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Ab initio ground state andL 2,3 x-ray magnetic circular dichroism of Mn-based Heusler alloys
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Relativistic full-potential calculations within the generalized gradient approximation~GGA! for a series of
Mn-based Heusler alloys are presented. Calculated equilibrium lattice parameters deviate less than 1.2% from
the experimental values. The main features of a half metallic system are present in the density of states for the
PtMnSb and NiMnSb. We predict that PdMnSb shows half metallic character under hydrostatic pressure. The
substitution of Sb in PtMnSb by Sn or Te destroys the minority spin band gap. Spin and orbital magnetic
moments for all the systems are in good agreement with previous calculations and experimental data.L2,3 x-ray
absorption and x-ray magnetic circular dichroism~XMCD! spectra are calculated for all the five compounds. Pt
spectra present big deviations from system to system in the PtMnY ~Y5Sn,Sb,Te! compounds while Mn
spectra show only small deviations. For all these spectra GGA underestimates theL3 /L2 integrated branching
ratio and produces a much smallerL2 peak intensity for the Ni site in NiMnSb. The XMCD sum rules are used
to compute the spin and orbital magnetic moments and the results are compared to the direct calculations.
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I. INTRODUCTION

Magnetic ternary alloys of theL21 and C1b crystalline
structure have attracted a lot of interest since they were s
ied by Heusler.1 de Grootet al.2 showed that these that crys
tallize in the C1b ~MgAgAs type!3 structure constitute an
interesting class of materials. They predicted that NiMn
and PtMnSb are half metallic ferromagnets, i.e., the majo
spin ~spin-up! band is metallic while the minority~spin-
down! band is semiconducting, leading to 100% spin pol
ization at the Fermi level. They exhibit high value of sat
rated magnetic moment per Mn atom (;4mB) and a high
Curie temperature.4 Most experiments have been perform
for PtMnSb which presents one of the highest polar-K
rotation angles among the magneto-optic metallic mater
at room temperature.5 Thin films of these materials can act a
spin filters and enhance the performance of devices base
the giant magneto-resistance effect.6 Only recently it has
been made possible to grow such films because of the d
culty in obtaining a uniform, well orderedC1b-type crystal
structure and because of the sensitivity of their electro
structure to the lattice parameters.6,7

Calculations by Hanssen and Mijnarends8 by means of a
non-self-consistent Korringa-Kohn-Rostoker method and
Kulatov and Mazin9 by means of a scalar-relativistic linea
muffin-tin orbital ~LMTO! ~Ref. 10! method in its atomic
sphere approximation~ASA! produced a half metallic behav
ior for NiMnSb. More recent spin-polarized ban
calculations11,12 within the local spin-density approximatio
~LSDA! ~Ref. 13! verified the half metallic nature of PtMnS
and NiMnSb. The band gaps have been found to dep
strongly on the variation of the lattice parameters, and
spin-orbit interaction, while substantial for PtMnSb, it
found to be negligible for NiMnSb.11 Kirillova and
co-workers14 analyzed the interband absorption based on
perimental data and showed the presence of a small en
PRB 610163-1829/2000/61~6!/4093~10!/$15.00
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gap for four isostructuralXMnSb (X5Cu,Pt,Pd,Ni) com-
pounds. Ellipsometric evidence of the spin-down gap for
MnSb was reported also recently.15 However, impurity-type
electronic-structure calculations for PtMnSb indicate that
lattice disorder has a ‘‘dramatic impact on the spin polari
tion and the gap in the vicinity of the Fermi level’’16 thus
explaining the reason photoemission experiments could
only a degree of the full polarization. Ottoet al.17 have mea-
sured the Hall effect of severalXMnSb compounds and
showed that in the case of Heusler alloys the asymme
scattering of the charge carriers is mainly due to sp
disorder scattering and not to orbital scattering. Finally, G
et al.18 have calculated the dielectric tensor for the NiMnS
system and showed that the high-energy Kerr rotation p
arises only from transitions involving spin-orbit coupling.

Antonov et al. have studied the magneto-optic properti
of 15 ternary ferromagnetic C1b- and L21-type
compounds.19 The large Kerr effect on PtMnSb was attrib
uted to the simultaneous existence of the gap in the minor
spin band, the big magnetic moment;4mB at the Mn site,
and the large spin-orbit coupling at the Pt site. van Eket al.
showed in the case of Pt~Ni!MnSb that the polar-Kerr effec
for red light is independent from the half metallic properti
of these compounds.20

