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Relativistic full-potential calculations within the generalized gradient approximd@dgpA) 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 NiMnSh. We predict that PdAMnSb 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 experimerital;datay
absorption and x-ray magnetic circular dichroieMCD) spectra are calculated for all the five compounds. Pt
spectra present big deviations from system to system in the PtMrSn,Sb,Té compounds while Mn
spectra show only small deviations. For all these spectra GGA underestimateg/ theintegrated branching
ratio and produces a much smaller 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.

. INTRODUCTION gap for four isostructuraXMnSb (X=Cu,Pt,Pd,Ni) com-
pounds. Ellipsometric evidence of the spin-down gap for Pt-
Magnetic ternary alloys of th&2, and C1, crystaline MnSb was reported also recentf/However, impurity-type
structure have attracted a lot of interest since they were stualectronic-structure calculations for PtMnSb indicate that the
ied by Heuslet de Grootet al? showed that these that crys- lattice disorder has a “dramatic impact on the spin polariza-
tallize in the C1, (MgAgAs type® structure constitute an tion and the gap in the vicinity of the Fermi levéf’thus
interesting class of materials. They predicted that NiMnSkexplaining the reason photoemission experiments could find
and PtMnSb are half metallic ferromagnets, i.e., the majorityonly a degree of the full polarization. Ote al*” have mea-
spin (spin-up band is metallic while the minorityspin-  sured the Hall effect of severaMnSb compounds and
down) band is semiconducting, leading to 100% spin polar-showed that in the case of Heusler alloys the asymmetric
ization at the Fermi level. They exhibit high value of satu-scattering of the charge carriers is mainly due to spin-
rated magnetic moment per Mn atom-4ug) and a high disorder scattering and not to orbital scattering. Finally, Gao
Curie temperatur& Most experiments have been performedet al® have calculated the dielectric tensor for the NiMnSb
for PtMnSb which presents one of the highest polar-Kerrsystem and showed that the high-energy Kerr rotation peak
rotation angles among the magneto-optic metallic materialarises only from transitions involving spin-orbit coupling.
at room temperatureThin films of these materials can actas ~ Antonov et al. have studied the magneto-optic properties
spin filters and enhance the performance of devices based @ 15 ternary ferromagnetic C1l,- and L2;-type
the giant magneto-resistance efféoBbnly recently it has compounds? The large Kerr effect on PtMnSh was attrib-
been made possible to grow such films because of the diffiuted to the simultaneous existence of the gap in the minority-
culty in obtaining a uniform, well ordere@1,-type crystal spin band, the big magnetic momen#dug at the Mn site,
structure and because of the sensitivity of their electroni@nd the large spin-orbit coupling at the Pt site. vaneEkl.
structure to the lattice parametérs. showed in the case of (&i)MnSb that the polar-Kerr effect
Calculations by Hanssen and Mijnarefitty means of a  for red light is independent from the half metallic properties
non-self-consistent Korringa-Kohn-Rostoker method and byf these compound?s.
Kulatov and Mazil by means of a scalar-relativistic linear ~ The dichroism-type spectroscopy became a powerful tool
muffin-tin orbital (LMTO) (Ref. 10 method in its atomic in the study of the electronic structure of magnetic
sphere approximatiofASA) produced a half metallic behav- materials?>*? The x-ray-absorption spectroscop¥AS) us-
ior for NiMnSb. More recent spin-polarized band ing polarized radiation probes element specific magnetic
calculation$>*? within the local spin-density approximation properties of alloys and compounds via the x-ray magnetic
(LSDA) (Ref. 13 verified the half metallic nature of PtMnSb circular dichroism(XMCD) by applying the sum rules to
and NiMnSb. The band gaps have been found to depenexperimental spectra 2> The application of these sum rules
strongly on the variation of the lattice parameters, and théo itinerant systems, in particular to low symmetry systems,
spin-orbit interaction, while substantial for PtMnSb, it is is debated since the sum rules are derived from atomic
found to be negligible for NiMnSB' Kirillova and  theory?*?%?’In particular, the XAS and XMCD spectra have
co-workers* analyzed the interband absorption based on exbeen measured recently in the Mp 2ore absorption region
perimental data and showed the presence of a small enerdgr MnSb-based Heusler alloys and for Ni in the NiMn&b.
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Severalab initio calculations have been performed trying  TABLE I. Calculated equilibrium lattice constant, (in A)
to understand theoretically the XMCD. Most of them con-compared to experimental lattice constants by @ttal. (Ref. 39
cern the @l transition metal$/?>*Cinvolving electronic ex-  (second ling and by van Engeret al. (Ref. § (third line). The
citations of 2, (L, edgé and 2z, (L3 edge core elec- difference between calculated and experimental lattice constants
trons towardsd-valence states. The XMCD signal dependsdoes not exceed 1.2%.
on the exchange splitting and the spin-orbit coupling of both i
initial core and final valence states. Brouder and NiMnSb PdMnSb PtMnSn PtMnSb PtMnTe
co-workers;' Guo? and Ankudinov and Refit used 5 5023 6231 6187 6227 6.346
multiple-scattering theory to study XMCD_ but their method,. 3exp (OtO) 5927 6261 6.195
although successf_ul, has been.only applled. to systems W'tgexp(van Engeh 5920 6285 6.264 6.210
few atoms per unit cell, as their formalism is computation-
ally involved. Finally, atomic calculations, using crystal-field

