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Positron-annihilation study of the half-metallic ferromagnet NiMnsb: Experiment
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Spin-polarized measurements of the two-dimensional angular correlation of annihilation radia-
tion in NiMnSb are presented. By making use of the inherent partial polarization of the positron
beam and the alignment of the magnetic domains with the aid of an external magnetic field, the sum

and difference of the spin-dependent contributions to the angular correlation have been obtained for
integration directions (100), (110),and (111).The results are compared with calculated distribu-

tions. A least-squares analysis of the data yields a value of (
—8.4+0. 1)X 10 ' for the three-photon

difference effect in NiMnSb and establishes the half-metallic character of the band structure with an

accuracy of —+0 02 electrons per formula unit.

I. INTRODUCTION

Half-metallic ferromagnets have raised considerable in-
terest in recent years. Band-structure calculations for
these materials yield a surprising result: the band struc-
ture for one spin direction is metallic, while that for the
opposite spin direction has a gap straddling the Fermi
level, a situation typical of a semiconductor. ' The C l b

Heusler compound NiMnSb is a prototype of this class of
systems. This paper describes an investigation of the
electronic structure of NiMnSb by a measurement of the
two-dimensional angular correlation of annihilation radi-
ation (2D-ACAR) X(p,p, ),

N(p, p, )=C J p(p)dp„. (1)

Here p(p) is the two-photon momentum density, p is the
total momentum of the annihilation quanta, and C is a
geometry-dependent constant. Spin-polarized results
have been obtained by making use of the inherent polar-
ization of the positron beam. A comparison of these ex-
perimental data with the calculated momentum density
of annihilation photon pairs provides information on the
electronic structure, in particular on the geometry of the
Fermi surface.

There is limited experimental information pertaining to
the electronic structure of ferromagnetic materials such
as NiMnSb, ' PtMnSb, ' "' CoMnSb, " Cr02, ' and
NiUSn, ' which are all predicted to be half-metallic. Al-
though many of the results found are not inconsistent
with the band structures calculated for these materials,
these experimental studies do not give direct evidence for
the existence or nonexistence of half-metallic magnetisrn.
The data on NiMnSb, for instance, are mainly of optical
origin. ' However, the presence of the surface causes
segregation in NiMnSb, leading to Sb enrichment of the
surface. Hence surface-sensitive techniques may not be
adequate to test the half-metallic nature of NiMnSb. For
a 2D-ACAR experiment, on the other hand, segregation

in the outermost layers of the sample is unimportant as
the average implantation depth of the positrons' (-40
pm) is sufficiently large to guarantee annihilation with
electrons in the bulk. This fact, together with the possi-
bility of performing spin-polarized measurements, makes
the angular correlation technique ideally suited to test
the half-metallic properties of NiMnSb.

The outline of this paper is as follows. The theory of
polarized-positron annihilation is briefly discussed in Sec.
II. It is shown how, after proper normalization of the
measured spin-polarized 2D-ACAR distributions, the
comparison between experiment and theory can be cast
in the form of a one-parameter least-squares fit. Section
III describes the sample preparation„while the experi-
mental results are presented in Sec, IV. These results are
compared with theoretical distributions, calculated by
Hanssen and Mijnarends' on the basis of the Korringa-
Kohn-Rostoker (KKR) method. Section V addresses the
key question of this paper, namely the half-metallic char-
acter of the band structure of NiMnSb. A rigid-band ap-
proach is adopted and the Stoner splitting between the
two spin bands is varied, causing a transfer of electrons
from one electron-spin population to the other. The
spin-dependent momentum distributions are calculated
for varying amounts of electron transfer and compared to
the experimental data, thus allowing us to draw con-
clusions concerning the position of the Fermi level with
respect to the two spin bands, and hence about the half-
metallic character of the compound.

