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transition metal platinum alloys

V. N. AntonoV* and B. N. Harmon
Ames Laboratory, lowa State University, Ames, lowa 50011

A. N. Yaresko
Max Planck Institute for Physics of Complex Systems, D-01187 Dresden, Germany
(Received 28 November 2000; revised manuscript received 20 February 2001; published 11 Jiine 2001

The electronic structure and x-ray magnetic circular dichroi¥MCD) in XPt; (X= V, Cr, Mn, Fe, Co,
Ni) and X3Pt (X= Fe, Co, Nj compounds are investigated theoretically from first principles, using the fully
relativistic Dirac LMTO band structure method. The electronic structure is obtained with the local spin-density
approximation(LSDA). Theoretically calculated spin and orbital magnetic moments are found to be in good
agreement with neutron and XMCD experimental data. An interpretation for systematic trends seen in the
orbital and spin magnetic moments of the seidt; is presented by analyzing the calculated spin- and
orbital-projected density af states. The important role of hybridization between tHeransition metal and Pt
d states in the formation of the orbital magnetic moments at the Pt site is emphasized. The x-ray absorption
spectra as well as the x-ray circular magnetic dichroism akKilis, 3, andM ; edges for transition metal sites
andL, 3, My3, Mys, Na3, Nygs, Ng7, andO, 3 edges for Pt sites are calculated for all nine compounds. Good
agreement between theory and the experiment is obtained. 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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[. INTRODUCTION nation of spin and orbital magnetic momefftselement-
specific imaging of magnetic domaifs,or polarization
In recent years the investigation of magneto—opticalanaWSiSl- o . o
effects in the soft x-ray range has gained great importance Motivated by the developing interest in obtaining element
as a tool for the investigation of magnetic materfalm  SPecific magnetic moment information provided by XMCD
1975 the theoretical work of Erskine and Stern showed thaf'€asSurements, we have calculated the electronic and mag-

the x-ray absorption could be used to determine the x-ranetic structure for the important series of magnetic
y P d-transition metal platinum alloys and evaluated the theo-

magnetic circular dichroisiiXMCD) in transition metals |tica| XMCD spectra within the local spin density approxi-
wher; left- and right-circularly polarized x-ray beams aremation, For these materials for which experiments have been
used’ In 1985 Tholeet al® predicted a strong magnetic di- performed, there is good agreement between our calculated
chroism in theM, s x-ray absorption spectra of magnetic spectra and experimental data. By analyzing our results
rare-earth materialMXD), for which they calculated the across the series we are able to make conclusions about the
temperature and polarization dependence. A year later thigo called XMCD sum rules for spin and orbital moments. In
MXD effect was confirmed experimentally by van der Laanthe rest of thg introdug:tion we describt_a the materials and
et al* at the TbM , wabsorption edge of terbium iron garnet. Previous studies. Section Il gives details of the computa-

The next year Schia et al® performed measurements using tional method, while Sec. Ill contains our results and their
x-ray transition at thé< edge of iron with circularly polar- ﬁg;nsp?hrg?gsmtsh;gg ceoxrf)t:ir:]rgecrghcﬁllg?gxls Sec. IV summa-
ized x rays, where the asymmetry in absorption was found t0™" 34 45 cjtion metals and Pt form binary alloys in a wide

be of the order of 10* This was shortly followed by the 546 of concentration ratios having various magnetic prop-
observation of magnetic extended x-ray absorption fingrties. At stoichiometric compositions the alloys usually or-
structure(EXAFS).G A theoretical description for the XMCD der. When the transition metmepresented by() is one of

at the FeK-absorption edge was given by Ebettal.” using  the elements among V through Ni, ordered XPt has the
a spin-polarized version of relativistic multiple scattering CuAul-type (or L1,) structure andXPt; and X3Pt have the
theory. In 1990 Cheret al® observed a large magnetic di- CuAu-type (or L2;) structure*>'* Among the CyAu-type
chroism at the. , 3 edge of nickel metal. Also cobalt and iron ordered alloys witiX=V to Ni, ferromagnetism is found for
showed huge effects, which rapidly brought forward theMnPt,'® Fe;Pt® CoPt,!” and NiPt® while FeP exhibits
study of magnetic 8 transition metals, which are of techno- antiferromagnetism with él/2,1/2,0 magnetic ordering vec-
logical interest. Full multiplet calculations ford3transition  tor. For VP and CrPj, it is widely believed that the mag-
metall , 3 edges by Thole and van der L&amere confirmed netic moments on Pt sites align in an antiparallel direction to
by several measurements on transition metal oxides. Firghose on the 8 transition metal sites, forming a ferrimag-
considered as a rather exotic technique, MXD has now denetic ordering.

