. 2.4). One detector

consists of two multiwire chambers, each of which is packed between

two T-ray converters (see Fig. 2.5). In each chamber a plane of anode

wires (20 um gold-plated tungsten, 2 mm spacing) is sandwiched be-

tween two planes of mutually orthogonal cathode wires (100 um CuBe,

1 mm spacing). The distance between wire planes is 3 mm, that between

a cathode plane and the nearest converter 5 mm.

The converters and wire chambers are mounted in a gas-tight contain-

ment filled with an easily ionizing gas ('counting gas'). A 5 H keV

T-quantum impinging on the converters may free a Compton or photo

electron. If this electron escapes from the converter material it

crosses a hole and frees several secondary electrons by ionization of

the counting gas. By application of a voltage increasing from one
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Fig. 2.3- Longitudinal (a) and transverse (b) T scan of the

source activity.

Q. b.

±6 mm

Fig. 2.4. Hexagonal pattern of the drilled holes (a) and

cut-away view of the converter (b).
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lead foil to the next an electric field of approximately 8 x 10 V/m

is produced. In this field the secondary electrons drift to the nea-

rest anode wire of the multiwire chamber. In the vicinity of the

wire the field increases strongly and further ionization by the acce-

lerated electrons will cause an electron avalanche. Gas ions resul-

ting from this avalanche drift away from the anode and induce an

electric pulse on the neighbouring anode and cathode wires. In order

to obtain a reasonably homogeneous stopping power the four converters

in one detector are staggered.

The extent to which the hybrid multiwire chamber fulfils the requi-

rements of a good detector listed in section 2.1 is mainly determined

by the converter geometry and the characteristics of the counting

gas:

1. The efficiency of the T detection can be influenced by the total

amount of lead and the wall thickness in the converter and the

specific ionization of the counting gas;

2. the spatial resolution is determined by the hole spacing which can

be somewhat less than one millimetre with current drilling

technology;

3. the time resolution depends primarily on the time lag in the con-

verter and thus on the electron-drift velocity.

This last consideration has played a role in the choice of our coun-

ting gas: a mixture of Ne <~ 80JS), CO. {~20%) and 2-propanol (~1.%).
11

Jeavons has reported that the use of such a mixture leads to

charge multiplication in the holes of the converter. The multiplica-

tion is attributed to the Penning effect : collisions between noble

gas atoms and electrons drifting in the high-voltage gradient of the

converter holes excite a metastable state of the noble gas with a

higher energy than the ionization energy of the second constituent.

In subsequent collisions the second constituent is ionized by the

excited atoms. Although the yield of initial ionization is small

when compared to argon mixed with some polyatomic quenching gas, the

resulting converter gain increases the amplitude of the anode pulses.
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Fig. 2.5. Exploded view of the converter and wire planes in a

detector.

1. window frame

2. converter

3. cathode plane

k. anode plane

5. spacer frame The assembly I is repeated at II.

Fig. 2.6. Principle of coded read-out technique.

There are 16 groups of 20 wires each.

ADC'S FPLA

GROUP NR(S)



- 38 -

The use of a Ne-CO, mixture has some favourable aspects as it is

non-polymerizing and non-flanunable. Its most important property,

however, is its fast response, resulting from the fact that the time

lag in the converter is determined by the electron-avalanche propaga-

tion rather than by electron drift.

2.3. Signal processing

The task of the system of read-out electronics is twofold:

1. It registers coincidences between events on the two detectors by

means of the anode signals. Since these signals are used for

timing only, all wires in one anode plane are connected in

parallel.

2. If a coincidence is detected the pulses induced on the cathode

wires are registered and the positions of the events are estab-

lished. The data are transferred to the on-line computer, where

they are processed and stored.

In the following subsections it will be discussed in some detail how

these objectives are realized and how the collected data are handled

by the computer.

2.3-1. Coded read-out scheme

The blunt approach to the read out of cathode-wire signals would re-

quire as many read-out channels as there are cathode wires. As read-

out electronics, especially analog-to-digital converters (ADC's),

tends to be costly, one can economize by reducing the number of chan-

nels. This can for example be done by connecting three adjacent wi-

res to one ADC . A more substantial reduction of channels without

extra loss of resolution is possible by using a coded read-out

scheme . In this scheme the cathode wires are divided into groups.

In our case the wires of one cathode plane are distributed over 16

groups of 20 wires as indicated in Fig. 2.6 (outer groups have three

wires less). Within each group the odd-numbered wires, called group
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wires, are connected in parallel, which results in 16 read-out chan-

nels. Signals in these channels are called 'group signals1. The

even-numbered wires are connected differently. Those with the same

sequence number within different groups are interconnected. This

results in ten read-out channels per coordinate per detector which

are called 'position channels'.

Group signals are used for a coarse determination of the position of

an event. They are amplified by charge-sensitive amplifiers and con-

verted into logical signals by discriminators. Subsequently the

group-signal information is translated into a bit pattern by the

so-called coded read-out units (CRO's, see appendix 2a), which have

been custom-built by the ECN Electronics Group. The analog signals in

the position channels are amplified by charge-sensitive amplifiers

and digitized by the ADC units (Le Croy 22^9 A). These signals allow

the position within a group to be determined by interpolation.

2.3-2. Coincidence unit

The coincidence unit is basically an AND gate for the anode signals

of the two detectors. In addition it functions as a timing device

that controls the read-out electronics and triggers the data transfer

to the computer. Anode signals are considered to be coincident when

they arrive within a time window of 2T = 250 ns. Two kinds of coin-

cidences are registered:

1. coincidences between equally delayed anode pulses, labelled

'true';

2. coincidences between anode pulses one of which has undergone an

extra delay of 600 ns, labelled 'false'.

The frequency of occurrence of coincidences of the second type is a

measure for the background due to accidental coincides.

The coincidence unit is connected to other devices as shown in Fig.

2.7. It's operation will be discussed on the basis of the simplified
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Fig. 2.7- Connections of the coincidence unit with other

read-out units.

block diagram in Fig. 2.8. Pulses from the anode planes (two in

each detector) are transformed into block pulses of length T by the

monostables Ml to M4. If there is no 'busy' signal activated by M6

the pulses pass AND1 or AND2 and the CRO's and ADC's will be activa-

ted. If block pulses from the two detectors overlap in time a true

coincidence is formed and AND3 passes a signal. False coincidences

are registered by AND1!. If no coincidence, either true or false,

takes place the CRO's and ADC's are reset by AND5 after 3 us. A coin-

cidence leads to the activation of M5 and the 'busy' monostable M6,

which prohibits the further acceptance of input pulses. After 60 us
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Fig. 2.8. Simplified block diagram of the coincidence unit.

the ADC conversion is completed and M5 activates the Direct Memory

Access (DMA) device, which transfers data to the computer. After 200

us a coincidence is completely processed and M6 expires. Finally M9

resets the entire system.

The normal flow of events as described above can be interrupted by a

premature reset when the system operates in the autoreject mode (see

appendix 2A). In this mode an inconsistent pattern of group signals

detected by one of the CRO's will produce a signal on the invalid-

data line, which via AND6 causes a reset after 3ps.



2.3.3- On-line software

The on-line signal processing is controlled by the programs PANDACQ,

PRODUCTION and several 'test'-programs. A brief review of the task of

the programs will be given.

PANDACQ controls the data transfer from the read-out electronics to

the computer. It initializes the DMA device and sets the default mode

of the CRO units (see appendix 2a). After a DMA transfer PANDACQ

calculates the coordinates by interpolation on the digitized pulse

heights. The interpolation is by means of a centre of gravity method

on the five most significant values. On the basis of an extra bit

added to the CRO output, PANDACQ also generates a status word which

indicates if an event was due to a false or true coincidence. Re-

sults are written to an output buffer in shared memory.

The processing of data requires the concurrent execution of two pro-

grams; PANDACQ in combination with either PRODUCTION or one of the

'test' programs. The concurrent programs exchange data by means of

buffers in shared memory. The test programs can make the coordinates

and the status word, but also the original ADC and CRO data, expli-

cit. In this way the performance of the detectors can be monitored.

This can be done on an event by event basis or statistically. PRO-

DUCTION runs under normal experimental operation. It uses the pairs

of two-dimensional detector coordinates to calculate the momentum

components p and p of the pairs of annihilation photons. The re-

sults are used to update the following one- and two-dimensional

arrays:

1. four arrays of 4800 elements for the distribution of events over

the separate y and z coordinates of both detectors, one element

corresponds to 1/16 mm;

2. two arrays of 150x150 elements for the distribution of events over
2

the detectors, one element corresponds to 2x2 mm ;



3. an array of 150*150 elements for the angular correlation

distribution of delayed coincidences, one element corresponds to

(O.̂ t/L) mrad (L is the sample-detector separation);

4. an array of 300*300 elements for the angular correlation

distribution of true coincides, one element corresponds to

(0.2/L)2 mrad2.

Items 1 and 2 have duplicate arrays for true and false coincidences.



Appendix 2a. Coded read-out unit

The coded read-out units translate the cathode group signals of each

coordinate of each detector into a 16-bits pattern or into a coded

version of that pattern. In the latter case the first field in the

code contains the index of the lowest group which received a signal.

The other fields indicate one of the following conditions:

1. one group was hit, the data are valid;

2. two adjacent groups were hit, the data are valid;

3. the data are not valid.

The coded read-out units can be driven in three different modes,

which are selected by on-line software:

1. the bit pattern is sent to the output register;

2. the coded bit pattern is sent to the output register;

3. the coded bit pattern is sent to the output register and in case

the data are labelled 'not valid' a fast reset (3 us) of the

coincidence unit is triggered (autoreject mode).

Mode 1 is employed if programs are running which test the performance

of the detectors. Normal production takes place in mode 2. Events

with invalid bit patterns are discarded by software. Although this

takes much longer (200 us) than the hardware discarding process of

mode 3. mode 2 has the advantage of providing a better insight in the

performance of the detectors, as the number of rejections can be

monitored.
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3 DATA CORRECTION AND ANALYSIS

This chapter discusses several forms of data treatment, necessary for

the analysis and interpretation of angular correlation results. The

distributions, as measured, have to be corrected by an efficiency

function, which is a result of the finite detector dimensions but

also incorporates possible non-uniformities in the efficiency over

the surface of the detectors. Furthermore, in order to enhance

Fermi-surface information, a data-reduction scheme defined by the

so-called Lock-Crisp-West (LCW) theorem may be applied. Even-

tually, while interpreting the structure in the data, the total '.:so-

lution must be calculated from the geometrical resolution together

with the thermal motion of the positron.