II. POLARIZED-POSITRON ANNIHILATION

In polarized-positron annihilation experiments' use is
made of the fact that the positron beam emitted by a ra-
dioactive source possesses an average polarization P
along the axis of the beam as a result of nonconservation
of parity in P decay. The source used in this experiment
is a Na line source' with P =0.32o Two-photon annihi-
lation only takes place between a positron (e+) and an
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The two expressions can be combined to give'

—hN (p,p, )+C gN (p,p, )

2C
lp (p, p. ) p+—(p, p,—) j .

p — p+

(2)

(3)

(4)

Here p (p~,p, ) = fp (p)dp„and p
—= fp (p)dp are in-

tegrals of the computed majority-spin (+) and minority-
spin ( —) momentum densities, while

C=PP- '
p —+p+

(5)

When Eq. (4) is used to compare the measured distribu-
tions Nt~ ) ~(p,p, ) with calculated (once-integrated) den-
sities p (p,p, ) there is only one fit parameter, C, which
may be determined by a least-squares analysis. ' In the
Appendix it is shown that, apart from a geometry-
dependent factor, C equals to a good approximation the
three-photon difference effect P defined by'

N', ~ —N3&~

N +Nl

(6)

where N &~&i is the field-dependent rate of 3y events.
Equations (2)—(4) are equally applicable when the experi-
mental and theoretical mornenturn distributions
N)~&~(p, p, ) and p (p,p, ) are replaced by their "Lock-
Crisp-West (LCW) -folded" counterparts, F&I&~(p,p, )

and h (p,p, ), respectively, obtained by a mapping of the
original distributions onto k space ' (see below).

As the right-hand side of Eq. (4) contains only the
difference of the majority- and minority-spin momentum
densities, the core contributions will cancel to a good ap-
proximation. This is an advantage because it takes away
the need to compute the core contributions which are
affected by enhancement due to positron-electron correla-
tion effects. The enhancement of the valence-band con-
tributions, which is larger in magnitude but less strongly
momentum dependent than the core enhancement, has

electron with opposite spin. Consequently, an electron-
spin polarization opposite to P results in preferential an-
nihilation of the majority-spin electrons. Measurements
of the angular correlation N&~&, (p~,p, ) when the elec-
trons are spin aligned by a magnetic field parallel (1) or
antiparallel (1) to the e+ polarization yield, after subtrac-
tion, a magnetic difference distribution (for a derivation
see the Appendix)

b,N (P~,P, ) =N
& (P»pz ) N)—(P~,P, )

TABLE I. Results of the positron-lifetime measurements in

NiMnSb.

lifetime

(ps)

~, 162

~~ 319
r3 1436

Il
I~
I)

intensity
(%)

79
19

3

assignment

bulk
bulk and source
source

not been taken into account in the comparison between

experiment and theory as it will not significantly affect
the structure in the difference distribution.

III. SAMPLE PREPARATION

IV. RESULTS

The rneasurernents, performed with a 20-ACAR set-
up described in detail elsewhere, ' ' yield momentum
densities integrated along p, the component of p along
the line connecting the detectors. In consecutive mea-
surements the sample was orientated with p„within 1' of
a (100), (110),or (111)direction.

The NiMnSb single crystal, which was used for all
three integration directions, was prepared by means of
the Bridgman method starting from a pure alloy obtained
by arc melting in an atmosphere of purified Ar gas, The
purity of the starting materials was 99.9%. The sample
was shaped in the form of a disk of 8 mm diameter. In
order to avoid gradients in the y-ray intensities on the
detectors resulting from angle-dependent y-ray absorp-
tion in the sample, the face of the sample turned towards
the source is not normal to the positron beam but is
bevelled over approximately 4'.

Positrons are incident along the p, axis which was
chosen to coincide with a direction of symmetry in the
crystal. For the measurement with integration direction
p„parallel to a (110) direction and p, along (221) the
sample was shaped by means of mechanical polishing fol-
lowed by electropolishing. For the measurements in-
tegrated along ( 100) and ( 111) the sample was
reshaped by means of spark erosion in such a way that
p, =(110) and subsequently electropolished. After each
shaping procedure the sample was carefully annealed at
400'C. X-ray diffraction showed a mosaic spread less
than 1 . Subsequent positron-annihilation lifetime mea-
surements resulted in a lifetime spectrum with three com-
ponents (see Table I). r3 is a source term, r, is ascribed to
annihilation in the bulk, while ~2 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
(—,', —,', —,') position in the C lb structure (see Fig. 1 in Ref.
17). There was no indication for the presence of vacan-
cies. Microprobe spot measurements, in which the elec-
tron beam penetration was -1 pm, and line scans yielded
a chemical composition of Ni, p2pMnp984Sbp996 Mea-
surements on a partly electropolished sample showed no
detectable changes in composition due to electropolish-
ing.
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The angular resolution of the experiment consists of a
geometrical component and a contribution due to e+
thertnal motion. The latter is given by 0.0306 (m*T)'~
mrad full width at half maximum (FWHM), where m ' is
the effective positron mass and T the temperature in K.
We have estimated the e+ contribution by substituting
for m * the positron band mass in NiMnSb, which we cal-
culate at 1.33 times the electron mass mo. The resulting
width of the resolution is underestimated as also e+-
electron and e+-phonon interactions with accompanying
quasiparticle lifetime effects contribute to m * and thus to
the thermal smearing. Experimental values for m'/mo
in metals and semiconductors lie between 1.2 and
2.3. However, since in our case the e+ contribution to
the resolution is relatively small and adds quadratically
to the optical resolution, a greater effective mass will not
substantially change the results.