The dichroism-type spectroscopy became a powerful t
in the study of the electronic structure of magne
materials.21,22 The x-ray-absorption spectroscopy~XAS! us-
ing polarized radiation probes element specific magn
properties of alloys and compounds via the x-ray magn
circular dichroism~XMCD! by applying the sum rules to
experimental spectra.23–25The application of these sum rule
to itinerant systems, in particular to low symmetry system
is debated since the sum rules are derived from ato
theory.24,26,27In particular, the XAS and XMCD spectra hav
been measured recently in the Mn 2p core absorption region
for MnSb-based Heusler alloys and for Ni in the NiMnSb28
4093 ©2000 The American Physical Society
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4094 PRB 61I. GALANAKIS et al.
Severalab initio calculations have been performed tryin
to understand theoretically the XMCD. Most of them co
cern the 3d transition metals,27,29,30involving electronic ex-
citations of 2p1/2 (L2 edge! and 2p3/2 (L3 edge! core elec-
trons towardsd-valence states. The XMCD signal depen
on the exchange splitting and the spin-orbit coupling of b
initial core and final valence states. Brouder a
co-workers,31 Guo,32 and Ankudinov and Rehr33 used
multiple-scattering theory to study XMCD but their metho
although successful, has been only applied to systems
few atoms per unit cell, as their formalism is computatio
ally involved. Finally, atomic calculations, using crystal-fie
symmetry, are widely applied to fit the experimentalM4,5
edges of rare earths and actinide compounds and theL2,3
edges of early transition metals. Because of the large num
of parameters to fit, it is difficult to apply this formalism t
delocalized 3d states.34

In this paper we focus on the study of five Heusler co
pounds: PtMnSn, PtMnSb, PtMnTe, PdMnSb, and NiMnS
In Sec. II we present briefly the theoretical method used
calculate the orbital magnetic moment, the absorption co
ficients for the circularly polarized x-ray radiation and t
details of the calculations. The equilibrium lattice propert
are presented in the Sec. III. In Sec. IV we discuss the e
tronic structure of these compounds and the magnetic p
erties. In Sec. V we calculate the XAS and XMCD spec
and we compare them to experiments. In Sec. VI we use
sum rules to determine the spin and orbital moments
compare them to direct calculations. A particular interes
devoted to the behavior of the Pt and Mn atoms in the
ferent Heusler compounds.

II. THEORETICAL MODEL

To calculate the band structure we used the relativi
full-potential linear muffin-tin orbital method~FP-LMTO!
method.35 The space within this method is divided in tw
regions: the nonoverlapping spheres@muffin-tin ~MT!
spheres# centered in each atom and the interstitial regio
The muffin-tin potential is developed over the lattice h
monics of the system and the rest of the potential is trea
using fast Fourier transform~FFT!. The core electrons ar
spin polarized and their electronic states are obtained
solving iteratively the Dirac equation. For the valence el
trons the spin-orbit coupling is added to the semirelativis
Hamiltonian; and the total Hamiltonian is solved se
consistently.

If Dl ,ml ,s
t (E) is the projected density of states on ea

muffin-tin spheret and on thel , ml , s basis ~where
l , ml are the angular momentum quantum numbers ans
the spin!, to calculate the average orbital magnetic mom
^mt,orb

l & of the atomt, we use the expression

^mt,orb
l &5(

s
(
ml

mlE
2`

EF
Dl ,ml ,s

t ~E!dE. ~1!

The integral is taken up to the Fermi levelEF .
In order to calculate the matrix elements and conseque

the absorption coefficients for leftm1 and rightm2 circular
polarized x-ray radiation, we use the dipole approximation
the electron-photon interactionê6p5(1/A2)(¹x6 i¹y),
-

h

,
ith
-

er

-
.
o
f-

s
c-
p-

e
d
s
-

ic

.
-
d

y
-
c

t

ly

o

where e6 is the polarization vector. We also consider t
spin-quantization axis along the direction of the x-ray be
like in XMCD experiments. The absorption at thej 6 ( l
6 1

2 ) core edge is given by the relation

m6~v!5
2p

\ (
mj 6

(
n,k

^ j 6mj 6
uê6punk&^nkupê6u j 6mj 6

&

3d~v2Enk1Ej 6
!, ~2!

where the first sum runs over the initial core states and
second one over the unoccupied final states. The XM
spectrum is defined as the difference between the left
right absorption coefficient for each x-ray energy.

All calculations are performed within the generalize
gradient approximation36 ~GGA! to the exchange-correlatio
potential. To develop the potential inside the MT spheres
calculated a basis set of lattice harmonics including functi
up to l 58, while for the FFT we used in real space a grid
48348348. The Brillouin-zone integrations during the se
consistency are performed by means of a Gaussian sme
of 0.1 eV width and 256k points in the Brillouin zone~88 in
the irreducible part!. We treated the Mn 3p, Sb 4d, Ni 3p,
Pd 4p, and Pt 5p states as semicore. For the valence el
trons we used a basis set containing 33s, 33p, and 23d
wave functions. The spin axis was chosen to be along
@111# direction, which is the easy magnetization axis of the
Heusler alloys, contrary to all previous calculations that us
the @001# as quantization axis. Similar investigation for F
Fe nitrides,30 CoPt,37 and FePd~Ref. 38! compounds were in
good agreement with experiment.