symmetry, are widely applied to fit the experimentls  \heree. is the polarization vector. We also consider the
edges of rare earths and actinide compounds and-$hie  gpin-quantization axis along the direction of the x-ray beam

edges of early transition metals. Because of the large numbgfes in xMCD experiments. The absorption at the (I
of parameters to fit, it is difficult to apply this formalism to . 1 -

delocalized @ stated? 5) core edge is given by the relation
elocalize states:

In this paper we focus on the study of five Heusler com- o
pounds: PtMnSn, PtMnSb, PtMnTe, PdMnSb, and NiMnSb. . _=" i.m le.plnkynk|pe.|i.m:
In Sec. Il we present briefly the theoretical method used to pa(w) fi % % SE 'il =plnk)(nk|pe-|j - 'i>
calculate the orbital magnetic moment, the absorption coef-

ficients for the circularly polarized x-ray radiation and the Xo(w—En+Ej,), 2
details of the calculations. The equilibrium lattice properties
are presented in the Sec. Ill. In Sec. IV we discuss the eleavhere the first sum runs over the initial core states and the

tronic structure of these compounds and the magnetic progsecond one over the unoccupied final states. The XMCD
erties. In Sec. V we calculate the XAS and XMCD spectraspectrum is defined as the difference between the left and
and we compare them to experiments. In Sec. VI we use thedght absorption coefficient for each x-ray energy.

sum rules to determine the spin and orbital moments and All calculations are performed within the generalized-
compare them to direct calculations. A particular interest iggradient approximatioll (GGA) to the exchange-correlation
devoted to the behavior of the Pt and Mn atoms in the difpotential. To develop the potential inside the MT spheres we

ferent Heusler compounds. calculated a basis set of lattice harmonics including functions
up tol =8, while for the FFT we used in real space a grid of
Il. THEORETICAL MODEL 48X 48X 48. The Brillouin-zone integrations during the self-

___consistency are performed by means of a Gaussian smearing

To calculate the band structure we used the relativistif 0.1 eV width and 25 points in the Brillouin zong88 in
full-potential linear muffin-tin orbital methodFP-LMTO)  the jrreducible pajt We treated the Mn @8, Sb 4d, Ni 3p,
method®® The space within this method is divided in two pq 45 and Pt 5 states as semicore. For the valence elec-
regions: the nonoverlapping spherdsuffin-tin (MT)  t,ons we used a basis set containing § 3xp, and 2xd
spheres centered in each atom and the interstitial region.yaye functions. The spin axis was chosen to be along the
The muffin-tin potential is developed over the lattice har-[117] direction, which is the easy magnetization axis of these
monics of the system and the rest of the potential is treatefhe sjer alloys, contrary to all previous calculations that used
using fast Fourier transfornFFT). The core electrons are he [001] as quantization axis. Similar investigation for Fe,

spin polarized and their electronic states are obtained byg pitrides3® CoPt3” and FePdRef. 39 compounds were in
solving iteratively the Dirac equation. For the valence elec-good agreement with experiment.

trons the spin-orbit coupling is added to the semirelativistic

Hamiltonian; and the total Hamiltonian is solved self-
ConSiStentIy. I1l. EQUILIBRIUM LATTICE PROPERTIES

It D'T’m| o(E) is the projected density of states on each The absence of experimental lattice parameters for the
muffin-tin spherer and on thel, m;, o basis(where PtMnTe has motivated us to determine these parameters by
I, m are the angular momentum quantum numbers@nd minimization of the the total energy. All the calculations
the spin, to calculate the average orbital magnetic momenhave been performed within the GGA because this approxi-
(m'mrb> of the atomr, we use the expression mation to the exchange-correlation potential is known to pro-

duce better lattice properties than LSDA. In Table | we com-

Ep ; ; 39
| _ - pare our results with experimental results of Gitaal.> for
<m7’0fb>_; ;l m, _mD|,m, o(E)dE. @ PtMnSn, PtMnSb, and NiMnSb alloy& For the NiMnSb the

_ . _ agreement is practically perfect (5.923 A, theory, compared
The integral is taken up to the Fermi levet . to 5.927 A, experiment For PtMnSb our theory overesti-

