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First-principles calculation of the effect of atomic disorder on the electronic structure
of the half-metallic ferromagnet NiMnSb
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The electronic structure of the half-metallic ferromagnet NiMnSb with three different types of atomic
disorder is calculated using the layer Korringa-Kohn-Rostoker method in conjunction with the coherent po-
tential approximation. Results indicate the presence of minority-spin states at the Fermi energy for degrees of
disorder as low as a few percent. The resulting spin polarization below 100% is discussed in the light of
experimental difficulties confirming the half-metallic property of NiMnSb thin films directly.
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Half-metallic ferromagnets are ferromagnets with
minority- or majority-spin band gap at the Fermi energ
These materials are interesting because of possible app
tions in spin-polarized electronics1 since the performance o
spin-dependent devices like ferromagnetic tunnel juncti
as well as spin valves generally improves if the conduct
electrons are completely spin polarized. Half-metallic ma
rials have been found in the transition metal oxides CrO2 and
Fe3O4 and in the colossal magnetoresistance mate
La0.7Sr0.3MnO3. The first materials predicted to be hal
metallic ferromagnets are the semi-Heusler compou
NiMnSb and PtMnSb which crystallize in the C1b
structure.2–6 While PtMnSb attracts much interest because
its large Kerr rotation,7 NiMnSb is interesting because of it
high Curie temperature of approximately 728 K.8 NiMnSb
and PtMnSb are very similar in many respects. This is st
ingly demonstrated in magnetic measurements on
substituted PtMnSb.9

Experimentally, the half-metallic property in bul
NiMnSb is reasonsably established. As expected for a h
metallic ferromagnet, theT2 ~spin-flip! contribution to the
temperature dependence of the resistivity is absent at
temperatures.10,11 The magnetic moment is measured
4.0mB per primitve unit cell,12 which is in agreement with
PRB 600163-1829/99/60~19!/13237~4!/$15.00
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the integer moment expected for a half-metallic ferromagn
Hanssenet al.13 compared angular correlations of positro
annihilation radiation with theoretical expectations and
tablished the half-metallic character of the band structure

Attempts have been made to show the half-metallic ch
acter of NiMnSb thin films in tunnel junctions14,15 and spin
valves.16,17 The results of these experiments show effect
spin polarizations well below 100%. Recently, Soulenet
al.18 measured the spin polarization of several materials
ing an Andreev-reflection method. Results indicate only
value of 58% for the spin polarization of a NiMnSb film
deposited by co-evaporation. This compares to values
tween 42% and 46.5% for Fe, Ni, and Co, 78% f
La0.7Sr0.3MnO3, and 90% for CrO2.

The reason for these experimental difficulties is not e
tirely clear. One constraint in preparing thin-film samples
that they cannot be arbitrarily annealed without changing
film structure. Thus, the degree of substitutional atomic d
order is expected to be higher in thin films than in bu
samples.

Neutron diffraction measurements on bulk NiMnSb~pow-
der!, indeed, estimate the atomic disorder to be well bel
10%.12 Whereas, x-ray diffraction measurements on PtMn
thin films by Kautzkyet al.19 are consistent with a level o
13 237 ©1999 The American Physical Society
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atomic disorder of approximately 10%. Kautzky and c
workers also measured a similar degree of disorder
NiMnSb.20 It has been pointed out that atomic disorder ha
strong influence on the half-metallic property of PtMnSb.4

In this paper, we apply the layer Korringa-Kohn-Rostok
method21 in conjunction with the coherent potential approx
mation ~LKKR-CPA! to study the electronic structure o
NiMnSb with three different types of disorder.

The crystal structure of the NiMnSb compound is C1b.
This structure consists of four interpenetrating fcc sublatti
equally spaced along the@111# direction. The lattice sitesA
at 000,B at 1

4
1
4

1
4 , andD at 3

4
3
4

3
4 are occupied by Ni, Mn, and

Sb, respectively. The siteC at 1
2

1
2

1
2 is unoccupied in the

ordered alloy. We use the atomic sphere approxima
~ASA! with an empty sphere occupying siteC in the perfect
crystal. The experimental lattice constant8 of 5.927 Å is used
throughout. For the LKKR-CPA calculations we use t
layer doubling algorithm,21 repeating~110! layers with four
sites in the layer unit cell. All numerical results are based
fully self-consistent calculations performed with a basis
that includess, p, d, andf partial waves on each site and 7

FIG. 1. Calculated spin-polarized electronic density of sta
N↑,↓(E) for NiMnSb with A-B-type disorder. Disorder levelsx ~see
Table I! are 1%~solid lines!, 5% ~dashed lines!, and 10%~dash-
dotted lines!. Minority-spin densities of statesN↓ are plotted with a
negative sign. The position of the minority-spin band gap in orde
NiMnSb is indicated by two dotted vertical lines. The position
disorder-induced minority-spin states, generated at low levels
disorder, is indicated by a mark on the energy axis.

TABLE I. Types of disorder considered in this report. The se
ond column shows the sites with interchange of atoms~or vacan-
cies!. Occupancies of the four lattice sites are shown for the th
types of disorder.

Disorder Occupancies
Type Scheme SiteA Site B Site C Site D

A-B A↔B Ni12xMnx NixMn12x Sb
C AB↔C Ni12x Mn12x NixMnx Sb
C8 BD↔C Ni Mn12x MnxSbx Sb12x
-
r

a

r

s

n

n
t

two-dimensional plane waves. The Brillouin zone sums w
performed over 64 specialkW i points in the Brillouin zone and
for the energy integrals we used 16 points on a semicircle
the complex plane.