III. EQUILIBRIUM LATTICE PROPERTIES

The absence of experimental lattice parameters for
PtMnTe has motivated us to determine these parameter
minimization of the the total energy. All the calculation
have been performed within the GGA because this appr
mation to the exchange-correlation potential is known to p
duce better lattice properties than LSDA. In Table I we co
pare our results with experimental results of Ottoet al.39 for
PtMnSn, PtMnSb, and NiMnSb alloys.40 For the NiMnSb the
agreement is practically perfect (5.923 Å, theory, compa
to 5.927 Å, experiment!. For PtMnSb our theory overesti
mates the lattice parameter by 0.5%, while for PtMnSn
underestimates it by 1.1%. Similar experiments by van E
genet al.5 produced the same lattice parameters within l
than 1%. Since the agreement of the lattice parameters

TABLE I. Calculated equilibrium lattice constantsa0 ~in Å!
compared to experimental lattice constants by Ottoet al. ~Ref. 39!
~second line! and by van Engenet al. ~Ref. 5! ~third line!. The
difference between calculated and experimental lattice const
does not exceed 1.2%.

NiMnSb PdMnSb PtMnSn PtMnSb PtMnT

a0 5.923 6.231 6.187 6.227 6.346
aexp ~Otto! 5.927 6.261 6.195
aexp ~van Engen! 5.920 6.285 6.264 6.210
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experiment is less than 1.2%, we expect that our lattice
rameter for PtMnTe (6.346 Å) is a good prediction.

For the Pt-based compounds, valence electrons are gr
ally added to the system when Sn is substituted by Sb o
resulting in an increase of the lattice parameter. It is surp
ing that this behavior is not seen in experiment. This co
be due primarily to the stronger atomic disorder in the
MnSn system as compared to PtMnSb sample.17 For all the
rest of the calculations we used the experimental lattice
rameters measured by Otto for PtMnSb, NiMnSb, a
PtMnSn, and the experimental value of van Engen
PdMnSb. For PtMnTe we used our calculated equilibriu
lattice constant.

IV. DENSITY OF STATES AND MAGNETIC MOMENTS

The electronic structures of the NiMnSb and PtMn
compounds have been extensively reported in
literature,2,11,19,42 so in this section we briefly discuss th
most important features on their density of states~DOS!
curves and will concentrate essentially on the electro
structure trends of the Pt-based alloys and of PdMnSb. In
DOS plots the Fermi level is taken to be the zero of
energy scale.

Figure 1 shows the total and the spin-down density
states for the three Sb-based Heusler alloys. The most s
ied alloy is the NiMnSb as it was the firstC1b-type alloy
investigated by de Grootet al.2 As it is already known and
verified by our full-potential calculations the density of sta
is dominated by a large exchange splitting (.3 eV) be-
tween the spin-up and the spin-down bands of the Mnd
states. This is clearly seen in the atomic projected densit
states41 for the PtMnSb system shown in Fig. 2. Similar DO
is obtained for the Mn 3d band in the other two alloys
NiMnSb and PdMnSb. This large exchange splitting leads
large localized spin magnetic moments (;4mB) at the Mn
site and to the polarization of the Mn 3d bands away from
the Fermi level. We can essentially identify three peaks. T
peak over the Fermi level comes from the spin-down ba
and the double peak structure below the Fermi level is du
the exchange interaction.

For PtMnSb the minority spin DOS shows a gap just

FIG. 1. Total and spin-down projected density of states for
three Sb-based Heusler compounds. All the DOS show similar c
acteristics but the PdMnSb does not present a half metallic beha
and has a 1-eV smaller bandwidth.
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the vicinity of the Fermi level that is in agreement with pr
vious relativistic calculations.11,19,42 Notice, that the Fermi
level is placed just at the edge of the half metallic gap
PtMnSb alloy. Based on a scalar-relativistic calculation
NiMnSb, Kulatov and Mazin9 argued that the exact positio
of the Fermi level with respect to the half metallic gap ca
not be reliably determined within the density-function
theory43 and it depends strongly on the approximation to t
exchange-correlation potential that is used.42 But this strong
claim is not confirmed by our calculations. In particular, t
position of the Fermi level with respect to the gap for bo
PtMnSb and NiMnSb within our calculations~FP-LMTO,
GGA!, calculations of Antonov et al.19 ~LMTO-ASA,
LSDA!, and the calculations of Youn and Min11 ~LMTO-
ASA, LSDA! is the same, at the middle of the gap for th
NiMnSb and at the lower energy side of the gap for PtMnS
although in all the three calculations different numeric
codes and different exchange-correlation potentials are u
The common point between the three calculations is
treatment of the spin-orbit coupling. So it seems that
claim of Kulatov and Mazin is not due to exchang
correlation approximation but to the neglect of the spin-or
coupling in their calculations. Pt 5d states are practically
filled for both spin directions, and lay lower in energy tha
the Mn 3d states, because Pt has a bigger atomic num
This results on a smaller hybridization between Mn 3d and
Pt 5d, which leads to a small induced magnetic moment
the Pt site (0.10mB). The Sb valence states are mainly 5s
and 5p states and are weakly antiferromagnetically coup
to the Mn 3d states so that the induced magnetic moment
the Sb site is only20.07mB .