The experiments with integration direction ( 110& were
performed at T =27 K. After changes to the cooling of
the sample the measurements integrated along ( 100 & and
(111& were performed at 8 K. This resulted in a slightly
improved angular resolution (see Table II, fourth
column). All distributions have been sampled with a bin
size of 0.28X0.28 mrad . For each integration direction
we have performed measurements for the 6-T magnetic
field parallel and antiparallel to the average positron po-
larization. The total accumulated numbers of counts in
the distributions (for each magnetic field direction) after
subtraction of the background are given in Table II. Sub-
sequently, the distributions have been corrected for the
experimentally determined momentum sampling func-
tion.

The theoretical spin-polarized distributions have been
calculated earlier by Hanssen and Mijnarends' ' using
Eqs. (2) and (3). These calculations employ a plane-wave
formulation ' of the KKR method to evaluate the
two-photon momentum density and the positron proba-
bility distribution in the crystal. From these distributions
the magnetic sum and difference distributions have been
calculated.

Results for the measured and calculated 2D-ACAR
difference distributions are presented in Figs. 1 —3 (the
rather featureless sum distributions are not shown). To
reduce noise the distributions have been smoothed on a
5 X 5 mesh. In spite of the fact that no use has been made
of the crystal symmetry to further reduce the noise in the
experimental data, Figs. 1 —3 show a detailed agreement
between the experimental and theoretical distributions
for all three orientations. The fourfold, twofold, and

FIG. 1. Difference between the (normalized) 2D-ACAR dis-
tributions corresponding to the (once-integrated) momentum
densities of the majority- and minority-spin electrons in
NiMnSb. The direction of integration is (100&. Superimposed
is the projection of the Brillouin zones onto the {p~,p, ) plane.
The zone diameter in the p, and p, direction is 1.123 a.u. Solid
(dashed) contours denote a positive (negative) density. Top: ex-
periment, bottom: theory.

threefold symmetries corresponding to the respective
directions of integration are clearly visible. The agree-
ment is all the more remarkable if one realizes that the
difference distribution is at most 3% of either of the mea-
sured field-dependent 2D-ACAR distributions.

The momentum distribution p(p) is determined by the
geometry of the Fermi surface and by the p dependence
of the positron-electron wave-function overlap. ' The
signature of the Fermi surface may be enhanced by appli-
cation of the LCW theorem. This procedure, which
also holds in projection, maps p(p) onto k space by fold-
ing over reciprocal-lattice vectors. In the ideal case of a

TABLE II. Characteristics of the measurements. The data for the accumulated number of counts
(N) per magnetic field direction have been corrected for a background due to accidental coincidences.
The angular resolution (hp) and the angular resolution after interpolation (Ap, ) include broadening due
to e+ thermal motion.

Integration
direction

& loo&
(110&
(111&

9X10
8x 10'
6x10'

T
(K)

8

27
8

Ap
{mrad' F%'HM)

0.55 x0.36
0.58 x0.40
0.55 x0.36

Ap,
(mrad' FWHM)

0.61x0.59
0.62 x 0.46
0.55 x 0.36
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FIG. 4. LCW-folding of the dift'erence between the measured
2D-ACAR distributions in NiMnSb. The direction of integra-
tion is (100). Solid (dashed) contours denote a positive (nega-
tive) density.