veloped as an important measurement technique for local Transition-metal alloys consisting of a ferromagnetit 3
magnetic moments. XMCD enables a quantitative determielement and Pt have drawn attention over the last years due
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to their wide variety of magnetic properties. In these inter-circularly polarized light(circular dichroism. In the near
metallic compounds, the Pt sites have induced magnetic madsible spectral range these effects result from excitation of
ments due to the hybridization with the transition metal spin-electrons in the conduction band. Near x-ray absorption
polarized 3l states. The contribution of the orbital moment edges, or resonances, magneto-optical effects can be en-
to the total moment on the Pt sites is expected to be imporhanced by transitions from well-defined atomic core levels to
tant because the Pt atom is so hed@yomic numberZ  transition symmetry selected valence states. There are at
=78) that the spin-orbit coupling of the PdZelectrons is least two alternative formalisms for describing resonant soft
fairly large (coupling constan{s4=0.5 eV). x-ray MO properties. One uses the classical dielectric
The electronic structure and magnetic propertieXBf; tensor’® Another uses the resonant atomic scattering factor
compounds have been investigated theoretically in Refs. 19iacluding charge and magnetic contributicis! The
29. Recently, Maruyamat al. measured magnetic circular equivalence of these two descriptiomithin dipole approxi-
x-ray dichroism for CrRt, MnPt;, CoPg, and ferromagnetic mation is demonstrated in Ref. 38.
Fe;Pt and obtained an interesting variation in the orbital and For the polar Kerr magnetization geometry and a crystal
spin magnetic moments on the Pt sit8&! The spin mag- of tetragonal symmetry, where both the fourfold axis and the
netic moment of Pt in CrRtalmost vanishes and the orbital magnetizatiorM are perpendicular to the sample surface and
moment is about -0y, antiferromagnetically coupled with the z axis is chosen to be parallel to them, the dielectric
the Cr magnetic moment. On the other hand, the orbital motensor is composed of the diagonal, and ¢,,, and the
ment of Pt in MnP4 vanishes almost completely and a small off-diagonale,, component in the form
but positive spin componertof the order of 0.Lg parallel

to the transition metal momentontributes to the Pt mo- Exx  &xy O
ment. In CoPf and FgPt, the Pt orbital and spin components e=| —&xy &xx 0 |, 1)
are positive and relatively largéin the range 0.1 to 0/3g). 0 0 =

Y4

Magnetic circular dichroism in the x-ray absorption spectrum

in the 2p-3d excitation region of the transition-metal ele- A complete description of MO effects in this formalism is
ment was also measured for ferromagnetigAuttype al-  given by the four nonzero elements of the dielectric tensor

loys MnPg, FesPt, and CoRtin Ref. 18. The X-ray mag- or, equivalently, by the complex refractive indagw)
netic circular dichroism and Faraday effect were studied in

ordered and disordered §ft atK- andL s-edges in Ref. 32. N(w)=vVe(w)=1-86(w)+iB(w) (2)
Angle dependent XMCD experiments have been performe
at both Co and Pt ; edges in Ref. 33. The MCD spectrum
of ferromagnetic CoRtwas observed in the photon energy

range of 50 to 80 eV in Ref. 34. MCD spectrum in the Ptnormal modes® One of these modes is for circular compo-

Ne7 (4T—5d) region shows very unusual features. This nents of opposite£) helicity with wave vectoh||M having
MCD spectral shape deviates significantly from the one ex-
o . . indexes

pected by considering the conventional selection rule of the

dipole transition. It was shown in the frame of the Anderson Ne=1—08.4i8.=s..*is... 3

impurity model that the unusual line shape of the MCD is - 1B ey ®

caused by a strong interferen¢Eano effect for resonant The two other cases are for linear polarization with

photoemissioh _ - o h_1M.% One has electric vectdg[M and indexn;=1- 4,
With the aim of undertaking a systematic investigation 0f+i,8H= Je,, The other hasELM and n,=1-46, +ig,

the trends in the transition-metal-platinum alloys, we have m
investigated the electronic structure, spin and orbital mag- V\&xx™ &xy// &xx

netic moments and XMCD spectra of the ser¥Bt;, X
=V, Cr, Mn, Fe, Co, Ni andX;Pt(X= Fe, Co, Nj. We
calculated the XAS and XMCD spectralatL, 3, andM, 3 ol
edges for transition metals ahg 3, M3, My 5, No3, Nygs, Pr(w)=0(w)—i 7;;(w)=z(n+—n_), (4)
Ne 7, andO, 3 edges at Pt sites. The theoretical results are

compared with available experimental data and the XMCDwhere c is the speed of lightfr(w) and nr(w) are the
sum rule spin and orbital magnetic moments are compared tearaday rotation and the ellipticity. The complex Faraday