NiMnSb shows similar behavior as PtMnSb but the sp
orbit coupling plays a lesser important role due to the mu
smaller atomic number of Ni as compared to Pt.11 The Fermi
level lies in the middle of the spin-down gap enabling h
metallic properties of this alloy. The spin-up DOS in a regi
of about 1 eV around the Fermi level is similar for all th
three Sb-based compounds. The Ni 3d bands are far from the
Fermi level and are almost filled for both spin directio
resulting in a small spin magnetic moment of 0.26mB . Our

e
r-

ior

FIG. 2. Spin and atom projected density of states for the
MnSb calculated using the experimental lattice constant. The la
exchange splitting of the Mn 3d states leads to a large localize
spin magnetic moment (;4mB) at the Mn site and to the polariza
tion of the Mn 3d bands away from the Fermi level. The Pt 5d and
Sb 5p states lay lower in energy.
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4096 PRB 61I. GALANAKIS et al.
value is in good agreement with that of Youn and Min.11 The
Sb site is weakly antiferromagnetically coupled to the ot
two atoms as in the case of PtMnSb.

A very different situation is obtained in the case
PdMnSb; it presents no half metallic character in agreem
with previous calculations by Antonovet al.19 and as was
initially predicted by de Grootet al.2 Although PdMnSb
DOS ~see Fig. 1! has essentially the same form as that of
PtMnSb and NiMnSb DOS the occupied part starts at ab
1 eV above these two Heusler alloys. The low-energy par
the DOS is dominated by the Pd 4d and the Sb 5p states, so
this difference should be attributed to stronger hybridizat
between these orbitals. For this system Mn shows the st
gest polarization of the Sb-based compounds resulting
spin magnetic moment of 4.03mB . Pd 4d states show the
same behavior as Ni 3d and Pt 5d states and spin induce
magnetic moment at the Pd site is 0.09mB , while Sb has a
similar but negative moment (20.09mB). There is a narrow
energy-band gap of spin-down states at around 0.5 eV ab
the Fermi level. It seems that the half metallic behavior
PdMnSb alloy, which is not present at ambient pressu
could appear under strain or hydrostatic pressure condit
where the Fermi level could be moved inside the gap.
verify this assumption we calculated the DOS for t
PdMnSb under an hydrostatic pressure of 4.8 and 20 G
and the resulting DOS is presented in Fig. 3. 4.8 GPa
hydrostatic pressure corresponds to 5% reduction of the u
cell volume compared to the ambient pressure unit cell
20 GPa corresponds to 15%. Thus PdMnSb under pres
shows a quite large band gap in the spin-down states like
other half metallic Heusler alloys. We can see that as
pressure increases this gap becomes larger. The Fermi
changes position and for 4.8 GPa hydrostatic pressure
situated at the lowest energy side of the gap, while for
GPa it is situated at the middle of the gap. These two sit
tions correspond exactly to PtMnSb and NiMnSb behav
respectively. Apart from the change in the position of t

FIG. 3. Total and minority spin projected density of stat
~DOS! for PdMnSb at ambient pressure and for two sets of redu
lattices constants. Under hydrostatic pressure there is a slight
rangement of the electrons in the DOS and PdMnSb presents
metallic properties. Notice that the bandwidth under pressure is
closer to that of PtMnSb and NiMnSb at ambient pressure.
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Fermi level the only change in the DOS concerns the low
occupied valence states that are dominated by the Pd 4d and
the Sb 5p states. The hydrostatic pressure effect leads t
decrease in the magnetic moment of Mn; reducing it fro
4.03mB for ambient pressure to 3.91mB for 4.8 GPa pressure
and further to 3.78mB for 20 GPa. The compression increas
the hybridization between the Mn 3d states and the Pd 4d
leading to an increase of its induced magnetic moment.
spin magnetic moment changes from 0.09mB at ambient
pressure to 0.10mB for 4.8 GPa and 0.16mB for 20 GPa. The
magnetic coupling between the Sb and the other two sites
20 GPa pressure becomes ferromagnetic~Sb spin magnetic
moment becomes 0.12mB).

In the next step we study the behavior of the Pt-ba
ternary alloys by substituting Sb by Sn that has one vale
electron less or by Te that has one valence electron m
Substituting Sb in PtMnSb alloy by Sn has a rather expec
consequences~see in Fig. 4!. The DOS has similar feature
as for PtMnSb but the smaller number of valence electr
lowers the position of the Fermi level. The spin-down ba
gap is pushed towards higher energies by about 0.6 eV
agreement with the results of Halilov and Kulatov42 and con-
tradicting the results of Antonovet al.19 that found a pure
gap in this region. The spin-down density of states at
Fermi level is larger than for the spin-up band as predic
by de Grootet al.2 The most important change concerns t
induced magnetic moment at Pt site which vanishes for
PtMnSn compound and the hybridization between the Mnd
states and the Sn 5s and 5p electrons becomes more impo
tant leading to a slight decrease of the magnetic momen
the Mn site (3.88mB in the case of PtMnSn compared
3.93mB for PtMnSb!. We notice also a slight increase of th
absolute value of the spin magnetic moment at the Sn
compared to that of Sb (20.11mB compared to20.07mB).
Our calculated Mn moment is slightly higher than the o
calculated by de Grootet al.2 (3.60mB).