In order to calculate the matrix elements and consequentlyates the lattice parameter by 0.5%, while for PtMnSn it
the absorption coefficients for left, and rightu_ circular  underestimates it by 1.1%. Similar experiments by van En-
polarized x-ray radiation, we use the dipole approximation tayen et al® produced the same lattice parameters within less
the electron-photon interactiorfaip=(1/\/5)(Vxﬂvy), than 1%. Since the agreement of the lattice parameters with
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FIG. 1. Total and spin-down projected density of states for the . . .
. FIG. 2. t t ty of states for the Pt-
three Sbh-based Heusler compounds. All the DOS show similar char'\-/I G Spin and atom projected density of states for the

teristics but the PAMnSh d i t a half metallic behavi nSb calculated using the experimental lattice constant. The large
actenstics but the n oes not present a halt metaflic be av'oerxchange splitting of the Mn @8 states leads to a large localized
and has a 1-eV smaller bandwidth.

spin magnetic moment{4ug) at the Mn site and to the polariza-

) ) ) tion of the Mn 3 bands away from the Fermi level. The Rt &nd
experiment is less than 1.2%, we expect that our lattice pasp 5p states lay lower in energy.

rameter for PtMnTe (6.346 A) is a good prediction.

For the Pt-based compounds, valence electrons are gradtie vicinity of the Fermi level that is in agreement with pre-
ally added to the system when Sn is substituted by Sb or Tgious relativistic calculation&:*#2 Notice, that the Fermi
resulting in an increase of the lattice parameter. It is surpristevel is placed just at the edge of the half metallic gap for
ing that this behavior is not seen in experiment. This couldPtMnSb alloy. Based on a scalar-relativistic calculation for
be due primarily to the stronger atomic disorder in the Pt-NiMnSb, Kulatov and Mazihargued that the exact position
MnSn system as compared to PtMnSh sampleor all the  of the Fermi level with respect to the half metallic gap can-
rest of the calculations we used the experimental lattice panot be reliably determined within the density-functional
rameters measured by Otto for PtMnSh, NiMnSb, andheory” and it depends strongly on the approximation to the
PtMnSn, and the experimental value of van Engen forexchange-correlation potential that is uéé@ut this strong
PdMnSh. For PtMnTe we used our calculated equilibriumclaim is not confirmed by our calculations. In particular, the
lattice constant. position of the Fermi level with respect to the gap for both
PtMnSb and NiMnSb within our calculation&P-LMTO,
GGA), calculations of Antonovetal® (LMTO-ASA,
LSDA), and the calculations of Youn and Min(LMTO-

The electronic structures of the NiMnSb and PtMnSbASA, LSDA) is the same, at the middle of the gap for the
compounds have been extensively reported in thé\iMnSb and at the lower energy side of the gap for PtMnSb,
literature?11%42 50 in this section we briefly discuss the although in all the three calculations different numerical
most important features on their density of statBO9) codes and different exchange-correlation potentials are used.
curves and will concentrate essentially on the electronicThe common point between the three calculations is the
structure trends of the Pt-based alloys and of PdMnSb. In alireatment of the spin-orbit coupling. So it seems that the
DOS plots the Fermi level is taken to be the zero of theclaim of Kulatov and Mazin is not due to exchange-
energy scale. correlation approximation but to the neglect of the spin-orbit

Figure 1 shows the total and the spin-down density ofcoupling in their calculations. Ptdb states are practically
states for the three Sb-based Heusler alloys. The most stufiled for both spin directions, and lay lower in energy than
ied alloy is the NiMnSb as it was the fir€1,-type alloy the Mn 3d states, because Pt has a bigger atomic humber.
investigated by de Groat al? As it is already known and This results on a smaller hybridization between M &nd
verified by our full-potential calculations the density of statesPt 5d, which leads to a small induced magnetic moment on
is dominated by a large exchange splitting3 eV) be- the Pt site (0.103). The Sb valence states are mainlg 5
tween the spin-up and the spin-down bands of the Min 3 and 5 states and are weakly antiferromagnetically coupled
states. This is clearly seen in the atomic projected density ab the Mn 3 states so that the induced magnetic moment on
state§! for the PtMnSb system shown in Fig. 2. Similar DOS the Sb site is only-0.07u5.
is obtained for the Mn 8 band in the other two alloys, NiMnSb shows similar behavior as PtMnSb but the spin-
NiMnSb and PdMnSb. This large exchange splitting leads tarbit coupling plays a lesser important role due to the much
large localized spin magnetic moments 4ug) at the Mn  smaller atomic number of Ni as compared td-Pthe Fermi
site and to the polarization of the Mrd3ands away from level lies in the middle of the spin-down gap enabling half
the Fermi level. We can essentially identify three peaks. Thenetallic properties of this alloy. The spin-up DOS in a region
peak over the Fermi level comes from the spin-down banaf about 1 eV around the Fermi level is similar for all the
and the double peak structure below the Fermi level is due tthree Sh-based compounds. The Nil3ands are far from the
the exchange interaction. Fermi level and are almost filled for both spin directions

For PtMnSb the minority spin DOS shows a gap just atresulting in a small spin magnetic moment of Qu26 Our