3.1. The angular-response functions

Many pairs of positions on the two detectors can be combined to form

the same pair of angles (9 ,8 ). However, small angles are more effi-
y z

ciently covered than larger ones. The angular-response function

R(S 8 ) has a pyramid-like shape {see Fig. 3-1)• When the distribu-

tion of events over each detector is measured for a uniform 511 keV

T irradiation, R(8 ,8 ) can be obtained by convolution of these two

contributions. The overall shape of the angular-response function is

a consequence of the geometry of the detectors. Non-uniformities in

the efficiency over the surface of a detector may have an effect on

R(8 ,8 ), but this effect is smoothed by the convolution process.

A practical way to obtain the distributions of events over a detector

without the noise of that detector is to place the other detector

close to the sample and measure coincidences. The measured

distribution of coincidences is to a good approximation equal to the

distribution of events over the far detector.



3.2. Angular resolution

In the angular-correlation distribution of metals an abrupt change of

slope is expected to occur at the Fermi momentum. Various effects can

smooth out the structure in the data. First of all, as the measured

distributions correspond to integrated momentum densities, structure

may not line up favourably. Additional smoothing is caused by the

angular resolution, which is mainly determined by geometrical and

instrumental factors. Smearing of the sharp break at the Fermi momen-

tum due to thermal excitation of the electrons is too small to be

observed (or is at the verge of present precision). The thermal mo-

tion of the positron, however, causes a non-negligible smearing,

which can be described as an extra contribution to the width of

the angular resolution.

The 'geometrical' angular resolution is determined by the uncertain-

ties with which on the one hand the position of annihilation and on

R(6 ,9 )
y z'

Fig. 3-1 The angular-response function



the other hand the positions of the resulting T quanta on the detec-

tors are known. Uncertainties in the X direction (see Fig. 2.1.a)
2

cause an angular-resolution loss in p and p which scales with B./L ,

where S. is the dimension of the detectors and L the sample-detector

distance . For the loss due to uncertainties in the Y and Z direction

scaling is proportional to 1/L. The main contributing factors to the

deterioration of position information are:

- the inherent spatial resolution of the detectors which cause an

uncertainty in Y as well as Z;

- the source dimensions and the resulting size of the illuminated

area on the sample, which causes an uncertainty in Y and, due to

the fact that the sample is bevelled also in Z. (Usually the illu-

minated surface is tilted a few degrees around the Y axis to produ-

ce a homogeneous Y absorption).

In order to obtain a reasonable positron yield while maintaining a

satisfactory resolution a line source is used which is lined up along

the X axis. To keep the size of the illuminated area on the sample

small the positron beam is collimated by a strong magnetic field (see

section 2.2.1). An assessment of the combined effect of all contri-

butions was obtained by measuring a quartz positronium peak. A gaus-

sian fit to this peak resulted in the geometrical resolution given in

Table 2.1.

In the total resolution there is a contribution due to the thermal

motion of the positron. If the positron is described as a free par-
*

tide with effective mass m , its momentum is distributed according

to a Boltzmann function appropriate to the sample temperature T. The

size of the e contribution to the resolution is obtained by integra-

ting this distribution over one momentum component. This results in a

two-dimensional gaussian distribution with a full width at half maxi-

I *~ * 2-4
mum (FWBM) of 0.0306 J 1 I, Experimental values for m lie be-

tween 1.2 m. and 2.3 «„ . Contributions in addition to the free po-

sitron mass are due to the positron band structure and interactions

with electrons and phonons.
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. The Lock-Crisp-West theorem

A convenient p to k space reduction scheme for 2D-ACAR data is de-

fined by the Lock-Crisp-West (LCW) theorem. This method of analysis

enhances Fermi-surface related structure at the expense of informa-

tion connected with the wave functions. In its three-dimensional

form the procedure consists of summing the contributions to the

momentum density p(p) at equivalent points p = it + 3 in all Brillouin

zones, yielding the so-called folded density:

h(S) = | p (S + 2). (3.1)
G

In its two-dimensional form, applicable to the measured distributions

N(p ,P ), the summation takes place over the projections of the re-

ciprocal lattice vectors onto the plane k = 0 , yielding the folded

angular-correlation distribution

F{ky,kz) « / h<k")dkx . (3.2)

Here the integration is restricted to an appropriate primitive zone.

If in the independent-particle model a constant e wave function

is assumed the contributions of individual bands to h(k) are indepen-

dent of the particular shape of the electron wave functions. Contri-

butions of filled bands are constant throughout the Brillouin zone,

whereas contributions of partly filled bands reflect the Fermi-

surface topology, since they are non-vanishing only at k points in-

side the Fermi surface. Consequently, h(k) is proportional to the

number of occupied electron states with wave vector k. The assump-

tions just mentioned are exact for Compton scattering and only appro-

ximately valid for positron annihilation. In the analysis of an ACAR

experiment the r dependence of the positron wave function may intro-

duce (slowly varying) gradients in the contributions of individual

bands to h(k), thus making the theorem not exact , although dis-

continuities in the folded density still mark the Fermi surface. An
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LCW analysis often requires support from calculations of the momentum

density. A formalism for obtaining such results is presented in the

next chapter.
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KKR CALCULATIONS: BAND STRUCTURE, WAVE FUNCTIONS
AND MOMENTUM DENSITY

This chapter discusses a method to calculate the 'two-photon momentum

density', which gives the distribution of the pairs of annihilation

quanta over momentum space. When electron-electron correlations are

treated in an effective-field approximation and positron-electron

correlations are in first instance ignored (this is called the inde-

pendent-particle model), this density is given by

PC(P) = 0Ic|/exp(-ipr)$4 (r)\ (r)dr|2. (4.1)
kja k+

The summation extends over all occupied positron and electron states.

Evaluation of (4.1) requires band-structure calculations yielding the

following results:

1. The eigenvalues E.(k) and the wave functions $,» . of the

electron states with wave vector k, band index j and spin index a

(+ or - ) . The electrons obey the Fermi-Dirac distribution:

fpD(E,T) = [exp(E-u)/kBT + I]"
1. (4.2)

Here u is the chemical potential, which up to room temperature

equals the Fermi energy E to a high degree of precision and k_ is
r D

the Boltzraann factor. At temperature T=0 this distribution has the

form of a step function, which is one for values ESE and zero

otherwise.

2. The positron states with wave function •* and energy E(k ). As

the number of positrons in the sample at any one time is of the

order of one, their temperature-dependent energy distribution is

given by a Doltzmann function:

* -V2
fB(E,T) = (Tim kBT) W exp(-E/kBT).



Here m is the effective e mass. At T=0 the positron is in its

ground state (k+=0).

Many different approaches to the band-structure problem exist. This

chapter concentrates on the scheme used to obtain the results

presented in chapter 5s the KKR method in the Scalar Relativistic

Approximation. The procedure is outlined and the approximations

involved are discussed. Finally it is shown how the momentum density

can be obtained in a convenient way from the particular form the KKR

results take. For the sake of transparency the labels k, k+, j and a

are suppressed as much as possible. In all formulas we use atomic

Rydberg units (-n=l; m=l/2; c=2/a, a=l/137).

4.1. Concept of the effective single-particle potential

The calculation of properties of condensed matter from first prin-

ciples requires solving an eigenvalue equation, which describes the

solid as a system of interacting electrons and nuclei. It is obvious

that this is strictly taken a many-body problem. Unfortunately, owing

to the large number of particles in a solid, the exact incorporation

of many-body effects complicates the SchrSdinger equation to such an

extent , that its solution is beyond human capacity. In practice one

introduces an approximation: the effective single-particle potential.

It is assumed that the nuclei, which move much slower than the elec-

trons, are frozen in their average positions. Inner electrons are

usually regarded as forming rigid ions with their nuclei. For the

remaining electrons, travelling in this perfect lattice of immobile

ions, a single-particle potential is constructed containing the e -e

interaction in a subtle way. The SchrSdinger equation is thus re-

duced to the problem of a single electron in an external potential

V(r).

A one-electron description presupposes a system of independent elec- '

trons. Unfortunately, the motion of electrons in condensed matter is '.

highly correlated and following each electron as it moves through the t

system is a depression in the distribution of other electrons: the $
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exchange-correlation hole. However, if the electron together with its

hole is described as a quasi particle, as is done in the den-

sity-functional approach suggested by Hohenberg and Kohn , a one-par-

ticle description can be derived. The density-functional theory is

based on the following two theorems:

1. For a given external potential the total energy of an inhomogene-

ous electron gas (atom, molecule or solid) is a unique functional

E[n] of the electron density n only.

2. E[n] is minimal at the true ground-state density.

Kohn and Sham used these theorems to obtain the ground-state density

of a system of correlated electrons. They wrote the exact total

energy as

E[n] = BjjCn] • E^Cn], (H.k)

where EL, the Hartree energy, includes the kinetic energy plus the

Coulomb interactions with the averaged fields of the nuclei and the

electrons, and the exchange-correlation term E comprises whatever

is left. Minimization of E[n] leads to a one-electron equation de-

fining a system of independent electrons with the same ground-state

density as the real system:

(-V2 * V(?) - E) $(r) = 0.

The potential is given by

6E [n]
V = V + V • — ^ § , (4.6)

n e 6n

where V and V are the average Coulomb potentials due to nuclei and

electrons respectively. The eigenvalues E are effective single-elec-

tron energies, which have no direct meaning for the real system, but

nevertheless are useful concepts in the calculation of ground-state

properties.



The scheme, as presented so far, is formally exact. Unfortunately the

explicit form of the universal functional E [n] is not known. Ap-
xc

proximate results can be obtained in the socalled local-density ap-
4 15

proximation ' :

Exc[n] = /exc(n(r)) n(r) dr , (4.7)

where e is the exchange-correlation energy per particle in a homo-

geneous . interacting electron gas of density n. The fundamental as-

sumption, which can not be formally justified, is that each portion

of the non-uniform gas contributes to E as if it were locally uni-
XC

form. Regions where the density is low or rapidly varying are liable

to introduce errors. Nevertheless, properties calculated in the

local-density approximation stand the test when compared with mea-

surements .