The PtMnTe compound has not yet been studied exp
mentally principally because of the difficulty in preparin
Te-based compounds and hence no calculations has
done for this compound. For reasons of completeness

d
ar-
alf
w

FIG. 4. The same plot as Fig. 2 but for PtMnSn. The density
states~DOS! for PtMnSn has similar features as for PtMnSb but t
one electron reduced number of valence electrons moves the
tion of the Fermi level towards lower energies, so that instead o
pure energy gap in the spin-down DOS there is a region of v
small DOS of 0.6-eV bandwidth starting from the Fermi level.
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discuss also this alloy. As can be seen in Fig. 5, substitu
Sb in PtMnSb alloy by Te has a rather complex conseque
There is a double peak structure for the Mn 3d up states
contrary to all the other four compounds. The very low to
DOS in a region of 0.2 eV just before the Fermi level lea
to a semimetallic behavior. The origin of this low DOS
traced back to the bigger exchange splitting of the Mnd
states in PtMnTe, which via hybridization affects also the
4d and Sb 5p states. Spin magnetic moment at the Mn s
gets its higher value of 4.29mB . The induced spin magneti
moment at the Pt site is 0.26mB which is more than the
double of the PtMnSb value. Te presents a ferromagn
coupling with the Mn contrary to all the other compounds
the XMnY type where the Y atom is antiferromagnetica
coupled to the Mn.

In Table II we have gathered the calculated spin magn
moments for all the compounds together with previous
sults of Youn and Min11 within LMTO-ASA.10 In the third
column we present the values obtained by Kimuraet al.28 by
applying the sum rules to their spectra. For PtMnSn sys
the Mn spin magnetic moment has been measured by
illova et al.,14 and it is the only case where the experimen
value is much smaller than the calculated value. Such de
tions are expected because our calculations are performe
zero temperature while experiments are performed for fi
temperatures, where spin fluctuations are important. T
causes a reduction of the projection of the spin magn
moment on the spin quantization axis and so an overest
tion of the spin magnetic moment with respect to expe
ment. The discrepancy can come also partially from the b
ger atomic disorder that PtMnSn samples present comp
to the other compounds.17,39 Magnetic moments in the inter
stitial region~of the order of60.05mB) are small compared
to the moment at the Mn site but important compared to
other atoms. The open structure ofXMnY leads to a larger
interstitial region since in our method the muffin-tin sphe
are not allowed to overlap. There is no easy way to attrib
the interstitial electrons to any particular atom of the allo

In Table II we also present the orbital magnetic mome
of the d states for Ni, Mn, Pd, and Pt and the orbital ma
netic moments of thep states for Sb, Sn, and Te. For the M

FIG. 5. The same plot as Fig. 2 but for PtMnTe. Substituting
in PtMnSb alloy by Te has a rather complex consequence. The
a double peak structure for the Mn 3d up states which is not seen i
the other four compounds. The total density of states is very
exactly before the Fermi level leading to a semimetallic behavi
g
e.
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atom and for all the compounds with the exception
PtMnTe we found a value of 0.04mB in good agreement with
previous calculations by Wanget al.,12 that used a tight-
binding ~TB! version of the LMTO-ASA method. The
^morb&/^mspin& for these four compounds is 0.01 in agre
ment with Kimura et al.28 that predicted that this value
should be less than 0.05. The calculated value is an unde
timation of the real value because it is already known t
both LSDA and GGA significantly underestimate the orbi
magnetic moment,44 but manage to represent the corre
trends.37 Pt orbital moment presents a big anisotropy b
tween different compounds reflecting the differences in
crystal field as we substitute Sn by Sb or Te. The sa
argument is also suitable for thep projected orbital magnetic
moment of Sb in the different compounds. The only discre
ancy between our full-potential calculations and these
Wanget al. concerns Pt atom in PtMnSb, for which the sig
between the two calculations is different. This discrepan
should be attributed to the use of ASA in their calculation
In ASA calculations only the spherical part of the potential
used which is a poor approximation for highly anisotrop
crystalline structures like theC1b . ASA worked well for the
band structure and the spin magnetic moments, but it can
correctly treat properties that are very sensitive to
crystalline-field-like magnetocrystalline anisotropy or orbi

TABLE II. In the first column we present our calculated resu
for the atom-averaged spin magnetic moment^mspin& in mB and in
the second column Youn and Min~Ref. 11! calculated values by
means of the LMTO-ASA method~Ref. 10!. In the third column we
show the spin magnetic moments extracted from the experime
XMCD spectra using the sum rules~Ref. 28!, except for the
PtMnSn where we show the value measured by Kirillovaet al.
~Ref. 14!. The latest value is the only one that is significantly ove
estimated by our calculations. Here we expect spin fluctuations
intrinsic atomic disorder of the PtMnSn samples to play an imp
tant role. The fourth column represents thed-orbital magnetic mo-
ments except for Sb, Sn, and Te where we used thep-orbital mo-
ment values, because the valence electrons of these atom
principally of p character. Finally, the last column shows the orbi
magnetic moments calculated by Wanget al. ~Ref. 12! within the
TB-LMTO-ASA.