IV. DENSITY OF STATES AND MAGNETIC MOMENTS
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one electron reduced number of valence electrons moves the posi-

D([):ISGf 3i:>dT|\(/Ttaslbantd mtl)r_lorltty spin prOJe(;:tfed t\(/:\ilenSItty off S'([jateséi)on of the Fermi level towards lower energies, so that instead of a
( ) for n>b at ambient preéssure and for two Sets of reduced | o energy gap in the spin-down DOS there is a region of very

lattices constants. Under hydrostatic pressure there is a slight rear: : ; .
- all DOS of 0.6-eV bandwidth starting from the Fermi level.
rangement of the electrons in the DOS and PdMnSb presents hglf{n g

metallic properties. Notice that the bandwidth gnder pressure is NOW-armi level the only change in the DOS concerns the lowest
closer to that of PtMnSb and NiMnSb at ambient pressure. occupied valence states that are dominated by thedPahd
the Sb % states. The hydrostatic pressure effect leads to a

value is in good agreement with that of Youn and Mithe  decrease in the magnetic moment of Mn; reducing it from
Sb site is weakly antiferromagnetically coupled to the othed.03ug for ambient pressure to 3.2% for 4.8 GPa pressure
two atoms as in the case of PtMnSbh. and further to 3.78 for 20 GPa. The compression increases

A very different situation is obtained in the case of the hybridization between the Mnd3states and the Pdd4
PdMnSb; it presents no half metallic character in agreemenreading to an increase of its induced magnetic moment. Pd
with previous calculations by Antonost al!® and as was spin magnetic moment changes from Qu@9at ambient
initially predicted by de Grooet al? Although PdMnSb pressure to 0.1 for 4.8 GPa and 0.1 for 20 GPa. The
DOS (see Fig. 1 has essentially the same form as that of themagnetic coupling between the Sh and the other two sites for
PtMnSb and NiMnSb DOS the occupied part starts at abou0 GPa pressure becomes ferromagnéSic spin magnetic
1 eV above these two Heusler alloys. The low-energy part omoment becomes 0.12).
the DOS is dominated by the Pdi4nd the Sb p states, so In the next step we study the behavior of the Pt-based
this difference should be attributed to stronger hybridizationternary alloys by substituting Sb by Sn that has one valence
between these orbitals. For this system Mn shows the strorelectron less or by Te that has one valence electron more.
gest polarization of the Sbh-based compounds resulting in ubstituting Sb in PtMnSb alloy by Sn has a rather expected
spin magnetic moment of 4.03. Pd 4d states show the consequencegee in Fig. 4 The DOS has similar features
same behavior as NidBand Pt &l states and spin induced as for PtMnSb but the smaller number of valence electrons
magnetic moment at the Pd site is Q9 while Sb has a lowers the position of the Fermi level. The spin-down band
similar but negative moment{0.09ug). There is a narrow gap is pushed towards higher energies by about 0.6 eV in
energy-band gap of spin-down states at around 0.5 eV abowagreement with the results of Halilov and Kulatband con-
the Fermi level. It seems that the half metallic behavior oftradicting the results of Antonoet al!® that found a pure
PdMnSb alloy, which is not present at ambient pressuregap in this region. The spin-down density of states at the
could appear under strain or hydrostatic pressure conditiongermi level is larger than for the spin-up band as predicted
where the Fermi level could be moved inside the gap. Tdy de Grootet al? The most important change concerns the
verify this assumption we calculated the DOS for theinduced magnetic moment at Pt site which vanishes for the
PdMnSb under an hydrostatic pressure of 4.8 and 20 GPRtMnSn compound and the hybridization between the dn 3
and the resulting DOS is presented in Fig. 3. 4.8 GPa oftates and the Snstand 5 electrons becomes more impor-
hydrostatic pressure corresponds to 5% reduction of the unitant leading to a slight decrease of the magnetic moment at
cell volume compared to the ambient pressure unit cell anthe Mn site (3.88 in the case of PtMnSn compared to
20 GPa corresponds to 15%. Thus PdMnSb under pressuB93ug for PtMnShH. We notice also a slight increase of the
shows a quite large band gap in the spin-down states like thabsolute value of the spin magnetic moment at the Sn site
other half metallic Heusler alloys. We can see that as theompared to that of Sb{0.11ug compared to—0.07ug).
pressure increases this gap becomes larger. The Fermi lev®ur calculated Mn moment is slightly higher than the one
changes position and for 4.8 GPa hydrostatic pressure it isalculated by de Groagt al? (3.60ug).
situated at the lowest energy side of the gap, while for 20 The PtMnTe compound has not yet been studied experi-
GPa it is situated at the middle of the gap. These two situamentally principally because of the difficulty in preparing
tions correspond exactly to PtMnSb and NiMnSb behavior;Te-based compounds and hence no calculations has been
respectively. Apart from the change in the position of thedone for this compound. For reasons of completeness we
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sl ' ' " spinTl ] TABLE II. In the first column we present our calculated results
PtMnTe ——- spind |‘l for the atom-averaged spin magnetic mom@ng,;) in g and in
4t “& 1 the second column Youn and MiiRef. 11 calculated values by

means of the LMTO-ASA metho@Ref. 10. In the third column we
show the spin magnetic moments extracted from the experimental

4 3d-Mn ;" 1 XMCD spectra using the sum ruledRef. 28, except for the
o ,EE 5 ,"!l' W PtMnSn where we show the value measured by Kirillataal.