FIG. 2. Same as Fig. 1 for integration direction (110).

constant e+ wave function the LCW-folded distribution
consists of a constant contribution from the filled bands
with superimposed on it (a projection ofl the Fermi sur-
face. For a realistic positron wave function the theorem
holds approximately. To facilitate LCW folding of the
experimental data it was necessary to interpolate the
magnetic sum and difference distributions prior to folding
in order to make the sampling mesh commensurate with
the reciprocal lattice (lattice constant a =11.187 a.u. ).
At the same time the coordinate system was rotated to
make it coincide with that of the calculated distributions.
The broadening effect on the angular resolution caused
by the interpolation was estimated by performing the
same operations on a positronium peak measured in a
quartz single crystal. The widths of the interpolated
peaks were obtained by a Gaussian fit. The results of this
analysis are given in the fifth column of Table II. Also
the LCW-folded distributions were smoothed on a 5 X 5
mesh. By the combined effect of interpolation and
smoothing the resolution deteriorated to approximately
1.0X0.9 mrad~ FWHM.

Figures 4—6 show the LCW-folded distributions. The
distribution integrated along (100) in Fig. 4 clearly
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FIG. 3. Same as Fig. 1 for integration direction ( 111). FIG. 5. Same as Fig. 4 for integration direction (110).
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FIG. 6. Same as Fig. 4 for integration direction ( 111).

shows the necks of bands 13 and 14 (cf. Fig. 4 in Ref. 17;
please note that the Fermi surfaces in that figure are
shown in the form of hole sheets). The electron sheets of
these two bands form a system of tubes. The (110) in-

tegrated distribution in Fig. 5 reveals the tubes and their
crossings. Figure 6 shows the (111) integrated measure-
ment with its expected threefold symmetry. The struc-
ture manifested in this figure is mainly due to the nested
bellies of the Fermi-surface hole sheets.

The experimental and theoretical LCW distributions
have been compared quantitatively by performing least-
squares fits of the calculated LCW distributions to the ex-
perimental ones, using Eq. (4) with the constant C as a
fitting parameter. In these fits the unsmoothed experi-
mental distributions were used. The theoretical data
were convoluted with the experimental resoluton (given
in the last column of Table II) by means of Hermite-
Gauss quadrature. The fits yielded C and hence, through
Eq. (A10), the approximate value of P3r, the three-
photon difference effect. The values of P obtained from
fits for the three symmetry directions are shown in Table
III. Although determined independently, they are equal
within the experimental uncertainty and of the same or-
der as those measured by Berko and Mills in Gd and
Fe. ' The quality of the fits, expressed in terms of a re-
duced g-squared value, will be discussed in the following
section in connection with the question whether NiMnSb
is half-metallic or not.

investigated by studying the quality of the fits for
modeled band structures, obtained by slightly raising the
Fermi level for one spin population and lowering it for
the other while keeping the total number of electrons
constant to the nominal number of 22 band electrons per
formula unit (f.u. ). This is equivalent to transferring a
small number of electrons from one spin population to
the other by applying a variable Stoner shift. Fractions
of 1, 2, 4, and 6X10 electrons/f. u. were moved either
way. Per fraction of 10 electrons the majority-spin
Fermi level had to be raised or lowered by 1 mRy; the
corresponding shift in the minority-spin Fermi level was
2-mRy apart from the obvious extra shift to overcome
the gap. For all these different band populations the
once-integrated momentum density distributions were
computed and folded to yield an LCW-folded distribu-
tion. The goodness-of-fit parameter y, obtained from
the fits of C (or equivalently P r) and normalized to v de-
grees of freedom, is shown in Fig. 7 for the three sample
orientations as a function of hn, the number of electrons
moved from the majority-to the minority-spin band.