^mspin&
FP

^mspin&
ASA

^mspin&
expt

^morb
d &

FP
^morb&

TB-ASA

Ni 0.26 0.26 0.01 0.02
NiMnSb Mn 3.72 3.76 3.85 0.04 0.03

Sb 20.06 20.07 20.01(p) ;0
Pd 0.09 20.08

PdMnSb Mn 4.03 3.95 0.04
Sb 20.09 0.02(p)
Pt 0.10 0.08 20.05 0.03

PtMnSb Mn 3.93 3.97 4.02 0.04 0.05
Sb 20.07 20.09 0.01(p) ;0
Pt 0.01 20.14

PtMnSn Mn 3.88 3.57 0.04
Sn 20.11 0.01(p)
Pt 0.26 0.12

PtMnTe Mn 4.298 0.02
Te 0.08 20.02(p)

b
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magnetic moment where the nonspherical parts of the po
tial play an important role.

V. X-RAY ABSORPTION AND DICHROISM

The last part of our work concerns the XAS and t
XMCD of the Heusler alloys. To our knowledge only the M
and Ni XMCD at theL2,3 edges of NiMnSb and PtMnS
have been measured by Kimuraet al.28 It is of interest to
mention that no information about the quality of the stru
tural properties of these samples is known.28 We concentrate
first on the behavior of Pt in the three Pt-based compoun
then we discus the Mn spectra and in the last paragraphs
Ni and Pd behavior. For all the atoms except Pt we bro
ened the theoretical spectra by a Lorentzian of 0.9 eV wi
and a Gaussian of 0.4 eV to account for the core-hole
time broadening and the experimental resolution, resp
tively. As the lifetime of the hole in the Pt 2p core states is
smaller than for the 3d ferromagnets the broadening used
account for the core hole would be larger; we then use
Gaussian of 1 eV width and a Lorentzian of 1 eV.37 But the
broadening does not change the integratedL3 /L2 branching
ratio. In the case of Pt, the 2p core states are very deep du
to its bigger atomic number in comparison to Ni and Mn a
hence screening of the core hole is weaker. The final s
C f wave function that the photoexcited electron sees in
ality is not much different from the GGA calculated sta
C i . The discrepancy between theory, which approxima
C f by C i , and experiment is expected to be le
important.37

In Figs. 6 and 7 we present the XAS and XMCD spect
respectively, for the three Pt-based compounds. As we
stitute Sn by Sb and then by Te, we successively add
electron more to the valence electrons, and we notice
this additional electron changes substantially the form of
XMCD spectra while the XAS are only slightly affected
PtMnSn and PtMnSb XMCD spectra have similar charac
istics, in particular they exhibit a kink at the lower ener
side of theL3 edge and at the higher energy side of theL2
edge. The intensities are much higher for the PtMnSb t

FIG. 6. X-ray absorption at the Pt site in the Pt-based co
pounds. There are slight changes but no general tendency ca
observed.
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for Pt in PtMnSn and so does theL3 /L2 integrated branching
ratio, 0.93 for PtMnSb and 0.40 for PtMnSn. The XMC
spectra of Pt in PtMnTe presents no kinks. The intensity
the L3 edge is considerably higher than for the other tw
compounds, and that is also the case for theL3 /L2 integrated
branching ratio (L3 /L251.73). This important difference in
the behavior of the Pt atom in the three compounds is
rectly connected to the size of the local magnetic momen
larger magnetic moment of Pt in PtMnTe (0.026mB) results
in a higher XMCD intensity and a smaller magnetic mome
for Pt in PtMnSn (0.01mB) results in a lower intensity.

In Fig. 8 we plot the calculated and experimental XA
and XMCD spectra for the MnL2,3 edges in NiMnSb and
PtMnSb. As far as the absorption spectra are concerned
theory represents well the experimental features and ove
timates slightly theL2 edge intensity. The deviation from
experiment is more important for the Ni-based system th
for the Pt-based one. The energy difference between theL2
andL3 edge represents the size of the spin-orbit splitting

-
be

FIG. 7. XMCD spectra for the Pt atom in the three Pt-bas
alloys. The spectra of PtMnSn and PtMnSb have the same cha
teristics while the PtMnTe spectra has a different form, which
due to the underlying local magnetic properties of Pt in these all
~see Table II!.

FIG. 8. Mn L2,3 calculated and experimental 28 absorption a
XMCD edges in the NiMnSb and PtMnSb compounds. Our cal
lation reproduces rather well the absorption but underestimates
L3 /L2 integrated branching ratio.



e
at
ls
he
th
r-

di
o

al

n
c

em
a
w

-
th
e
w

om

n
re is

for
ee
om-

This
s in

the
n

ot
of
ple
f
tly

he

tr
nc

ee
un
ca

tes
er

PRB 61 4099Ab initio GROUND STATE ANDL2,3 X-RAY . . .
the 2p core states, and experiment and theory give a valu
about 10.5 eV. For both systems the theory underestim
theL3 /L2 integrated branching ratio. The discrepancy is a
more important for the Ni-based system than for t
PtMnSb, and it is most probably due to the neglect of
core-hole effect.45 Another source of discrepancy is the pa
tial disorder of the sample used in the experiment. The
order is not treated within our calculation and in the case
FePd it contributed significantly to the XMCD spectr
shape.46