In a band-structure calculation for the positron V should be

properly replaced by an e -e correlation term. It is rather common,

however, to use the coulomb part -V -V as the e potential. Someti-
n Q

mes the increased annihilation rate due to the pile-up of electronic

charge around the positron is then treated as an a posteriori correc-

tion in the calculation of the momentum density. Several authors

have discussed this enhancement effect . References to their work

can be found in review articles by West , Mijnarends and Arponen and
Q

and Pajanne . Although the treatment of correlation effects in a

free-electron gas is rather advanced the extension to real systems

has proved to be difficult.

Let us assume that for a certain lattice the effective single par-

ticle potential is known. Solutions to the SchrSdinger equation (4.5)

should satisfy the Bloch condition:

, (4.8)

where k is the wave vector of the solution and ft a vector of the

lattice. If it is assumed that the wave function is separable into a
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spatially dependent and a spin-dependent part (and relativistic ef-

fects like spin-orbit coupling are thus neglected) spin polarization

enters through the potential. The exchange interaction is only ef-

fective between electrons with parallel spin. Hence, if the densities

of spin-up and spin-down electrons are not equal, a spin-up electron

will have a V different from its spin-down counterpart. By solving

(4.5) for the appropriate potentials different bands are obtained for

spin-up and spin-down electrons.

There exist a number of methods to find approximate, numerical
9-12

solutions to Eq. (4-5) • A scheme which has proven to be very

successful and is used for the calculations presented in this thesis,
1^

was independently derived by Korringa from a scattering-matrix
14

approach and by Kohn and Rostoker from a variational procedure.

Under the assumption that V(r) has the muffin-tin form (see section

4.2) the Korringa-Kohn-Rostoker (KKR) method leads to a low-order

secular equation from which the band structure E.(S) and the wave

function $ (r) can be obtained.

Since the effective potential is a function of the charge density,

the Schrodinger equation, should be solved iteratively. Starting from

an initial estimate for V, Eq. (4.5) is solved repeatedly to produce

a new charge density and hence a new potential. This iterative pro-

cess is continued until input and output are the same within a spec-

ified tolerance ('self-consistency'). The procedure just described

requires a considerable computational effort and practicable and ac-

curate solutions can only be obtained with the help of large digital

computers.

4.2. KKR secular equation

An alternative to the usual formulation of Eq. (4.5) is to present

the Schrodinger equation in integral form:

$(r) = / G(r.r')V(f')$(r')dr'. (4.9)

Here the : ntegration extends over the volume T of the unit cell.
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while the Green function G(r,r') obeys the relation

(V2 +E)G(r,rl) = 6(r,?') (4.10)

and can be expanded in terms of the free-electron solutions according

to

G(r.r') = ±

The summation is over all vectors ft of the reciprocal lattice and E

is the energy eigenvalue appropriate to

The Green function formalism just stated was the starting point for
14

Kohn and Rostoker in their approach to the eigenvalue problem of

Eq. (4.5)- However, in order to make the scheme they propose

tractable, it was assumed that the potentials have the 'muffin-tin'

form. Within the unit cell such a potential can be described by

V(r) = I V (|r-b |) for |r-b | & r

V(r) = constant for |r-b | > r
U

(4.12)

The basis vectors 5 give the centres of the N atoms in the unit

cell, the r the radii of the non-overlapping muffin-tin spheres and

the V the potentials within these spheres. The zero of the energy

scale can be chosen such that V(r) = 0 in the interstitial region.

The approximation is inspired by the fact that near the nucleus the

dominant Coulomb term makes the charge density (and thus the

effective potential) spherically symmetric to a good approximation.

In close-packed systems, where the interstitial region is small and

the symmetry around each site high, the muffin-tin geometry does not
IE

introduce serious errors . However, for more open structures the

approximation is not satisfactory and the conditions on the form of
15-17

the potential have to be relaxed . Unfortunately, calculations

become considerably more involved if non-muffin-tin terms are incor-

porated. For the calculations on the Cl. compound NiMnSb (see Fig.
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1.2) four basis vectors were used. In addition to the potentials

centred at the three atomic sites a 'void' potential centred at the
18

(£, I, i) position was introduced . As a result, the interstitial

region is not significantly larger than in the (close packed) face-

centred cubic structure (32% compared to 26%) and thus the muffin-tin

approximation was judged acceptable.

The restriction to potentials of the muffin-tin form has formally the

following three consequences.

1. Since the potential V(r) in the interstitial region equals zero,

the integration in Eq. (4.9) reduces to an integration over muf-

fin-tin spheres, rather than over the entire polyhedral unit cell.

2. Within the spheres it is possible to expand the wave function into

spherical harmonics according to

*(?) = [ A A (l?-6pl) YL (?-6 ). (4.i3)
Li

where |r-b | £ r , Y is a real spherical harmonic of combined

index L=(2,m) and R_ is a regular solution of the radial

SchrOdinger equation with potential V at energy E (see section

4.3).

3. Although, as stated under 1, the integration extends only over the

muffin-tin spheres, Eq. (4.9) specifies the wave function in the

entire atomic cell. Outside the spheres an expansion similar to

Eq. (4.13) also applies except that the R. are now determined

from the scattering by the potential V in free space. Consequent-

ly

R£p(r,E) « ̂ (/Elr-bJ) •• tan [^(E)] n^/Elr-bJ) (4.14)

for r in the interstitial region. Here j. and n. are the well-

known spherical Bessel and Neumann functions, which are solutions

to the radial Schrodinger equation for zero potential. The phase

shifts T\ must be such that the solutions R. inside and outside

the muffin-tin spheres join smoothly at r=r . So the form inside
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the spheres defines the wave function throughout, the shape in the

interstitial region might be viewed as the muffin tin's spillover.

IS 14 19

It can be shown ' that (4.9) leads to a set of linear equa-

tions determining the C. . The set is represented by

L'u'
•+

where the elements of the matrix M are E and k dependent and where

V %/;E rlcot v ^-l6)

The dispersion E(k) is determined by looking for the non-trivial
19 21

solutions of the set of equations (4.15): det M=0, or explicitly

det(A«\(S.E) • /E «LL.«Jull.cotneu) = 0

with

Here the 'structure functions' A,, , (&,E) (arising from an expansion

of the Green function in spherical harmonics) are characteristic for

the geometry of the lattice under consideration, while the second

term in (4.17) describes the scattering by the various potentials.

Since all elements of (4.17) depend on the energy E it is not

possible to obtain the eigenvalues E by standard matrix methods.

Instead one performs a search for the zeros of detM by varying E for

a fixed wave vector. In order to do so one has to calculate

repeatedly: the structure constants A^,, which apart from the E and

ft dependence are determined by the lattice geor^try, and the

logaritmic deriviatives of the functions R. corresponding to V for

2 = 0 e
nax ^ V - l N.

The efficiency of the KKR scheme lies in the rapid convergence of the

expansion in Eq. (4.13) and the consequently limited order of the
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matrix M. Generally, for solids composed of elements from the first

half of the periodic table the scattering phase shifts rt become

negligibly small for 2S3. Hence, *(r) is determined accurately by

retaining terras up to t = 2 or at most 3. This reduces the order
2 m a x

of M to (C +1) N. For the positron the situation is even more
max 2Q

favourable. Due to symmetry considerations only the 2=0,4,6,8 terms

contribute to the r ground state in a lattice with full cubic

symmetry (for T, symmetry £=0,3.4,6,7,8 ) and hence keeping

only the 2=0 terms suffices.

By far the greater part of the computing time is spent on the calcu-

lation of the structure functions. Their evaluation, which is

generally performed by means of an Ewald procedure, is extensively

covered in the literature both for 'simple' lattices with one atom
Ik 22 2"\ 19

per unit cell ' ' and for 'complex' lattices . Although the

A. | ,(k,E) may in principle be tabulated as functions of k and E for

various individual crystal geometries, it has become accepted prac-

tice to compute them directly during the course of a band-structure

calculation. Their evaluation can be speeded up considerably by the
K 2k 25

use of suitable interpolation procedures . This approach has

proven to be more versatile as it allows the calculation of the

structure functions with an arbitrary precision.

In searching for the eigenvalues the KKR matrix has to be set up and

its determinant evaluated many times. This time-consuming process is
11 12

circumvented in the modern linear methods ' , where the energy

dependence of the secular equation is linearised,' after which all

eigenvalues are obtained by a single diagonalization per k point.

Consequently these schemes are very fast and suited for the perform-

ance of self-consistent calculations for complicated structures with

many atoms per unit cell. In contrast to the traditional methods the

basis functions inside the spheres (which may be non-overlapping muf-

fin-tin spheres, but some methods also use overlapping 'Wigner-Seitz'

spheres) are not the solutions R-(E,r) of the radial Schrodinger

equation at an as yet undefined value of E, but energy-independent

functions constructed from linear combinations of the functions

R.(E ,r) and their derivatives with respect to energy R£(Ev,r) at an
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arbitrary but fixed energy E . The linear methods give errors in the

energies and wave functions of the fourth and second order in

E.(k)-E , respectively. In a momentum-density calculation it may be

favourable to reach self-consistency by means of a linearised method,

followed by a single KKR iteration to obtain wave-function results of

a higher accuracy.

4.3- The Scalar Relativistic Approximation

A positron in its groundstate has a low velocity and is repelled from

the region of the ions, where the potential varies strongly. Hence,

band structure calculations for the positron can be performed non-re-

lativistically . However, for the electronic states of materials

composed of elements with atomic masses higher than Fe, say, relati-

vistic effects become increasingly important. Thus, most classical

methods in band theory have been generalized to full relativity. The

KKR approach is no exception . In addition to the rigorous relativ-

istic schemes based on the Dirac equation, approximations exist

which add correction terms to the classical SchrSdinger equation.

Whereas the fully relativistic approach (which implies the use of

four-component spinor wave functions) is conceptually more satisfying

and more precise, the approximation methods show the effect of rela-

tivity transparently and use less computer time.

A well-known example of the semi-relativistic treatment and a good

approximation to the Dirac equation in the sense of a 1/c expansion

is the Pauli equation with kinetic energy correction, Darwin term and
27

spin-orbit coupling (see e.g. Messiah ', Eq. XX 202). However, in
2

this formula a term of order V(r)/c is missing. This omission is

certainly not justified for small values of r. To overcome this

shortcoming the 'Scalar Relativistic Approximation' (SRA) was intro-

duced by Koelling and Harmon . More detailed derivations were given

by Gollisch and Fritsche and by Takeda^ . The new method has an

additional advantage, as the 'small component' of the relativistic

wave function, which was neglected in the Pauli equation, may be in-

corporated. Because the SRA is the approach followed in the calcula-

tions for NiMnSb presented here, the method and its relation to the
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Fully relativistic treatment will be reviewed.