(Ref. 14. The latest value is the only one that is significantly over-

1F A g 1 . . ) .

\‘ \ 5p-Te \ estimated by our calculations. Here we expect spin fluctuations and
0 \ = intrinsic atomic disorder of the PtMnSn samples to play an impor-
4r \ ] tant role. The fourth column represents therbital magnetic mo-

DOS (states/eV/spin)

5d-Pt .
A‘MN\ s ments except for Sh, Sn, and Te where we usedpthebital mo-
0 h = Ur Lol o o A

e 4 2 o 2 ment values, because the valence electrons of these atoms are
Energy (aV) principally of p character. Finally, the last column shows the orbital
magnetic moments calculated by Waegal. (Ref. 12 within the
FIG. 5. The same plot as Fig. 2 but for PtMnTe. Substituting SbTB-LMTO-ASA.
in PtMnSb alloy by Te has a rather complex consequence. There i

a double peak structure for the Ml 3ip states which is not seen in (Mspin)  (Mspin)  (Mspin) (md.p) (Morp)
the other four compounds. The total density of states is very low FP ASA expt FP TB-ASA
exactly before the Fermi level leading to a semimetallic behavior. -

Ni 0.26 0.26 0.01 0.02
discuss also this alloy. As can be seen in Fig. 5, substitutiné\“MnSb Mn 372 376 385 0.04 0.03
Sh in PtMnSb alloy by Te has a rather complex consequence. Sb—0.06 ~ —0.07 —001p) ~0
There is a double peak structure for the Md 8p states Pd 009 —0.08
contrary to all the other four compounds. The very low total?dMnSb Mn —4.03 3.95 0.04
DOS in a region of 0.2 eV just before the Fermi level leads Sb —0.09 0.020)
to a semimetallic behavior. The origin of this low DOS is Pt 010 008 —0.05 0.03
traced back to the bigger exchange splitting of the Mh 3 PtMnSb Mn  3.93 3.97  4.02 0.04 0.05
states in PtMnTe, which via hybridization affects also the Pd Sb -0.07 -0.09 0.01p) ~0
4d and Sb % states. Spin magnetic moment at the Mn site Pt 001 —-0.14
gets its higher value of 4.28;. The induced spin magnetic PtMnSn  Mn  3.88 3.57 0.04
moment at the Pt site is 0.2 which is more than the Sn —-0.11 0.01p)
double of the PtMnSb value. Te presents a ferromagnetic Pt 0.26 0.12
coupling with the Mn contrary to all the other compounds of PtMnTe  Mn  4.298 0.02
the XMnY type where the Y atom is antiferromagnetically Te 0.08 —0.02(p)

coupled to the Mn.

In Table Il we have gathered the calculated spin magnetic
moments for all the compounds together with previous reatom and for all the compounds with the exception of
sults of Youn and Mift within LMTO-ASA. In the third  PtMnTe we found a value of 0.9¢; in good agreement with
column we present the values obtained by Kimeral?® by ~ previous calculations by Wangt al.!? that used a tight-
applying the sum rules to their spectra. For PtMnSn systenbinding (TB) version of the LMTO-ASA method. The
the Mn spin magnetic moment has been measured by Kirkm,,)/(mgpin) for these four compounds is 0.01 in agree-
illova et al.** and it is the only case where the experimentalment with Kimuraet al?® that predicted that this value
value is much smaller than the calculated value. Such deviashould be less than 0.05. The calculated value is an underes-
tions are expected because our calculations are performed fimation of the real value because it is already known that
zero temperature while experiments are performed for finitdboth LSDA and GGA significantly underestimate the orbital
temperatures, where spin fluctuations are important. Thisnagnetic momerft! but manage to represent the correct
causes a reduction of the projection of the spin magnetitrends®’ Pt orbital moment presents a big anisotropy be-
moment on the spin quantization axis and so an overestimaween different compounds reflecting the differences in the
tion of the spin magnetic moment with respect to experi-crystal field as we substitute Sn by Sb or Te. The same
ment. The discrepancy can come also partially from the bigargument is also suitable for thpeprojected orbital magnetic
ger atomic disorder that PtMnSn samples present comparedoment of Sb in the different compounds. The only discrep-
to the other compound$:® Magnetic moments in the inter- ancy between our full-potential calculations and these of
stitial region(of the order of+0.05ug) are small compared Wanget al. concerns Pt atom in PtMnSb, for which the sign
to the moment at the Mn site but important compared to thdetween the two calculations is different. This discrepancy
other atoms. The open structure X¥InY leads to a larger should be attributed to the use of ASA in their calculations.
interstitial region since in our method the muffin-tin spheresin ASA calculations only the spherical part of the potential is
are not allowed to overlap. There is no easy way to attributeised which is a poor approximation for highly anisotropic
the interstitial electrons to any particular atom of the alloy. crystalline structures like th€1,. ASA worked well for the