Figure 9 shows the calculated XMCD spectra for the M
site through out the three Pt-based systems. The XAS spe
are almost identical and we have chosen not to plot th
We observe minor changes in the spectra. Intensities
L3 /L2 integrated branching ratios increase slightly as
pass from the Sn-based alloy to the Te-based one (L3 /L2
51.02 for PtMnSn and 1.08 for PtMnTe!. The spin-orbit
splitting of the 2p core states is identical for the three com
pounds, which is expected, but the relative position of
peaks changes. As an electron is added to the system, thp
core states of Mn are affected and are pushed towards lo

FIG. 9. Mn L2,3 edges in the Pt-based compounds. Spec
change slightly with the compound but as the number of vale
electrons increases, the 2p core states gets deeper.

FIG. 10. MnL2,3 XMCD edges in the Sb-based alloys. The thr
Sb-based compounds, contrary to the three Pt-based compo
have the same number of valence electrons, so the peaks are lo
in the same energies.
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energies. This change is about 1 eV when we move fr
PtMnSn to PtMnTe.

Figure 10 shows the calculated XMCD spectra for the M
site but this time through out the Sb-based systems. The
no general tendency for the intensities and theL3 /L2 inte-
grated branching ratio and it remains constant, 1.03
NiMnSb, 1.06 for PdMnSb, and 1.08 for PtMnSb. The thr
Sb-based compounds contrary to the three Pt-based c
pounds have the same number of valence electrons.
results on the same photon energy positions of the peak
the XMCD spectra~Fig. 10!.

The discrepancy between experiment and theory for
Ni site in NiMnSb is important even in the x-ray-absorptio
spectra~see Fig. 11!. The theory underestimates theL2 edge
intensity by more than 50%. The XMCD spectrum does n
reproduce the kink in the vicinity of each edge. The origin
these two kinks is probably the partial disorder of the sam
used in experiments.46 The calculated spin-orbit splitting o
the Ni 2p core states is 17.6 eV, while it seems sligh
larger in the experimental XAS.

In Fig. 12 we represent the absorption and XMCD for t

a
e

ds,
ted

FIG. 11. Calculated and experimental NiL2,3 absorption and
XMCD edges in NiMnSb. Our calculation strongly underestima
the L2 absorption peak and fails to describe the kinks in the low
energy side of the XMCD edges.

FIG. 12. Calculated x-ray total absorption and XMCD of theL2

and L3 edges for Pd in PdMnSb. The integratedL3 /L2 XMCD
branching ratio is 1.42.
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TABLE III. Direct calculations of atom-averaged spin^mspin
direct& and orbital^morb

direct& magnetic moments
using Eq.~1! for NiMnSb and PtMnSb together with the ones derived by applying the sum rules to
theoretical XMCD spectra. From the sum rules we can derive the effective spin magnetic moment@see Eq.
~4!#. The fifth column shows the number of holesnh in the d band used in Eqs.~3! and ~4! and the last
column the energy cutoffEcuto f f of the integrals in these equations.

^mspin
direct& ^mspine f f

sumrul.& ^morb
direct& ^morb

sumrul.& nh Ecuto f f (eV)

NiMnSb Ni 0.26 0.31 0.01 0.01 1.51 4
Mn 3.72 3.62 0.04 20.03 4.88 6

PtMnSb Pt 0.10 0.11 20.05 20.07 2.33 6
Mn 3.93 3.70 0.04 0.05 4.82 6
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two PdL2,3 edges. TheL3 edge in the x-ray-absorption spe
tra is more than twice more intense than theL2 peak. For the
XMCD the L3 /L2 integrated branching ratio is 1.42. Th
spin-orbit splitting is 159.1 eV and it is very close to th
value for pure Pd of 160 eV. Since the core states are
considerably affected by the crystalline environment, it
then expected that the spin-orbit splitting remains practic
unchanged in different Pd alloys.

To conclude this part regarding our calculated XAS a
XMCD spectra we should stress that the agreement with
periment is only at thequalitative level, and that the one
electron theory is incapable of producing the correct XMC
branching ratio. We have invoked many reasons for this
agreement:~i! the one-electron theory neglects the effect
the core-hole photo-electron interaction.~ii ! it neglects also
the multi-electron processes such as the Coster-Kronig d
processes.~iii ! the samples have intrinsic atomic disord
which is expected to play an important role. It is, howev
interesting to notice that the calculated XAS MnL2,3 in both
NiMnSb and PtMnSb aresimilar whereas the experimenta
ones are not, especially at the high energy side of theL2
spectrum. We believe that further theoretical work is nee
to better account for the details of the experimental XMC
spectra. Nevertheless our calculations constitute a good s
ing point for the understanding of the excited states of
Heusler alloys.