In a fully relativistic treatment the one-particle wave function $(r)

is represented by

where the 'large component1 $. and the 'small component' §„ are
A D

two-component spinors. In the non-relativistic limit (v+0) 3L will

vanish. Hence $„ << $. if the electron velocity is low. For the

spherically symmetric potential inside the muffin-tin sphere a decom-

position of $. and $ R into a radial and an angular part is possible.

Since the spin § and the orbital momentum t do not commute with the

Hamiltonian, s and £ are no longer good quantum numbers. 0. does, how-

ever, define the parity of the state, which is still conserved. Sol-
n

utions with total angular momentum (j=£±i,m) and parity (-) satisfy
27

the following relations (see eq. Messiah , eq. XX 163).

For j=C+i the solution $+{r) is defined by:

(r) = f (r) Q™, (r)

(4.20)

^ (?) = igT(r) Q^+1 . (r) '

where:

m I <«' i m-i i| j m > Y£, ^jfr)

Here <B s m. m |j m> are the well-known Clebsch-Gordan coefficients

(notation according to Ref. 27) describing the vector addition J=t+§.

Explicit expressions for the case s=i are given in table 4.1. The

functions f and g satisfy a coupled set of radial equations:

| (E-V(r) + 2j)
a ' (4.22)

- | (E-V(r) - ^j)
a
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where K is the eigenvalue of the operator

< = -(1 + a.t). {'1.23)

Thus K = -(£+1) for the case j=E+i. Analogously we have (if l?0) for

j = C —i the solution <S (r) defined by:

5~ (?) = f"(r) Q™ ..(r)

ft" (?) = ig-(r) Q ^ .(r)

For the j=£-i solution K equals I. When this value is entered into

(4.22) we obtain the relations between f and g .

A fully relativistic band-structure calculation, which uses the for-

mulas just presented consumes much more time than a non-relativistic

one. Apart from the extra expenditure to solve the (coupled) radial

equations for the large as well as the small component the main in-

crease in computing time is caused by the fact that the order of the

secular equation is doubled. If the SRA is used the secular matrix

retains its original size and relativistic effects are accounted for

to a good approximation.

Table 4.1. The Clebsch-Gordan coefficients <&i m-m m |j m>.

m = i m = - i
s s

J K+* J 2£+l
 J 28+1

. , r t-m+j r l+m+£
J " *-* N 2J+1 ^ 2£ + l



In the following it is indicated how in the SRA certain terms in the

radial equations are omitted, making a separation of the solutions

('t .20) and (4.24) into a spatially-dependent and a spin-dependent

part possible. Decoupling of the set of equations (4.22) and putting

K=-1 in the final result (omission of the spin-orbit coupling terra)

gives.:

•f (V-E)[l - Ja (V-E) ] )-f(r) = 0 (4.25a)

and

(4- " ̂ )g(r) = g(r). (4.25b)
1- la (V-E)

Here the energy has been redefined by taking the rest mass out. If

the term (l-Ja!(V-E)} is replaced by 1 Eq. (4.25a) reduces to the

radial Pauli equation without spin-orbit interaction. As the equa-

tions defining f , g and F , g have become equivalent, we assume
+ — + —
f =f and g =g and the superscripts of these functions have been

dropped. By making use of the property

SRA
a wave-function solution $ is constructed by performing the

following summation:

(r) = <{ ! m-m= mj£ + i m> $
+ + <e i m-rac mje-i m>

s

f(r)
VeB(r) X (B S) . (4.27)

Here X is the usual up (m =J) or down (m =-i) spinor.
s s

If |v|/c ~ 1 the large and small components can become of the same

order. However, for large r the wave function can be approximated by

$. only. As the positron is repelled from the region of the positive-
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ly charged ions the overlap between e and e wave functions is

only substantial for large r. We neglected $_ in our SRA calculation

for NiMnSb.

4.4. Plane-wave expansion of the wave function

If the band structure is known the coefficients C. are calculated by
LU

solving the matrix equation (4.15) at the eigenvalues. By the use of

the appropriate potentials the e and e wave functions can be evalu-

ated through the entire unit cell with the aid of Eqs. (4.13) and

(4.14) and, at least in principle, the momentum density given by

Eq. (4.1) can be calculated. However, the KKR representation of the

wave function given by Eq. (4.13) in combination with Eq. (4.14)

is not well adapted to a calculation of p, as the interstitial region

does not have spherical symmetry. Hence, one might even consider to

adopt the augmented plane-wave (APW) approach. In an APW computa-

tion, which is also based on the muffin-tin approximation, the wave

functions in the interstitial region are expanded in terms of plane

waves which are better adapted to the shape of the polyhedron. In

fact many authors have given APW expressions for the momentum den-

sity . However, it is well known that the dimension of the secu-

lar equation in the APW method is still relatively large, which leads

to a time-consuming diagonalization. So at first sight efficiency in

both the calculation of p and the matrix diagonalization seems incom-

patible.

A way out of the dilemma was offered by a procedure followed by

Mijnarends and Rabou . They showed that a plane-wave expansion valid

throughout the entire unit cell is readily obtained from the KKR sol-

ution. The plane-wave expansion coefficients may be evaluated from

the CT and the solutions Rn of the radial equation for r < r . This
LiU KU U

appears to be one of the rare cases in which one can eat one's cake

and have it: For the actual band-structure calculation we benefit

from the efficiency of the KKR method, while the subsequent plane-

wave expansion guarantees computational ease in the evaluation of p.

The plane-wave expansion is obtained by substituting the plane-wave
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form of the Green function (4.11) and the wave function expansion

(4.13) into Eq. (4.9). With the help of the orthonormality condition

for real spherical harmonics and the well-known relation

L 2 L L

it can be shown that

*(r) = 1 a* (&) exp [i(it+ft)r]. (4.29)

The expansion coefficients are given by

4tir 2 exp[-i(kft)S J
•*" ( } = " ^ " ^ 2 ^ J ̂ ttJS^tW.B) (4.30)

with

SL(p.E) = -/E cotn2iJ YL(P)/
 M je(pr) V^rjR^r.Ejr'Mr, (k.3D

and where use has been made of eq. (4.16). Proper normalization of $

is obtained through the relation-*-3 ••* .

/|<r)|2dr = - i I rj rj,^ (^^.'(k) C^, (k) . (4.32)

where M^, - dM^t/dE is the energy derivative of the KKR matrix at

E(k)

4.5- Momentum density

Now that we have derived a plane-wave expansion, which can be readily

obtained in a well converged way, an expression for the momentum den-

sity follows naturally. Let the e and e wave functions be defined

by

Z % (Slj) exp
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and

where for the electron the band index j is no longer suppressed and

the expansion coefficients a£ and b* have been properly normalized
i\u i\u

through (4.32). By substituting the plane wave expansions (4.33) and

(4.34) into (4.1) it is easily demonstrated that

P(p) = I \l ag, (k\j) bg.g, (k+)|
2, (4.35)

OCC i,

where ft = p - & - ic+.

Let us examine the T=0 result for p. The positron is in its ground

state with ic+ =0. All electronic states with energies up to the Fermi

level are filled, higher ones being empty. The overall summation in

Eq. (4.35) takes on a particularly simple form. An inspection of the

condition imposed on ft reveals that an electron with wave vector it

can in principle contribute at p = k but also at p = k + K (Umklapp).

At points on the Fermi surface the momentum density is discontinuous.

As the temperature is increased the Fermi surface becomes more and

more smeared, as follows from the Fermi-Dirac distribution of the

electrons. If the bands at the Fermi level are not too flat the k

points corresponding to thermally excited states will spread only

minimally around the T=0 Fermi surface. Hence, blurring of

discontinuities due to electronic thermal motion is generally

significantly smaller than the experimental resolution and can thus

be neglected. (For the band structure of NiMnSb depicted in Fig. 5-1

the temperature may be as high as 100K and still the 'smearing' due

to electronic motion is only 10% of our geometrical resolution).

Thermal effects on the momentum density due to the positron are more

pronounced. The positron has a Boltzmann distribution and is located

at the bottom of the band. A thermal excitation from the ground state

may result in a relatively large deviation from k+=0. This can be
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interpreted as a smearing of the momentum density at T=0 by the

positron momentum k+. In practice calculations of p are performed for

the positron in its ground state. The effect of non-zero ic+ is then

included as a resolution correction (see section 3-2).
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POSITRON-ANNIHILATION STUDY OF THE HALF-METALLIC
FERROMAGNET NiMnSb: THEORY

Calculations of the electronic structure, the Fermi surface, and the

momentum density of annihilation-photon pairs are presented in prepara-

tion for an experimental study of the half-metallic ferromagnet NiMnSb

with the aid of the two-dimensional angular correlation of annihilation

radiation (2D-ACAR) technique. The band structure obtained is in good

agreement with former calculations and consists of a metallic major-

ity-spin and a semiconducting minority-spin band. The majority-spin

Fft-mi surface consists of three r-centered hole sheets, two of which

have necks at L. The different nature of the bands is clearly reflected

in the spin-dependent momentum densities. From these densities a magnet-

ic difference effect in the angular correlation can be derived which

should be well observable with polarized positrons.

5.1. Introduction

Band-structure calculations for the Cl. Heusler compounds NiMnSb and
1 ? 3

PtMnSb ' " and other compounds in this series have revealed a number of

unique and interesting features of the electronic structure of these

materials. It was found that NiMnSb, PtMnSb, and CoMnSb, all ferromag-

nets, possess a metallic majority-spin band, while the minority-spin

band shows a gap straddling the Fermi level, a situation typical of a

semiconductor. The simultaneous occurrence of these two types of band

structure within one and the same material, called half-metallic ferro-

magnetism, is unusual and should lead for example to a 100# polarization

of the conduction electrons at the Fermi level. Recent calculations by

de Groot and Buschow suggest half-metallic ferrimagnetism and antifer-

romagnetism for other Heusler compounds.

c
The interest in Heusler compounds with the Cl, structure originated in

the observation in PtMnSb of an uncommonly high magneto-optical Kerr ef-



feet at room temperature. This makes PtMnSb a possible candidate for

applications such as erasable magneto-optical recording. Although the

band structures of NiMnSb and PtMnSb are very similar, the large value

of the magneto-optical Kerr effect found in PtMnSb is not shared by
2

NiMnSb. According to de Groot et al. the large value in PtMnSb stems

from the close vicinity of the Fermi level to the IV state at the top of

the minority-spin valence band. Spin-orbit coupling splits this state

into three sublevels, one of which is pushed above the Fermi level. This

allows excitations in which the contributions of oppositely polarized

electrons to the off-diagonal element of the dielectric tensor no longer

cancel, resulting in the observed high value of the Kerr effect. In

NiMnSb the distance between the Fermi level and the top of the minor-

ity-spin band is greater and hence this mechanism is not operative.