In Table Il we also present the orbital magnetic momentsand structure and the spin magnetic moments, but it cannot
of the d states for Ni, Mn, Pd, and Pt and the orbital mag-correctly treat properties that are very sensitive to the
netic moments of the states for Sb, Sn, and Te. For the Mn crystalline-field-like magnetocrystalline anisotropy or orbital
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FIG. 6. X-ray abs_orpnon at the Pt site in the Pt-based com- ue to the underlying local magnetic properties of Pt in these alloys
pounds. There are slight changes but no general tendency can € e Table N

observed.

magnetic moment where the nonspherical parts of the poteff@" Ptin PtMnSn and so does thg/L integrated branching
tial play an important role. ratio, 0.93 for PtMnSb and 0.40 for PtMnSn. The XMCD

spectra of Pt in PtMnTe presents no kinks. The intensity of
the L; edge is considerably higher than for the other two
compounds, and that is also the case forlthA_, integrated

The last part of our work concerns the XAS and thebranching ratio [3/L,=1.73). This important difference in
XMCD of the Heusler alloys. To our knowledge only the Mn the behavior of the Pt atom in the three compounds is di-
and Ni XMCD at theL, 3 edges of NiMnSb and PtMnSb rectly connected to the size of the local magnetic moment. A
have been measured by Kimuea al?® It is of interest to  larger magnetic moment of Pt in PtMnTe (0.02§ results
mention that no information about the quality of the struc-in a higher XMCD intensity and a smaller magnetic moment
tural properties of these samples is knattiwe concentrate  for Pt in PtMnSn (0.04g) results in a lower intensity.
first on the behavior of Pt in the three Pt-based compounds, In Fig. 8 we plot the calculated and experimental XAS
then we discus the Mn spectra and in the last paragraphs tleed XMCD spectra for the Mm., ; edges in NiMnSb and
Ni and Pd behavior. For all the atoms except Pt we broadPtMnSb. As far as the absorption spectra are concerned the
ened the theoretical spectra by a Lorentzian of 0.9 eV widtliheory represents well the experimental features and overes-
and a Gaussian of 0.4 eV to account for the core-hole lifgimates slightly theL, edge intensity. The deviation from
time broadening and the experimental resolution, respeexperiment is more important for the Ni-based system than
tively. As the lifetime of the hole in the Pt2core states is for the Pt-based one. The energy difference betweertthe
smaller than for the @ ferromagnets the broadening used toandL s edge represents the size of the spin-orbit splitting of
account for the core hole would be larger; we then used a

V. X-RAY ABSORPTION AND DICHROISM

Gaussian of 1 eV width and a Lorentzian of 1 #\But the Mn-L, edges
broadening does not change the integrdtgdl , branching ; ; I . ‘ ‘
ratio. In the case of Pt, thep2core states are very deep due NiMnSb PtMnSb

to its bigger atomic number in comparison to Ni and Mn and
hence screening of the core hole is weaker. The final state
¥ wave function that the photoexcited electron sees in re-
ality is not much different from the GGA calculated state
;. The discrepancy between theory, which approximates
P: by W¥;, and experiment is expected to be less
important®’

In Figs. 6 and 7 we present the XAS and XMCD spectra,
respectively, for the three Pt-based compounds. As we sub-
stitute Sn by Sb and then by Te, we successively add one
electron more to the valence electrons, and we notice that 620 630 640 650 660 630 640 650 680
this additional electron changes substantially the form of the
XMCD spectra while the XAS are only slightly affected. Energy (eV)

PtMnSn and PtMnSb XMCD spectra have similar character- F|G. 8. MnL,; calculated and experimental 28 absorption and
istics, in particular they exhibit a kink at the lower energy XMCD edges in the NiMnSb and PtMnSb compounds. Our calcu-
side of theL; edge and at the higher energy side of the  I|ation reproduces rather well the absorption but underestimates the
edge. The intensities are much higher for the PtMnSb than,/L, integrated branching ratio.