For large numbers of degrees of freedom v the quantity
S =(2g )' —(2v —1)' is normally distributed around
zero with unit variance. Hence, it follows that the
minimum of y /v should be slightly less than 1. The
values of b,n for which the three curves in Fig. 7 reach
their minimum vary from —0.002 for the (100) curve to
—0.023 for (111). The mininum in the latter curve is

very shallow and has a value significantly above 1. Obvi-
ously the model is not good for this orientation, and con-
sequently little weight will be given to this orientation.
The fit for the (100) data, although yielding a minimum
of 1.30 for g /v, is particularly sensitive to the transfer of
electrons. This sensitivity is due to the fact that the
minority-spin Fermi-surface pockets which arise as a re-

2.0

V. DISCUSSION

The key question underlying the present study was
whether the electronic band structure of NiMnSb is
indeed half-metallic, as predicted by theory. This can be

1.5

TABLE III. Results of the least-squares approximation. In
addition to the results for P', the number of degrees of free-
dom (v) and the normalized g-squared values (g /v) are given.

I x10

Integration
direction

(1OO)
(110)
(111)

10'P'

—8.4+0. 1
—8.4+0.2
—8.5+0. 1

495
351
558

1.3
1.0
1.5

FIG. 7. Normalized y as a function of the number of elec-
trons An transported from the majority- to the minority-spin
electron population (and vice versa), obtained from a least-

squares fit of computed LCW-folded 20-ACAR distributions to
the experimental ones.
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suit of electron transfer (hole pockets around I or elec-
tron pockets around X) line up most favorably in a ( 100)
integration. The (110) fit, finally, gives a minimum
slightly below 1 and is moderately sensitive to the elec-
tron transfer.

Subsequently, we have relaxed the assumption of sam-
ple stoichiometry. In Fig. 8(a) —8(c) the occupation n+
of the majority-spin band has been varied while n, the
number of minority-spin electrons, was kept constant at
values around 9.00, the number corresponding to a full
minority-spin band. Interestingly, for the ( 100) integra-
tion g /v reaches a (shallow) mininum at 13.08 (9.00)
+(—) electrons, while the chemical constitution corre-
sponds to an excess of 0.07 electrons/f. u. This agreement
may be fortuitous since for the (110) orientation of the
same sample the minimum is found at 13.00 (8.99) +(—)

electrons. As described in Sec. III, in between the
p„= ( 110) and (100) measurements the sample was cut
in a different shape, so the different positions of the mini-

(a)
(100

1.35-

1.30-

1.25-

ma in y /v may refiect small inhomogeneities in the
chemical composition of the sample. Subsequently, the
number of majority-spin electrons was kept fixed at
13.00, while the number of minority-spin electrons was
varied between 8.94 and 9.06. The resulting values of
g /v are shown in Fig. 9. The positions of the minima in

y /v, vary from n =8.999 for (100) to 8.99 for (110)
and 8.98 for (111). The dashed curve shows y /v for
(100) if n+ =13.08. Its minimum is located at 8.997
and is somewhat lower than that of the corresponding
solid curve.

An estimate of the standard deviation in these numbers
is obtained by finding those values of n for which y /v
has increased by an amount (2/v)' with respect to its
minimum value. A weighted average over the three sym-
metry directions finally yields n =8.995+0 020

electrons/f. u. Thus, we find no significant deviation from
the half-metallic state.

The resolution in the present experiment of structures
in reciprocal space corresponding to approximately 0.02
electrons/f. u. is made possible by the use of least-squares
fits between theory and experiment. Direct observation
of these structures is beyond our capability at the present
statistical accuracy. Fermi-surface pockets of this
volume would have a diameter of somewhat less than 2
mrad, which is about three times the width of our angu-
lar resolution (excluding smoothing), and hence in princi-
ple would be large enough to be detected. However, the
momentum dependence of the overlap integral prevents
observation of the hole pockets around I in the first Bril-
louin zone. Only in the second Brillouin zones, in the
neighborhood of the points equivalent to p=(2n/
a)(1, 1, 1), the momentum density is appreciable (-0.14).

1.1 0

1.05

1.00
2.0

0.95-

0 =900

1.50 8.99

1.45 8.98

1.40—
I I I I i I I i I

12.96 13.00 13.04 13.08 13.12 8.94 8.96 8.98 9.00 9.02 9.04 9.06

FIG. 8. Normalized g as a function of the number n+ of
majority-spin electrons for various n around 9.00 minority
electrons per formula unit. Integration direction along (a),
(100); (b), (110);(c), (111).

FIG. 9. Normalized g' as a function of the number n of
minority spin electrons for n + = 13.00 (solid curves) and

n+ = 13.08 (dashed curve for ( 100) orientation).