A rather direct way of investigating the electronic structure in k space

is to measure the angular correlation of uinihilation radiation in two
q

dimensions (2D-ACAR). The inherent (partial) spin polarization of a

positron (e ) beam from a radioactive source enables one to study the

two electron spin populations in a ferromagnet separately. ' We have

calculated the momentum density of annihilation photon pairs in NiMnSb

in preparation for spin-polarized 2D-ACAR measurements on this material.

The choice for NiMnSb in preference to PtMnSb was based on the availabi-

lity of a single crystal of a reasonable quality. An additional motiva-

tion for carrying out the calculations is the presence of empty lattice

sites in the Cl. structure. As known, positrons show a marked affinity

to vacancies, resulting in a narrowing of the angular correlation and a

general blurring of Fermi-surface-related structure. The empty sites

might be expected to perturb the measurement in a similar manner. Our

calculations show that there is indeed a strong increase of the positron

density and thus preferred annihilation at the empty sites. On the

other hand, the momentum density for Compton scattering, which in the

independent-particle model differs from that for positron annihilation

in the assumption of a constant positron wave function, is not affected.

Hence a comparison between the two momentum densities allows an assess-

ment of the effects of preferred positron annihilation at the empty

sites. These effects will be shown to be minimal.
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This chapter has been organized as follows. The next section contains

the results of the band-structure calculations and a discussion of the

e distribution in the unit cell. Group theory is used to investigate

the effects of crystal symmetry on the momentum density. Subsequently,

the results of the calculations of the momentum densities for positron

annihilation and for Compton scattering are presented. The article is

concluded with a discussion of the results.

5.2. Calculations

5.2.1. Crystal structure

NiMnSb is a Heusler compound with the Cl, structure (space group T,2 )

shown in Fig. 1.2. This structure consists of four interpenetrating fee

sublattices with origins at the positions A(000), B(JJi), C(iii) and

D(3/4 3/4 3/4). Helmholdt et al. ^ have unequivocally established the

site occupancy shown in Fig. 1.2. The C sublattice is empty, in con-
is

trast to the situation in the L2. structure of the more common Heusler
14

compounds of the type XpMnY where it is occupied by X atoms. Below the

Curie temperature T = 75° K the magnetic moments of 4.0 un situated on
13 c

the Mn atoms order ferromagnetically. The point symmetry of the Cl,

structure is T,, which differs from the full cubic point group 0, by the

lack of inversion symmetry.

5.2.2. Electronic structure and positron state

Our calculations are based on a muffin-tin version of the self-consist-

ent potentials from the augmented-spherical-wave (ASW) calculation of

de Groot et al. but employ the Korringa-Kohn-Rostoker (KKR) method.

This avoids duplication of the time-consuming self-consistency process

while providing the greater accuracy of the KKR wave functions over

those produced by the ASW method. The KKR calculation included terms

upto i-2. Relativistic effects were incorporated according to the sca-

lar relativistic approximation.
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A lattice constant a = 11.187 a.u. was used. The band structure was

calculated for both spin directions at 240 k points in the irreducible

l/^Sth of the Brillouin zone and is shown in Fig. 5-1- T n e results are

in good agreement with the ASW calculations of de Groot et al. For

bands just below the Fermi level differences of about 5 mRy occur; else-

where they increase to about 10 mRy. This is quite satisfactory in

view of the different approximations in the two methods (use of a single

kinetic energy parameter for all orbitals in the ASW method and a muf-

fin-tin potential in the KKR method). A low-lying s band of predominant

Sb character was left out of Fig. 1 of de Groot et al. Since this band

yields a major contribution to the momentum density we have included it

in Fig. 5-1• Owing to the absence of inversion symmetry in the T, point

group, bands belonging to the same irreducible representation are under
17certain conditions allowed to cross. Crossings of this nature can be

seen in the majority-spin band structure along TK (see arrow in Fig.

5.1a).

The total densities of states for the two spin directions have been cal-

culated according to the analytic-quadratic method of Methfessel et
1 ft

al. and are illustrated in Fig. 1.3- For the minority spin the Fermi

level lies just below the conduction band, whereas in PtMnSb it is very

close to the top of the valence band. This difference in position is

crucial to the explanation of the large Kerr effect in PtMnSb.

The Fermi surface of the majority-spin electrons consists of three

sheets as shown in Fig. 5-2. Band 12 gives rise to a hole pocket centred

at r, while bands 13 and 14 both yield r-centered hole sheets with necks

at L. The sticking together of these last two bands along TX will be

lifted if spin-orbit coupling is included.

The positron potential was derived from that of the electrons by sign

reversal and by omission of the exchange term. The positron Pj state was

found to lie at 0.202 Ry. Figure 5-3a shows the positron density in the

plane spanned by the vectors [1,0,0] and [0,1,1] which contains the

empty lattice sites. There is a marked preference of the positrons for

the vicinity of the empty sites. This is further illustrated by Fig.

5.3b which shows the effect of placing Ni atoms at the empty positions.
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Fig. 5-1- Band structure for (a) the majority-spin and (b) the minor-

ity-spin electron population in NiMnSb. Symmetry labels have

been assigned according to Ref. 16. Energies in Ry.



In that way a kind of model 'Ni2MnSb' is obtained in which the muf-

fin-tin potentials and the lattice constant, however, are those of

NiMnSb. It is obvious that the positron density is much more evenly

distributed in the model L2, compound which results in the rt positron

state being lifted to 0.454 Ry. From the positron band structure, which

is approximately parabolic in the neighbourhood of r, we calculated an

effective mass for the positron of 1.3 m0.

5.2.3. Momentum density

In a 2D-ACAR experiment one measures the two-dimensional angular corre-

lation N(p ,p ) between the annihilation photons

N(PV.P_) = C /p
2\p)dp , (5.1)

where p (p) is the two-photon momentum density and C a constant depend-

ing on the experimental conditions. In a ferromagnet one can - ake use

of the polarization of the positron beam to investigate the momentum

density p . .(p) of the majority (+) and minority (-) electron spin
2T +

populations. In the independent-particle model P+,v(p) is given by

p^T(p) =^I n. a(k")|/exp(-ip.rHkja(r)*(r)dr|*. (5.2)

Here a = +(-) is the spin index, while tyj* . and • are the wave func-

tions of the electron with wave vector k, band index j and spin a, and

the positron in its ground state k+=0 respectively. The occupation num-

ber n. (k) indicates whether the state k,j,o is full or empty and is

responsible for discontinuities in p (p) at the Fermi surface, the so-

called Fermi breaks.

Before engaging in a full calculation of the momentum density it is use-

ful to investigate its symmetry properties. Owing to the translational

symmetry of the crystal an electron with wave vector k contributes to

the momentum density p (p) at p = k+G, where G is a vector of the re-

ciprocal lattice. The rotational symmetry, described by the point group
19T., results in a selection rule which allows one to locate the planes
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BAND 13 BAND 14

Fig. 5-2. The sheets of the Fermi surface for the majority-spin bands

12, 13 and lH. (From Ref. 28)

10.0.0) •

o
• Mn

• Sb

' A 10.0.1) ..

(0.0.1)

10.0.0)

(1.1.1)

(1.1.0)

llllff
I0.0.0I

(a) 11.1.0) (b) H.1.01

Fig. 5-3a. Positron probability density |*+{r)| in the { 1 1 0 } planes

of NiMnSb. The high peaks correspond to the empty lattice

positions of the atoms (see inset).

b. Same for 'Ni^MnSb' , obtained by placing additional Ni atoms

at the empty lattice positions (dashed in the inset) of

NiMnSb. (From Ref. 28 )
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Table 5-1- Observability of energy bands for momenta p in the T z lat-

tice, p stands for all vectors related by cubic symmetry,-

indicates a zero contribution to p(p), + a nonvanishing con-

tribution to p(p), and . means there is no reciprocal lattice

vector connecting the wave vector k of the symmetry type in

the first column to this type of p vector. K, n and c; are

all different and nonzero.

Energy band

Px

p y

pz

0

0

0

0

0

0 !

5 s

i 0

i n

Tl

n

n

t;

Z S
Z2 b2

L A
L2 A2
L3 A3

J

a
The symmetry labels are according to Ref. 16.
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and lines of symmetry on which the momentum density corresponding to

energy bands of a specific irreducible representation vanishes. Hart-

hoorn and Mijnarends have collected the results of this selection rule

in a set of tables for the simple cubic (0L>. fcc (0^) and bcc (0^)

structures. Similar results for the point group T,, based on the charac-

ter tables given by Parmenter, are presented in Table 5-1. A compari-

son with the corresponding tables for the fee (0?) structure shows that

the lower symmetry of the T,J space group results in fewer restrictions

on the observability of energy bands.

The spin-dependent momentum density of annihilation photon pairs p, (p)
21

was calculated using a plane-wave formulation of the KKR method.

P (p) was calculated for ~56000 p vectors distributed over l/48th of

a sphere of radius k.O a.u. Figures 5-^a and b show the total

majority-spin momentum density p+ (p) and the contributions of individ-

ual bands to it along the <001> and <111> symmetry directions in momen-

tum space. In accordance with Table I the Fermi breaks along the <001>

and <111> directions are caused by band 12 {t1 and A, respectively)

crossing the Fermi level; those along <110> (not shown here) due to the
2T

Zi bands 12 and 13. Since band 13 contributes very little to p along

<110> the breaks due to that band are very small. There are no partly

filled minority-spin bands. Hence p (p), shown in Fig. 5.5a and b, is

everywhere continuous.

To investigate how the uneven positron probability density affects the

Fermi breaks in p+ we have also calculated the electron momentum den-

sity p (p) for Compton scattering, which follows from Eq. (5-2) by set-

ting Q = l. It is clear that p , shown in Fig. 5-6, is very similar to
2T

P+ . The Fermi breaks in the two distributions are of the same magni-

tude. This shows that the pronounced positron affinity to the empty lat-

tice sites hardly affects the sampling of the partly filled bands by the

positron.