Absorption

Arbitrary Units

—— Theory
——- Experiment
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FIG. 9. Mn L,; edges in the Pt-based compounds. Spectra Photon Energy (eV)
change slightly with the compound but as the number of valence
electrons increases, thep Zore states gets deeper. FIG. 11. Calculated and experimental Nj 5 absorption and

XMCD edges in NiMnSb. Our calculation strongly underestimates

the 2p core states, and experiment and theory give a value dhel: apsorption peak and fails to describe the kinks in the lower
about 10.5 eV. For both systems the theory underestimaté'€"9y side of the XMCD edges.
thelL;/L, integrated branching ratio. The discrepancy is also
more important for the Ni-based system than for theenergies. This change is about 1 eV when we move from
PtMnSb, and it is most probably due to the neglect of thé®tMnSn to PtMnTe.
core-hole effect® Another source of discrepancy is the par-  Figure 10 shows the calculated XMCD spectra for the Mn
tial disorder of the sample used in the experiment. The dissite but this time through out the Sbh-based systems. There is
order is not treated within our calculation and in the case oho general tendency for the intensities and thél , inte-
FePd it contributed significantly to the XMCD spectral grated branching ratio and it remains constant, 1.03 for
shape'® NiMnSb, 1.06 for PdMnShb, and 1.08 for PtMnSh. The three
Figure 9 shows the calculated XMCD spectra for the MnSb-based compounds contrary to the three Pt-based com-
site through out the three Pt-based systems. The XAS spectpounds have the same number of valence electrons. This
are almost identical and we have chosen not to plot thentesults on the same photon energy positions of the peaks in
We observe minor changes in the spectra. Intensities arithe XMCD spectrgFig. 10.
Ls/L, integrated branching ratios increase slightly as we The discrepancy between experiment and theory for the
pass from the Sn-based alloy to the Te-based dngL(, Ni site in NiMnSb is important even in the x-ray-absorption
=1.02 for PtMnSn and 1.08 for PtMnTeThe spin-orbit ~Spectra(see Fig. 11 The theory underestimates the edge
splitting of the 2 core states is identical for the three com- intensity by more than 50%. The XMCD spectrum does not
pounds, which is expected, but the relative position of theeproduce the kink in the vicinity of each edge. The origin of
peaks changes. As an electron is added to the systempthe 2hese two kinks is probably the partial disorder of the sample

core states of Mn are affected and are pushed towards lowgised in experiments. The calculated spin-orbit splitting of
the Ni 2p core states is 17.6 eV, while it seems slightly

‘ , larger in the experimental XAS.
6 A 1 In Fig. 12 we represent the absorption and XMCD for the

i A
[/
~ | Mn-L,edges
'E ; Pd in PAMnSb
= ‘ ]
= ol Absorption
s 2 ’
o =
&) —— NiMnSb - )
S ——— PdMnSb ;
»; \ —-—- PiMnSb £ XMCD
6L W £ i e e
‘ \/ . -« \/
OPhOton Ener1g0y (V) ‘SO—splitting 159.1eV

L,~edge L,—edge
FIG. 10. MnL, 3 XMCD edges in the Sb-based alloys. The three
Sb-based compounds, contrary to the three Pt-based compounds, FIG. 12. Calculated x-ray total absorption and XMCD of the
have the same number of valence electrons, so the peaks are locatetl L; edges for Pd in PdMnSb. The integrated/L, XMCD
in the same energies. branching ratio is 1.42.
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TABLE IIl. Direct calculations of atom-averaged spimgys™) and orbital mg,i°*) magnetic moments

using Eqg.(1) for NiMnSb and PtMnSb together with the ones derived by applying the sum rules to the
theoretical XMCD spectra. From the sum rules we can derive the effective spin magnetic nisasekq.

(4)]. The fifth column shows the number of holeg in the d band used in Eq93) and (4) and the last
column the energy cutoff, s Of the integrals in these equations.

(mepeth  (mRery  (mGEe)  (mgi M Ecuorr (€V)
NiMnSb Ni 0.26 0.31 0.01 001 151 4
Mn 3.72 3.62 0.04  -003 488 6
PtMnSb Pt 0.10 0.11 ~0.05 ~0.07 233 6
Mn 3.93 3.70 0.04 0.05 482 6

two PdL, zedges. Thé 3 edge in the x-ray-absorption spec- where(L,) is the expectation value of the angular momen-
tra is more than twice more intense than thepeak. For the tum operator of thel states(S,) that of the spin operator,
XMCD the L3/L, integrated branching ratio is 1.42. The (T) that of the magnetic dipole operator which accounts for
spin-orbit splitting is 159.1 eV and it is very close to the the asphericity of the spin momemt, the number of holes in
value for pure Pd of 160 eV. Since the core states are nahe d band, and finallyu, the absorption coefficient for the
considerably affected by the crystalline environment, it isunpolarized x-ray radiation. TheT;) is negligible only for
then expected that the spin-orbit splitting remains practicallycubic structure$®® but can account for up to 50% of the
unchanged in different Pd alloys. effective spin magnetic moment at tf@01) surface of N©’