We consider disorder by interchange of Ni and Mn
well as two types of disorder with a partially occupiedC site.
In all cases we retain the stoichimetric concentration. T
three types of disorder are shown in Table I. Disorder of ty
A-B has an interchange of Ni and Mn atoms between thA
andB sites. TypeC has equal amounts of Ni and Mn atom
on the normally vacant lattice siteC. In the case of typeC8,
Mn and Sb atoms partially occupy siteC. The x-ray diffrac-
tion measurements on NiMnSb thin films by Kautzkyet al.20

are consistent withC8-type disorder and a disorder level o
x55%.

The densities of states for all three types of disorder sh

s

d

of

FIG. 2. Calculated spin-polarized electronic density of sta
N↑,↓(E) for NiMnSb with C-type disorder~see caption of Fig. 1 for
further explanations!.

FIG. 3. Calculated spin-polarized electronic density of sta
N↑,↓(E) for NiMnSb with C8-type disorder~see caption of Fig. 1
for further explanations!.
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additional minority-spin states in the energy range of
band gap of the ordered material. These states widen
increasing disorder. This behavior leads to a redu
minority-spin band gap and a displacement of the Fermi
ergy relative to the original band gap. In all three cases,
causes a reduced spin polarization for higher levels of di
der. In order to understand the nature of the disorder-indu
minority-spin states, we perform calculations for only 0.01
occupancy of a single kind of atom~or vacancy! on another
lattice site. The results allow us to assign a certain impu
to each disorder-induced state.

Figure 1 shows the electronic densities of states
A-B-type disorder with disorder levels of 1%, 5%, and 10
For low levels of disorder, additional states at approximat
0.10 eV above the bottom of the minority-spin band gap
present. These states are generated by the presence of
siteB. The energy range of these states widens with incre
ing disorder and, from between 1% and 5% on, includes
Fermi energy.

The density of states forC-type disorder at disorder level
of 1%, 5%, and 10% is shown in Fig. 2. Here, all four im
purity atoms~or vacancies! contribute additional minority-
spin states. For low levels of disorder there are sepa
states for Ni on siteC ('0.07 eV below the top of the
gap!, for Mn on siteC ('0.02 below the top of the gap!, for
vacancies on siteA ('0.01 eV below top of the gap!, and
for vacancies on siteB ('0.02 eV above the bottom of th
gap!. As in the previous case, a 5% disorder is sufficient
generate minority-spin states at the Fermi energy.

Figure 3 shows the density of states for 1%, 5%, and 1
disorder of theC8 type. As in the previous case, impurit
states due to Mn on siteC and vacancies on siteB appear for
low levels of disorder. The presence of Sb on siteC causes
states at approximately 0.04 eV below the top of the g
while the vacancies on siteD generate states at approx
mately 0.04 eV above the bottom of the gap and appro

FIG. 4. Minority-spin band gap~solid symbols and lines! and
spin polarization at the Fermi energy~open symbols and dashe
lines! as a function of the disorder level forA-B-type disorder~up
triangles!, C-type disorder~down triangles!, and C8-type disorder
~diamonds!. The lines between the data points are to guide the e
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mately 0.16 eV below the top of the gap. As in the other t
cases, the energy ranges of these states widen with increa
disorder. Just above a disorder level of 1% these states r
the Fermi energy and reduce the spin polarization.

The spin polarization at the Fermi energyP is defined as

P5
N↑~EF!2N↓~EF!

N↑~EF!1N↓~EF!
, ~1!

whereN↑,↓ is the spin-up~spin-down! density of states and
EF is the Fermi energy. The calculated spin polarizationP as
well as the minority-spin band gap are summarized in Fig
One can see that any of the considered disorder mode
capable of significantly reducing the spin polarization at d
order levels of as low as a few percent. For the experim
tally observedC8 disorder with a disorder level of 5%, w
find a low spin polarization of 24% and a vanishin
minority-spin band gap.

Tunneling experiments generally do not measure the s
polarizationP at the Fermi energy. In these experiments t
tunneling current usually is dominated bys-type electrons.
Table II shows the calculated spin polarizationsP and com-
pares these with the spin polarizations due to thes electrons
Ps , defined as

Ps5
Ns

↑~EF!2Ns
↓~EF!

Ns
↑~EF!1Ns

↓~EF!
, ~2!

whereNs
↑,↓ is thes electron density of states. AlthoughPs is

always larger thanP for a given disorder, it follows the sam
trend with increasing disorder.

In conclusion, we have shown that atomic disorder
NiMnSb at a level experimentally observed in thin film
leads to minority-spin states at the Fermi energy and a
duction of the spin polarization. We want to point out th
surface segregation and the electronic structure at the in
faces will influence measured spin polarizations as well.
expect that more data on disorder in thin-film samples
well as spin-polarization measurements on surfaces of b
samples as a function of annealing parameters will be hel
in clarifying the reason for the low experimental spin pola
izations in NiMnSb thin films.

This work has been supported by the United States
partment of Energy, Office of Basic Energy Sciences throu
Contract No. DE-AC05-96OR22464 with Lockheed Mart
Energy Research, Inc. and the U.S. Department of Defe
under Grant No. DAAH04-96-1-0316.

s.

TABLE II. Total spin polarizationP ands-electron spin polar-
ization Ps for disordered NiMnSb.

Disorder
Type Level~%! P ~%! Ps ~%!

A-B 5 52 82
10 29 64

C 5 67 89
10 31 60

C8 5 24 34
10 10 19
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