5.3- Discussion

Our calculations show that the difference in character of the two elec-

tron spin populations is clearly reflected in the spin-dependent momen-

(Text continues on p. 85)



- 82 -

(a) (b)

0.8

la

Fig. 5.4a. Momentum density of annihilation photon pairs along the di-

rection TX for positrons annihilating with the majority-spin

electrons in NiMnSb. The thin curves represent the contribu-

tions of the various bands. The dashed parts correspond to

unoccupied states, heavily drawn curves give the total of all

bands. The arrows indicate the Fermi breaks,

b. Same for PL.

(From Ref. 28)
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(a)

Fig- 5-5&- Momentum density of annihilation photon pairs for positrons

annihilating with the minority-spin electrons along PX.

b. Same for I"L.

(From Ref. 28 )



0.8

Fig. 5.6. Momentum density for Compton scattering of the majority-spin

electrons along TX (From Ref. 28) .

Fig. 5-7- Folded momentum density of annihilation photon pairs along TX

and TK for annihilation with the majority-spin (drawn) and

minority-spin electrons (dashed). (From Ref. 28 )
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turn densities. Since in the experiment the positron beam is only par-

tially polarized it is not possible to measure 2D-ACAR distributions for

both spin directions separately. However, a difference measurement with

an external magnetic field parallel (t) or opposite (*) to the positron

polarization yields, after normalization of each of the measured dis-

tributions to unit volume under the distribution.

fPjPy.PZ)

" N2T(py,Pz) = -P (5.3)

where p (p ,p ) = /p (p)dp and p = /p (p)dp, and P denotes the average

polarization of the e beam. If the e polarization is known it is

possible to separate the contributions of the two spin populations to

N2T.

A powerful tool in the analysis of 2D-ACAR data is the Lock-Crisp-West

(LCW) procedure. This method of analysis, sometimes referred to as LCW

folding, enhances Fermi-surface related structure in the data at the

expense of information connected with the wave functions. In its

three-dimensional form it is equivalent to summing the momentum den-

sities at equivalent points p = ic+6 in all Brillouin zones, i.e..

ho(£) = 2 P O(S+8) - S nJo(£)hjo(ic). (5-4)

S J

Here h (k) is the LCW folded total momentum density and h. (k) the cor-

responding quantity for the j-th band. If the positron wave function

*(r)=l in Eq. (5-2), i.e., in the case of Compton scattering, h. (k) is

constant owing to wave function normalization and hence h (k) « X n. (k)

i.e., proportional to the total number of electrons with wave vector k.

Thus, for the minority-spin band one would expect h_(k) to be indepen-

dent of it throughout the zone. However, as Rabou and Mijnarends '

have shown, for more realistic positron wave functions substantial de-

viations can occur. These are also present in NiMnSb, as shown in Fig.

5.7: the folded minority spin density h (k) is far from flat.
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An interesting feature is visible in the momentum densities of the unoc-

cupied states in bands 12 and 15 (for both positron annihilation and

Compton scattering) near p=0. The density Pi2+(p) shows a very sharp

peak which stems from the Pt level at 0.863 Ry. A corresponding sharp

dip is found in p, 5 (p). The detailed behaviour of these densities is

shown or\ an expanded |k| scale along TX in Fig. 5.8a. When added, the

peak and the dip just cancel. The corresponding bands are shown in Fig.

5.8c. Examination of the compatibility relations for the T,J space
22

group and the selection rule in Table 5.1 provides an explanation for

this peculiar behaviour. Bands 12 and 15 are both A, bands with a nonze-

ro momentum density along <00?>. They hybridize at r. Band 15+ connects

to the p-like r\ level which has a vanishing momentum uennity at p=C.

Hence, a transfer of momentum density must take place from band 15 to

band 12 (which connects to the s-like Pj level) as one approaches p=0.

Since the two At bands nearly touch at r (the gap between P, and Pj is

only 26 mRy) but diverge rapidly as |k| increases, the momentum density

transfer takes place very suddenly. This explains the sharpness of the

peak and dip in Fig. 5-8a. A similar situation is found for the

minority-spin momentum densities P>2_(P) and Pis_(p). These features are

sharper as for the majority-spin band because the hybridization of the

two minority-spin Aj bands is not quite as strong and hence the momentum

density transfer is less gradual. Since the LCW theorem must hold for

each band separately, Pu ±(p) and pls±(p) must alsc be affected in the

vicinity of other P points in p space. It explains for instance the sud-

den drop in Pi2v(p) near p = 2n/a(0,0,2), visible in Fig. 5-^a. Indeed,

LCW folding of the momentum densities in band 12 and band 15 for Compton

scattering, involving summation over various numbers of reciprocal lat-

tice vectors upto a maximum of 3000, yields a result which tends to

unity for each of these bands over the interval 0 £ ak /2n i 0 15 stu-

died. Obviously, experimental observation of the sharp features descri-

bed here is impossible in NiMnSb since the electron states froa which

they originate are empty. If both hybridizing bands are situated helow

the Fermi level these features are equally unobservable as they cancel

in the total momentum density p(p). Only when the Fermi level lies be-

tween the two bands can structure like this occur in p(p).
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(a) 0.10

0.05

(b)

(15)

0.05 0.10 0.15
apx/2TT

0 0.05 0.10 0.15
apx/2TT
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0 0.05 0.10 0.15
akx/2TT

Fig. 5-8. Momentum density of annihilation photon pairs and band struc-

ture for bands 12 to 15 along TX in the neighbourhood of p=0

for (a),(c) the majority-spin electrons and (b),(d) the mino-

rity-spin electrons. Band indices are given in brackets.

The content of this chapter corresponds to Ref. 28. However, due to the

correction of a programming error, the band structure presented here

differs in minor detail. The deviations which are scarcely visible on

the scale of Fig. 5.1, become apparent when Fig. 5.8 is compared with

Fig. 10 in Ref. 28. The purport of the discussion of Fig. 5.8 »*>.&, more

importantly, the presented momentum-density results are not influenced.
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POSITRON-ANNiHILATION STUDY OF THE HALF-METALLIC
FERROMAGNET NiMnSb: EXPERIMENT

This chapter presents the results of spin-polarized 2D-ACAR measure-

ments on NiMnSb. By making use of the inherent partial polarization

of the positron beam and by aligning the electron-spin populations

with the aid of an external magnetic field, the sum and difference of

the spin-dependent contributions to the angular correlation have been

obtained. The measurements have been performed for integration direc-

tions <100>, <110> and <111>. The results are compared to calculated

distributions obtained by once integrating the momentum-density re-

sults presented in the previous chapter. A least-squares analysis of

the LCW-folded data yields a value for the '3"f difference effect1 in

NiMnSb, and more importantly, allows the half-metallic features of

the band structure to be tested. The latter is done by performing

similar fits for a model in which small numbers of the electrons near

the Fermi level are transferred from one spin population to the other

one. These transfers are brought about by Stoner-like shifts of the

Fermi level in the majority-spin and minority-spin band structures

such that the total number of electrons remains constant. The fits

clearly show that for NiMnSb the band occupation corresponds to the

half-metallic state. The occupation is determined with an accuracy

better than 0.03 electrons/unit cell. This accuracy could be obtain-

ed since the analysis was based on an a priori knowledge of the

shape of possible minority-spin Fermi surfaces. The precision is

better than one could expect from an interpretation of purely experi-

mental data; i.e. a direct estimation of the size of the electron or

hole pockets from structure in the measured ACAR distributions.

6.1. Polarized positron annihilation

Jr> this section relations will be derived which connect the spin-

dependent momentum densities to the effect of a magnetic field on
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experimental ACAR distributions. These relations can be cast in sev-

eral forms. A form will be presented which is convenient for analy-

zing the momentum-density contributions of band electrons, while

being insensitive to those of the core electrons.

1-8
In a polarized positron-annihilation experiment use is made of the

following circumstances:

- The e beam emitted by a radio-active source (ill OUP C&Se Ns)

possesses an average polarization P along the axis of the beam as a

result of the non-conservation of parity in p-decay.
- Electron-positron annihilation takes place from a singlet or trip-

let state resulting in the production of two or three photons,

respectively. Thus two-photon annihilation only takes place between

a positron and electron with opposite spin.

Consequently, an electron-spin polarization in the sample oriented

(anti)parallel to P results in preferential annihilation of the majo-

rity (minority)-spin electrons. By measuring the angular correlation

N(P ,p ) for two opposite directions of the magnetic field, i.e. par-
y z

allel («•) and antiparallel (*) to the positron polarization, a mag-

netic difference distribution.

„,„•*,

and a magnetic sum distribution

lN{p ,p ) = N (p ,p ) + N (p ,p ) =
V Z T V Z 4* y 2

p+(p ,p ) P.(PV.P_) .
y z + *—£- + o(io

are obtained (see Ref. 6. and also appendix 6a).
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Here p (p ,p,T) = /p (p) dp and p = /p(p) dp are integrals of the

calculated majority (o = +) and minority (a = -) momentum densities

with respect to one or all three momentum components. The measured

distributions, N (p ,p ) and N (p ,p ), are normalized to unit volume

under the distribution. If P were known it would be possible to sep-

arate the contributions of the two spin populations to N(p ,p ).

When Eqs. (6.1) and (6.2) are used to compare the measured distribu-

tions N . .(p ,p ) with calculated (once-integrated) densities

p (p ,p ), one should bear in mind that the calculations presented in
a y z
chapter 5 refer to the band electrons only. The core contributions

to p (p ,p ) and p are not included. Of course, in principle it iscr y z J
possible to calculate these contributions. In such a calculation the

electronic core states can be approximated by free-atom wave func-
q

tions, which have been tabulated by Herman and Skillman . A more

elaborate treatment is possible when use is made of the results of a

band-structure calculation in which the core states are not frozen,

but recomputed for each iteration. However, reliable core momentum

densities in metals can only be obtained after inclusion of posi-

tron-electron correlation effects. These effects are relatively small

(for Al the ratio of average valence to core enhancement factors is

1.58, see Ref. 10), but unfortunately strongly p dependent . In our

analysis enhancement was not taken into account. However, since the

core contributions will be spin-independent to a good approximation,

a fit procedure can be performed in which lN(p ,p ) and AN(p ,p ) are
y z y z

linearly combined in such a way that the core contributions are elim-

inated:

• ClN(Py(pz) - ^ j _ [p_(Py.Pz) " P+(Py.Pz>] (6-3)

(Equivalent formulas can be found in Refs. 2 and 3)- The fit par-

ameter

P _ P +
= P— (6.4)
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is to a good approximation equal to the '3T difference effect' '

P 3 T ,

p

r

P_

p

t

" P +

+ p i
l

P z =

+ 3

0

P_ - P +

P + P
= C, (6.5)

3Y

where N . . is the field-dependent rate of 3T events in a plane per-

pendicular to the magnetic field (this effect is three-fourth as

large as the effect which would be observed if all 3T events were de-

tected2) . As the right-hand side of Eq. (6.3) only contains the dif-

ference of the minority-spin and majority-spin momentum densities,

the core contributions will cancel to a good approximation. Equa-

tions (6.1) to (6.3) are equally applicable when the experimental and

theoretical 'LCW-folded' distributions F . ,(p ,p ) and h (p ,p ) are
*(*) y z' ovty f*V

substituted for the corresponding momentum distributions N /^s(P .P )

and Po(pylpz).