To conclude this part regarding our calculated XAS andSo we expect it to be important for i1, crystalline struc-
XMCD spectra we should stress that the agreement with exure. To derive these sum rules several approximations are
periment is only at thejualitative level, and that the one- made with most important the ignorance of the interatomic
electron theory is incapable of producing the correct XMCDhyhbridization, which is reflected on the nontreatment of the
branching ratio. We have invoked many reasons for this disenergy dependence of the radial matrix elements.
agreement(i) the one-electron theory neglects the effect of We apply the sum rules to the theoretical spectra for
the core-hole photo-electron interactidil) it neglects also  NiMnSbh and PtMnSb, which are the most studied systems.
the multi-electron processes such as the Coster-Kronig decahe calculated spin magnetic moment is an effective one, as
processes(iii) the samples have intrinsic atomic disorderwe do not separate tHe&,) term from the(T,) one. Results
which is expected to play an important role. It is, howevertogether with the direct calculations of the magnetic mo-
interesting to notice that the calculated XAS Mgp3in both  ments can be seen in Table Ill. The number of holes irdthe
NiMnSb and PtMnSb arsimilar whereas the experimental band is calculated by integrating the element hptbjected
ones are not, especially at the high energy side oflLthe density of states inside each muffin-tin sphere. For the cutoff
spectrum. We believe that further theoretical work is neede@nergy used as upper limit for the integrals in E@.and
to better account for the details of the experimental XMCD(4), we integrate the density of states to find the number of
spectra. Nevertheless our calculations constitute a good statieles. We found a value of 4 eV for Ni and 6 eV for the Mn
ing point for the understanding of the excited states of theand Pt atoms, but calculated magnetic moments do not
Heusler alloys. change significantly with the cutoff energless than 2% if

we increase the cutoff energy by 2 e&s was the case in Fe
V1. XMCD SUM RULES and Fe nitrides® Of course, even if sum rules where derived
with no approximation direct calculated values and the ones

XMCD sum rules have been derived by using an ionderived by applying the sum rules to the theoretical spectra
model by Tholeet al?® and by Carraet al®* for atoms and  would be different as we do not take into account physical
by Ankudinov and Refff and Gud® in the case of solids. processes like the core-hole recombinaifand the Coster-
For thel , 3 edges they take the following form: Kronig decay. But their inclusion in calculations requires the

treatment of a time dependent two-electron Green'’s function,
whose formalism is heavily involved iab initio calcula-

(Ly) tions. _
= , (3 As we can see in Table Il direct and sum rules derived

spin magnetic moments are in good agreement for all the
atoms. Difference should come mostly from {fie,) term as
C1, crystalline structure is highly anisotropic. It is remark-

f dofp (@)= p- ()]
Lo+Ls

2nh
f do[p(@)+pu_(0)+po(w)]
Loy+Lg

o 4 able that for Pt and Ni sites the sum rules have only slightly
Lgd“’["”(“’)_“*(“’)]_ L, olp(0)=p(0)] overestimated the spin magnetic moment and for Mn site
slightly underestimated it as compared to direct calculations.
f do[u(0)+p_(w)+p(w)] The surprising agreement between the sum rules derived mo-
2tL3 ments and the direct calculations is also reproduced in the

LT case of the orbital magnetic moments with the exception of
= M (4) Mn in NiMnSb where orbital magnetic moment is positive in
3n; the direct calculations and negative when using the sum



PRB 61 Ab initio GROUND STATE ANDL, 3 X-RAY ... 4101

rules, showing the sensitivity of the sum rules over the total- The x-ray-absorption spect(XAS) of the Pt atoms in the

ity of the approximations used to derive them and the physidifferent Pt-based alloys are similar, while the x-ray mag-
cal processes that were not included in the computation afietic circular dichroism(XMCD) spectra change signifi-
the XMCD spectra. The agreement of the sum rule deriveatantly reflecting the underlying changes in the electronic
magnetic moments with the direct calculations using @y. structure and induced magnetic moments. Mn atoms show

is then not expected. the same behavior in all the compounds but as the number of
the valence electrons increases the ¢re states become
VIl. CONCLUSION deeper by about 1 eV. The theory underestimated gié ,

) o _integrated branching ratio compared to experiment at the Mn
We have studied by means of a relativistic full-potential gjte in NiMnSb and PtMnSb, and reproduces only qualita-
ab initio linear muffin-tin orbitals(LMTO) method the elec-  yely the XAS spectrum of Ni in NiMnSh. Finally, for Pd no
tronic structure and the x-ray magnetic circular dichroism fory\cp experiments are available yet so that our calculations
five Heusler alloys. The total energy calculations within theqt xaAS and XMCD remain a prediction. The good agree-
generalized-gradient approximation to the exchangement petween the directly calculated magnetic moments and
correlation potential produced equilibrium lattice constantSne ones derived by applying the sum rules to the theoretical

that differ less than 1.2% from the experimental values. Fogpecira is surprising and not expected since the sum rules are
NiMnSb and PtMnSb the main features of our density ofyerived for atoms.

stategDOS) agree well with previous studies, showing a gap

in the minority spin band at the Fermi level and a large

exchange splitting for the Mn 8 states. We showed that ACKNOWLEDGMENTS
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