POSITRDN-ANNIHILATION STUDY QF THE HALF-METALLIC. . . 1539

States in the electron pockets around X contribute mod-

estly at points (2'/a)(1, 0,0) and (2n/a)(1, 1,0) (in both
cases -0.05).

The relatively high minimum values of y /v for the
(100) and (111)orientations imply systematic errors in
the model used. An important source of error will be the
neglect of enhancement in the calculated momentum den-
sity and LCW-folded distributions. In view of the uncer-
tainties besetting the inclusion of enhancement in
momentum density calculations no attempt has been
made to remedy this point. Other (probably smaller)
sources of error may be the simplifying assumptions in
KKR band theory such as the mumn-tin form of the po-
tential.

In summary, the 2D-ACAR method has been used to
measure the spin-dependent momentum density in the
ferromagnetic C1b Heusler compound NiMnSb. The
measurements confirm the theoretically predicted half-
metallic character of the band structure to within an ac-
curacy of approximately 0 02 electrons/f. u.
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APPENDIX A

The total annihilation rate for slow positrons with spin
parallel (antiparallel) to the magnetization is given by'

This can be simplified if, following Berko, ' a quantity P„
the efFective total electron polarization as seen by the pos-
itron, is introduced. Then

P )
tot

p =
—,'(1+P, )p'",

(A4)

where p"' denotes the total density of electrons in
momentum space. If the positron wave function were a
constant, P, would be negative in a ferromagnetic materi-
al as the majority of the electrons have their spin antipar-
allel to the applied magnetic field. With Eqs. (A4)

(p++2p )/p+ =(3+P, )/(1 —P, ),
(p +2p+)/p =(3—P, )/(1+P, ),

and hence it follows that to first order in P

AN (p,p, ) =N
& (p,p, ) N& (p—,p, )

(A.5}

=(1—3P)P (1 4PP, )—
P

3+P, 4PP,=1 P+P—
1 —P2 1 —P2

' (A7)

The second and third term are due to 3y annihilation.
Since

( I +4PP, ), (A6)
P

with a similar expression for XN(p, p, ).
The prefactor 1 —3P has the character of a common

scale factor and may therefore be dropped. The factors
I+4PP, equal unity within —1 part in 10". This may be
seen by integrating Eq. (A3) with respect to p and p„us-
ing Eqs. (A5). The result is

N)()) = N)()) p ~p p p

N )r()) +N )r()) =1, (A8}
~+( —

)
( z~s+ 2~t )P+( —)+~rP (+) ~—(Al)

application of Eq. (A7) yields for the three-photon
difFerence efFect P ~r,where X, and A, , are the 2y and 3y annihilation rates per

electron per unit volume and p
—= fp (p)dp are integrals

of the computed majority-spin (+) and minority-spin ( —)

momentum densities. 2D-ACAR measurements with
magnetization parallel (1) or antiparallel (1) to the aver-
age polarization P of the positron beam yield'

4PP,p~r-
N3tr +N3lr 3+P2

(A9)

Nt(i)(p, p, ) = —,
t

A,, [(1+PQ+ 'p+(py, p, )

+(1+P)A, p (p,p, )], (A2}

where the upper (lower) sign corresponds to a parallel
(antiparallel) magnetization. Insertion of Eq. (Al) into
(A2) gives, with P—=A, t /A, , =1/1, 114:

1 (1+P)P+(P P )
Nt(i)(P, P. )=-

a+(1+@P++2)o-)/p+]

(1+P)p (p~,p, )+ (A3}
S &I+&(P +2P+)/S -]--

where N &(&) is the field-dependent rate of 3y events. The
second line of Eq. (A9) holds if the counters integrate
over the full solid angle. When the counters are situated
in one plane the final expressions for P r must be multi-
plied' ' by a factor —,'. Berko and Mills' have measured
P r in the latter geometry and have found values ranging
between —0.009 and +0.001. With P=0.3 this results
in ~P, ~=0.03, and hence the factors 1+4PP, may be
omitted from Eq. (A6), proving the validity of Eqs. (2)
and (3}.

The constant C defined in Eq. (5} is directly related to
Pi)'. With Eqs. (A4) and (A9) one obtains

C=pp, =p r (A10)

with P r measured in the planar geometry.
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