The foregoing analysis leads to the following conclusion. A fit pro-

cedure which makes use of Eqs. (6.1) and (6.2) yields two residuals,

the minimization of which produces an estimate of the core contribu-

tion to p (p ,p ) and the positron polarization P. On the other hand,

o y z

an analysis based on Eq. (6.3), although yielding a single residual,

contains only one fit parameter: C. This parameter can be deter-

mined by a simple least-squares approximation (see appendix 6b).

Hence, the latter procedure is more straightforward than the first

one and has therefore been used in the analysis of the NiMnSb data.

6.2. Sample preparation

The NiMnSb single crystal, which was used for all three integration

directions, was provided by K.H.J. Buschow from Philips Research Lab-

oratories. It was prepared by arc melting in an atmosphere of puri-

fied Ar gas. The purity of the starting materials was 99.3%. The
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sample was shaped in the form of a disk with a diameter of approxima-

tely 8 mm. In order to avoid gradients in the T-ray intensities on

the detectors resulting from angle-dependent T-ray absorption in the

sample, the face of the sample, which is illuminated by the posi-

trons, is not normal to the e beam but is bevelled over approxima-

tely V .

Positrons are incident along the p axis which coincides with a di-

rection of symmetry in the crystal. For the measurements with inte-

gration direction [110], p = [221] and the sample was shaped by

means of mechanical polishing followed by electropolishing. For the

measurements integrated along [001] and [111] the sample was reshaped

by means of spark erosion in such a way that p = [110] and subse-

quently electropolished. The spark-erosion treatment was performed

by A.J. Riemersma of the University of Amsterdam. After each shaping

procedure the sample was carefully annealed at 400°C after which

X-ray diffraction showed the sample to be nearly single phase with a

mosaic spread less than 1°. Subsequent positron-annihilation lifetime

measurements, performed by J. de Vries of the University of Technol-

ogy of Delft resulted in a lifetime spectrum with three components

{see Table 6.1). x, is a source term, x, is ascribed to annihilation

in the bulk, while x8 possibly is a mixture of a source term (360 ps,

8 ± 1%) and a second component due to annihilation from a shallow

trap at the empty (i, i, i) position in the Cl. structure (see Fig.

1.2). There were no indications for the presence of vacancies. Micro-

probe spot measurements and line scans, performed by A.C. Letsch

of the Department of Chemistry and Materials Science of ECN, demon-

strated that the atomic percentages of Ni, Mn and Sb atoms in the

sample are equal to a good approximation. (The penetration depth of

the electron beam was - 1 urn). Measurements on a partly electro-

polished sample showed no detectable changes in composition due to

electropolishing.



Table 6.1. Results of the positron-lifetime measurements in NiMnSb.

lifetimes (ps) intensities {%)

•c, 162 I, 79 bulk

T2 319 I; 19 bulk/source

I3 3 source

6.3- Results

The measurements yield momentum densities integrated along p , the
^ x

component of p connecting the detectors. In consecutive measurements

the sample was oriented with p within 1" of a <100>, <11Q> or <111>

direction. Results for the 2D-ACAR difference effect are presented in

Figs. 6.1 to 6.3. Figures 6.4 to 6.6 show the LCW-folded distribu-

tions. The measurements are given in combination with theoretical re-

sults, which were obtained from the calculations in chapter 5 accor-

ding to Eq. (6.1). The rather featureless sum distributions are not

shown. The LCW folded distributions integrated along <100> in Fig.

6.4 clearly show the necks of the Fermi surfaces of band 13 and 14

(see Fig. 5-2). The electron sheets of band 13 and 14 form a tube

system (notice that Fig. 5-2 shows the Fermi surface in the form of

hole sheets). The <110> integrated distributions in Fig. 6.5. reveal

the tubes and their crossings. Fig. 6.6 shows the <111> integrated

measurement, which has th° expected 3~fold symmetry. The structure

manifested here is mainly due to the nested bellies of the Fermi-sur-

face sheets.

The contribution of thermal e motion to the angular resolution is

given by O.Q306/m*T mrad FWHM (see section 3.2), where m* is the ef-

fective positron mass. We have estimated the e contribution by sub-

stituting m* by the positron band mass, which equals 1.3 m0 in

NiMnSb. The resulting resolution is .irobably underestimated, as it

is known that positron-electron and positron-phonon interactions with

(Text continues on p. 101)
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1 a. u

i

Fig. 6.1. Difference between the (once integrated) momentum densities

of the minority- and majority-spin elections in NiMnSb,

measured with polarized positrons. The direction of inte-

gration is <100>. Top: experiment, bottom: theory.



1 a. u

Fig. 6.2. Same as Fig. 6.1 for integration direction <110>.
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1 a.u

Fig. 6.3. Same as Fig. 6.1 for integration direction <111>.
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Fig. 6.4. LCW folded distribution of

the experimental difference

effect. The direction of

integration is <100> •

1 a. u

Fig. 6.5. Same as Fig. 6.4 for inte-

gration direction <110>.

Fig. 6.6. Same as Fig. 6.4 for inte-

gration direction <111> .
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accompanying quasiparticle lifetime effects contribute to m and thus
12 *

to the thermal smearing . Experimental values for m in metals and

semiconductors lie between 1.2 m0 and 2.3 m0 . However, since in

our case the e contribution to the resolution is relatively small

and the total resolution is determined by a square root of a sum of

squares, a greater effective mass would not substantially change the

result.

The experiments integrated along <110> were performed at T = 27 K.

After improvements of the cooling system the measurements integrated

along <100> and <111> could be performed at 8 K. This improved the

angular resolution slightly (see Table 6.2). The sampling points of

all distributions lie on a mesh with a bin size of 0.28 x 0.28 mrad2 .

For each integration direction we have measured for two opposite di-

rections of the magnetic field. A background due to accidental coin-

cidences has been subtracted. The total accumulated number of counts

of the distributions thus corrected is given in Table 6.2. Subse-

quently the distributions have been corrected for the experimental

angular efficiency function. Finally the magnetic sum and difference

effects have been calculated.

In order to facilitate the LCW folding of the experimental data it

was necessary to interpolate the magnetic sum and difference dis-

tributions prior to folding to make the sampling mesh commensurate

with the reciprocal lattice (the lattice constant a = 11.187 a.u.,

see Ref. 16). During this interpolation we simultaneously rotated

the coordinate system to make it coincide with that of the calculated

distributions. The broadening effect on the angular resolution cau-

sed by this procedure was estimated by performing the same interpola-

tion procedure on a positronium peak measured in quartz. The widths

of the interpolated peaks were obtained by a gaussian fit. The re-

sults of this analysis are given in Table 6.2. Furthermore, to reduce

noise the distributions shown in Figs. 6.1 to 6.6 were smoothed on a

5x5 mesh. By the combined effect of interpolation and smoothing the

resolution deteriorated to approximately 1.0 x 0.9 mrad2 FWHM. In the

least-squares fits of the calculated LCW distributions to the experi-

mental ones, however, the unsmoothed distributions were used. The
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Table 6.2. Characteristics of the measurements. The data for the ac-

cumulated count per magnetic field direction (N) have been

corrected for a background due to accidental coincidences.

The angular resolution (Ap) and the angular resolution af-

ter interpolation (Ap.) include a broadening due to ther-

mal e motion.

integration

direction

T(K) Ap (mrad2 FWHM) Ap. (mrad* FWHM)

<100> 9.
8.

6.

10'

10'

10'

8

27

8

0

0

0

.55

.58

.55

X

X

X

0

0

0

.36
AO
.36

0

0

0

.61

.62

.55

X

X

X

0

0

0

• 59
.46
.36

Table 6.3- Results of the least-squares approximation. In addition to

the results for P_^, the number of degrees of freedom (v)

and the normalized chi-squared values (X2/v) are given.

integration

direction

<100>

<110>

<111>

P

8
8
8

3Y

A
A
• 5

X

±

±

±

103

0.1

0.2

0.1

V

495
351
558

1

l

1

/v

.3

.0

.5
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theoretical data were convoluted with the experimental resolution

(given in the last column of Table 6.2) by means of Hermite-Gauss

quadrature . The fitting procedure yielded the constant C in Eq.

(6.3) and hence, through Eq. (6.5). the approximate value of P^y, the

3T difference effect. The values of P_ obtained from fits for the

three symmetry directions are shown in Table 6.3- These results are

very satisfactory in that the three values obtained are equal within

the experimental uncertainty and of the same order as those measured

by Berko and Mills in Gd and Fe2.

The key question underlying the present study was whether the elec-

tronic band structure of NiMnSb is indeed half metallic as predicted

by theory. This can be investigated by studying the quality of the

fits for modelled band structures, which are obtained by slightly

raising the Fermi level for one spin population and lowering it for

the other such that the total number of electrons remains constant.

This is equivalent to transferring a small number of electrons form

one spin population to the other by applying a variable Stoner shift.