VI. XMCD SUM RULES

XMCD sum rules have been derived by using an i
model by Tholeet al.23 and by Carraet al.24 for atoms and
by Ankudinov and Rehr47 and Guo32 in the case of solids
For theL2,3 edges they take the following form:

E
L21L3

dv@m1~v!2m2~v!#

E
L21L3

dv@m1~v!1m2~v!1m0~v!#

5
^Lz&
2nh

, ~3!

E
L3

dv@m1~v!2m2~v!#22E
L2

dv@m1~v!2m2~v!#

E
L21L3

dv@m1~v!1m2~v!1m0~v!#

5
^Sz&17^TZ&

3nh
, ~4!
ot
s
y

d
x-

s-
f

ay

,

d

rt-
e

where^Lz& is the expectation value of the angular mome
tum operator of thed states,̂ Sz& that of the spin operator
^TZ& that of the magnetic dipole operator which accounts
the asphericity of the spin moment,nh the number of holes in
the d band, and finallym0 the absorption coefficient for the
unpolarized x-ray radiation. ThêTZ& is negligible only for
cubic structures,29,48 but can account for up to 50% of th
effective spin magnetic moment at the~001! surface of Ni.27

So we expect it to be important for theC1b crystalline struc-
ture. To derive these sum rules several approximations
made with most important the ignorance of the interatom
hybridization, which is reflected on the nontreatment of t
energy dependence of the radial matrix elements.

We apply the sum rules to the theoretical spectra
NiMnSb and PtMnSb, which are the most studied syste
The calculated spin magnetic moment is an effective one
we do not separate the^Sz& term from thê TZ& one. Results
together with the direct calculations of the magnetic m
ments can be seen in Table III. The number of holes in thd
band is calculated by integrating the element andl projected
density of states inside each muffin-tin sphere. For the cu
energy used as upper limit for the integrals in Eqs.~3! and
~4!, we integrate the density of states to find the number
holes. We found a value of 4 eV for Ni and 6 eV for the M
and Pt atoms, but calculated magnetic moments do
change significantly with the cutoff energy~less than 2% if
we increase the cutoff energy by 2 eV! as was the case in F
and Fe nitrides.30 Of course, even if sum rules where derive
with no approximation direct calculated values and the o
derived by applying the sum rules to the theoretical spe
would be different as we do not take into account physi
processes like the core-hole recombination45 and the Coster-
Kronig decay. But their inclusion in calculations requires t
treatment of a time dependent two-electron Green’s funct
whose formalism is heavily involved inab initio calcula-
tions.

As we can see in Table III direct and sum rules deriv
spin magnetic moments are in good agreement for all
atoms. Difference should come mostly from the^TZ& term as
C1b crystalline structure is highly anisotropic. It is remar
able that for Pt and Ni sites the sum rules have only sligh
overestimated the spin magnetic moment and for Mn
slightly underestimated it as compared to direct calculatio
The surprising agreement between the sum rules derived
ments and the direct calculations is also reproduced in
case of the orbital magnetic moments with the exception
Mn in NiMnSb where orbital magnetic moment is positive
the direct calculations and negative when using the s
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rules, showing the sensitivity of the sum rules over the to
ity of the approximations used to derive them and the ph
cal processes that were not included in the computation
the XMCD spectra. The agreement of the sum rule deri
magnetic moments with the direct calculations using Eq.~1!
is then not expected.

VII. CONCLUSION

We have studied by means of a relativistic full-potent
ab initio linear muffin-tin orbitals~LMTO! method the elec-
tronic structure and the x-ray magnetic circular dichroism
five Heusler alloys. The total energy calculations within t
generalized-gradient approximation to the exchan
correlation potential produced equilibrium lattice consta
that differ less than 1.2% from the experimental values.
NiMnSb and PtMnSb the main features of our density
states~DOS! agree well with previous studies, showing a g
in the minority spin band at the Fermi level and a lar
exchange splitting for the Mn 3d states. We showed tha
PdMnSb is not a half ferromagnet at ambient pressure
becomes one at higher hydrostatic pressure. PtMnSn
similar characteristics as PtMnSb but as it has one vale
electron less, the Fermi level is lower in energy. Instead o
half metallic gap there exists a region of low spin-down DO
at the Fermi level and this gap is moved towards hig
energies. The PtMnTe alloy shows very low total DOS ju
before the Fermi level and consequently a semimetallic
havior.
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The x-ray-absorption spectra~XAS! of the Pt atoms in the
different Pt-based alloys are similar, while the x-ray ma
netic circular dichroism~XMCD! spectra change signifi
cantly reflecting the underlying changes in the electro
structure and induced magnetic moments. Mn atoms sh
the same behavior in all the compounds but as the numbe
the valence electrons increases the 2p core states becom
deeper by about 1 eV. The theory underestimates theL3 /L2
integrated branching ratio compared to experiment at the
site in NiMnSb and PtMnSb, and reproduces only quali
tively the XAS spectrum of Ni in NiMnSb. Finally, for Pd no
XMCD experiments are available yet so that our calculatio
of XAS and XMCD remain a prediction. The good agre
ment between the directly calculated magnetic moments
the ones derived by applying the sum rules to the theoret
spectra is surprising and not expected since the sum rule
derived for atoms.
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