A fraction of 0.02, 0.0k and 0.06 electrons/atom was successively

moved either way. (Per fraction of 0.02 electrons the majority-spin

Fermi level had to be raised or lowered by ~ 2 mRy. The corresponding

shifts in the minority-spin Fermi level amounted to 3 mRy/0.02 elec-

trons apart from the obvious extra shift to overcome the gap). For

all these different band populations the once-integrated momen-

tum-density distributions were computed. The corresponding values of

X2/v from the fits of C (or ?„„) are shown in Fig. 6.7 as a function

of the number of electrons moved. All three minima lie in the range

between 0 and 0.03 el./unit cell. The fit of the <100> data is par-

ticularly sensitive and has its minimum at 0.00 el./at., i.e. for

the half-metallic state. The sensitivity can be explained by the

fact that the minority-spin Fermi-surface pockets which arise as a

result of electron transfer (hole pockets around f or electron pock-

ets around X) line up most favourably in a <100> integration.
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2.5

2.0 -

X

1.5 -

1.0 -

-0.050 -0.025 0.000 0.025 0.050 0.075

Fig. 6.7- Normalized chi-squared as function of the number of elec-

trons n transported from the minority- to the majority-spin

distribution.
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The claim of having resolved structures in reciprocal space corre-

sponding to 0.03 el./unit cell rests on the use of a least-squares

fits between theory and experiment. Direct observation of these

structures is beyond our capacity at the present statistical accu-

racy. Fermi-pockets of this volume would have a diameter somewhat

less than 2 mrad, which is about three times the width of our angular

resolution. However, the momentum dependence of the matrix elements

prevents observation of the hole pockets around r in the first Bril-

louin zone. Only in the neighbourhood of the points p = <111> the

contributions to the momentum density are appreciable (~0.l4). States

in the electron pockets around X contribute modestly at points <100>

and <110> (in both cases -0.05). The relatively high minimum values

of X2/v for the <100> and <111> orientations imply systematic errors

in the model used. An important source of error may be the neglect of

enhancement in the calculated momentum density and LCW distributions.

In view of the uncertainties besetting the introduction of enhance-

ment in momentum density calculations no attempt has been made to

remedy this point. Other sources of error probably of lesser import-

ance, may be formed by simplifying assumptions in the KKR theory of

band structure such as the muffin-tin form of the crystal potential.



- 106 -

Appendix 6a. Basic theory of polarized positron annihilation

Electron- positron annihilation takes place through a singlet or

triplet state resulting in the production of two or three photons

respectively (conservation of charge parity). If the spins of the e

and e are antiparallel, annihilation through the singlet and the m=0

triplet channel is equally probable. Parallel spins lead to the for-

mation of the triplet state only. Therefore a 2D-ACAR experiment on

a ferro- or ferrimagnetic material with an e beam fully polarized

in a direction antiparallel to the majority (minority) spin yields a

two-photon angular correlation N , . (p ,p ) given by

it
where

Ka = i(As + V /p
o
(P)dP + At ;p-a

is the total annihilation rate of positrons in the polarized beam.

Here a = +(-) is the spin-index, p (p) the spin-dependent momentum

density which in the independent particle model is given by Eq. (4.1)

and A and A are the 2T- and 3T~annihilation rates respectively,

with a ratio1 A /A a 1134. In practice the e* beam is only par-
s t

tially polarized. A measurement of the separate electroro^in popula-

tions is therefore not possible. However, as was shown by Berko and

Mills and later by Rabou , the sum and the difference of the

spin-dependent contributions to the angular correlation can be rea-

dily obtained from measurements at two opposite directions of the

magnetic field.

Since in a ferromagnetic material the majority of the spins is poin-

ting in a direction opposite to the magnetization whereas the polari-

zation of the e beam is not coupled to the magnetic-field direction,

a 2D-ACAR measurement with an external magnetization parallel (t) or

antiparallel (*) to the average e polarization P yields
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N t (^(P y.P z) • i(l+P)N+(_)(py,pz) + i(l-P)N_( + )(py,pz) (6.8)

With the help of Eqs. (6.6) and (6.7) we find

AN(p ,p ) = N (p ,p ) - N (p ,p ) =

= P(l-3a) [ * /' Z " /' Z ] + OUCf5) (6.9)

and

lN(p ,p ) = N (p ,p ) + N (p ,p ) =

P+(P ,P ) P_(p ,p )
[ / z + f—*-] * 0(10 5) (6.10)

Here p (p ,p ) = /p (p)dp , p /p (p)dp and a = A /A . The term
o y z u x u O t o

(l-3a) in Eqs. (5.4a) and (5.4b) can be eliminated by normalizing the

measurements N (p ,p ) and N (p ,p ) to unity.
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Appendix 6b. Determination of the 3T-difference effect by means of a

least-squares fit

The data consist of the magnetic difference and sum distributions,

AN(p ,p ) and lN(p ,p ). A linear combination of these distributions

is adjusted by means of variation of the parameter C to the differ-

ence of the calculated (once-integrated) minority-spin and majority-

spin momentum densities, p_(p ,p ) and p+(p ,p ).

Equation (6.3) shows that there is a linear dependence between the

variables

and

X = lN(py.pz) - j ~ [p.(py.Pz) " P+(Py.Pz)]-

By fitting a number of data points (X.,Y.) to an equation of the form

Yi= CX., the coefficient C which is equal to the geometrical 3T-dif-

ference effect can be determined. The value for C will be small (<

0.01, see Ref. 2). The relative error in ZN will be insignificant for

a determination of the error in this coefficient. So we have the

standard situation for a least-squares approximation: All uncertainty

is ascribed to the dependent parameter Y, while X is assumed to be

exactly known.

As a result of the least-squares fit we find

X.Y. X.

C = I - 4 ^ / I -TT (6-lD
i o. i o.

l I

in which a. gives the standard deviation in the quantitiy Y.. The

standard deviation in C is given by

°-c = i / VI r r (6.12)
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SUMMARY

In the present study the electronic structure of NiMnSb is investi-

gated by means of spin-polarized measurements of the angular correla-

tion of annihilation radiation. NiMnSb is predicted to be a half-me-

tallic ferromagnet: the electrons of one spin direction are metallic,

whereas the electrons of the opposite spin direction are semiconduc-

ting. The key question underlying this thesis was whether this is in-

deed true. Until now no unambiguous experimental proof of the exis-

tence of half-metallic ferromagnetism has been given.

Chapter 2 of this thesis, which follows a general introduction, de-

scribes the angular correlation set-up. The measurements are perfor-

med in a two-dimensional geometry, so that both angles in the angular

correlation could be resolved. The measured distributions correspond

to once-integrated two-photon momentum densities. By making use of

the inherent partial polarization of the position beam and by alig-

ning the electron-spin populations in the sample by means of an ex-

ternal magnetic field spin-polarized results can be obtained. After a

short summary of the treatment of the (raw) angular-correlation data

in chapter 3. the application of the Korringa-Kohn-Rostoker (KKR)

formalism to the calculation of the two-photon momentum density is

discussed in chapter k. Finally, in chapters 5 and 6, the results

for NiMnSb are presented and analyzed.

To interpret the NiMnSb data the electronic structure, the Fermi

surface and the two-photon momentum density have been calculated via

the KKR method. The calculations, based on self-consistent poten-

tials evaluated according to the augraented-spherical-wave method,

were performed scalar relativistically. From the measured distribu-

tions we have obtained the sum and difference of the spin-dependent

momentum densities once integrated along three different directions

in p space, namely <100>, <110> and <111>. The difference distribu-
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tions show a clear impression of the majority-spin Fermi surface. A

good quantitative overall agreement between theory and experiment is

established. From this analysis a value for the 'three-photon differ-

ence effect' in NiMnSb is obtained: P,. = (8.** ± 0.1).10"^. To test

in particular the half-metallic nat'-ire of the band structure the ex-

perimental distributions are compared with theoretical ones obtained

from modelled band structures in which small numbers of electrons

near the Fermi level are transferred from one spin population to the

other. The best agreement is obtained for a band occupation in which

no electrons were transferred, i.e. for the half-metallic state.
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SAMENVATTING

In de hier gepresenteerde studie wordt de elektronenstructuur van

NiMnSb onderzocht door middel van spin-gepolariseerde metingen van de

hoekcorrelatie van annihilatiestraling. Er is voorspeld dat NiMnSb

een halfmetallische ferromagneet is: de elektronen van één spinrich-

ting zijn metallisch, terwijl de elektronen van de tegengestelde

spinrichting halfgeleidend zijn. De kernvraag die ten grondslag ligt

aan dit proefschrift is of dit inderdaad het geval is. Tot nu toe is

er geen onomstotelijk experimenteel bewijs geleverd voor het bestaan

van halfmetallisch ferromagnetisme.

Volgend op een algemene inleiding in hoofdstuk 1, behandelt hoofdstuk

2 de hoekcorrelatie-opstelling. De metingen zijn uitgevoerd in een

tweedimensoniale geometrie, zodat beide hoeken in de hoekcorrelatie

konden worden opgelost. De gemeten verdelingen corresponderen met

eenmaal geïntegreerde impulsdichtheden voor de annihilatiequanta.

Door gebruik te maken van de gedeeltelijke polarisatie van de posi-

tronenbundel en door de elektronenspinpopulaties in het preparaat op

te lijnen met behulp van een extern magnetisch veld kunnen spin-gepo-

lariseerde resultaten verkregen worden. Na een korte samenvatting

van de behandeling van (ruwe) hoekcorrelatiedata in hoofdstuk 3.

wordt in hoofdstuk 4 de toepassing van het Korringa-Kohn-Rostoker

(KKR) formalisme op de berekening van de impulsdichtheid voor annihi-

latiequanta behandeld. Uiteindelijk, in hoofdstuk 5 en 6, worden de

NiMnSb resultaten gepresenteerd en geanalyseerd.

Voor de interpretatie van de NiMnSb data werden de elektronenstruc-

tuur, het Fermi-oppervlak en de impulsdichtheid van annihilatiequanta

uitgerekend volgens de KKR methode. De berekeningen, gebaseerd op

zelfconsistente potentialen verkregen via de methode van geaugmen-

teerde sferische golven, werden in de scalair relativistische benade-

ring uitgevoerd. Uit de metingen werden de som en het verschil ver-



kregen van de meerderheidsspin- en minderheidsspin-impulsdichtheden,

geïntegreerd langs drie verschillende richtingen in de impulsruimte,

namelijk <100>, <110> en <111>. De verschilverdelingen geven een goe-

de indruk van het Fermi-oppervlak voor de meerderheidsspinelektronen.

Een goede kwantitatieve overeenkomst tussen theorie en experiment kon

worden geconstateerd. De analyse leverde een waarde voor het

'drie-foton-verschil-effect' in NiMnSb: P_T = (8.4 ± 0.1)'lef
3. Om

meer in het bijzonder de halfmetallische eigenschappen te testen zijn

de experimentele verdelingen vergeleken met theoretische verdelingen

afkomstig van bandenstructuurmodellen waarin een klein aantal

elektronen in de buurt van het Fermi-niveau verhuisd werden van de

ene spinpopulatie naar de andere. De beste overeenkomst werd verkre-

gen voor een bandbezetting waarin geen electronen werden verhuisd,

d.w.z. voor de halfmetallische toestand.
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