?or several normal modes corresponding to the propagation
of pure polarization states along specific directions in the
sample. The solution of Maxwell's equations yields these

At normal light incidence the complex Faraday angle
given by®40

the direct calculations in Sec. Ill. response describes the polarization changes to the incident
linear polarization on propagation through the film of thick-
Il. THEORETICAL DESCRIPTION AND nessl. (T_h_e |ncf|dent I|_nea}rlyI polarlzedfllght is a rc]:olhe_rent
COMPUTATIONAL DETAILS superposition of two circularly waves of opposite heligity

Magnetic circular dichroism is first order M (or y,)
Magneto-optical effects refer to various changes in theand is given by3, —8_ or 6, — &_, respectively, the later
polarization state of light upon interaction with materials representing the magneto-optical rotatigMOR) of the
possessing a net magnetic moment, including rotation of thplane of polarization(Faraday effegt Magnetic linear di-
plane of linearly polarized lighFaraday, Kerr rotationand  chroism(MLD) n, —nj (also known as the Voigt effects
the complementary differential absorption of left and rightquadratic inM. The Voigt effect is present in both ferromag-
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nets and antiferromagnets, while the first order MO effects irmagnetic dichroism can be cast into four categories. On the
the forward scattering beam are absent with the net magnene hand, there are one-partidiground-state and many-
tization in antiferromagnets. body (excited-state theories; on the other hand, there are
The alternative consideration of the MO effects is basedheories for single atoms and those which take into account
on the atomic scattering factdi{w,q), which provides a the solid state. To name a few from each category, for atomic
microscopic description of the interaction of x-ray photonsone-particle theories we refer to Refs. 44 and 45, for atomic
with magnetic ions. For forward scatteringj=0) f(w) many-particle multiplet theory to Refs. 46—49, for solid
=Z+f'(w)+if"(w), whereZ is the atomic number’ () many-particle theories to Ref. 50, and for solid one-particle
and f”(w) are the anomalous dispersion corrections relatedheories (photoelectron diffraction to Refs. 51-54. A
to each other by the Kramers-Kronig transformation. Themultiple-scattering approach to XMCD, a solid-state one-
general equivalence of these two formalisms can be seen Iparticle theory, has been proposed by Eleral>>=>" and
noting the one-to-one correspondence of terms describing thEamuraet al>®
same polarization dependence for the same normal mides. To calculate the XMCD properties one has to account for
For a multicomponent sample they relatestand 8 through ~ magnetism and SO coupling at the same time when dealing
with the electronic structure of the material considered. Per-
2mcr, , forming corresponding band structure calculations, it is nor-
o(w)=— Z Zifi (0)N;, (5 mally sufficient to treat SO coupling in a perturbative way. A

w . . . .
more rigorous scheme, however, is obtained by starting from
2 c2r the Dirac equation set up in the framework of relativistic
e

B(w)= D f(w)N;, (6) spin density functional theory’. There are quite a few band
w? T structure methods available now that are based on the Dirac
equatiort®=®2In one of the schemes the basis functions are
Gerived from the proper solution of the Dirac equation for
the spin dependent single-site potentf&&* In another one,
the basis functions are obtained initially by solving the Dirac
equation without the spin-dependent term and then this term
At oC is accounted for in the variational st&°° In spite of this
uMw)= (o), (7)  approximation, the latter scheme gives results in a close
Qo agreement with the form&P,while being simpler to imple-
where () is the atomic volume. X-ray MCD which is the ment.
difference in x-ray absorption for right- and left-circularly ~ Within the one-particle approximation, the absorption co-
polarized photonsg™ - 1 ~) can be presented by’(-f"). efficient . for incident x-ray of polarizatiorh and photon
Faraday rotatiomq(w) of linear polarization measures MCD €nergyw can be determined as the probability of electron

in the real partf] of the resonant magnetic x-ray-scattering transition from an initial core statevith wave functiony;
amplitude, i.e*: and energyE;) to a final unoccupied statgvith wave func-

tion ¢, and energyE, )

where the sum is over atomic spheres, each having numb
densityN;, andr, is the classical electron radius. The x-ray
absorption coefficient(w) of polarization\ may be writ-
ten in terms of the imaginary part éf (w) as

ol wlr g ,
Or(w) =5 REN, —n_]=7~[f' (o)~ fi(w)]. (8

M?(w)Z% (W [T\ | W) [? S(Ep— Ej— i) O(Ere— Ee).

Finally, the scattering x-ray intensity from an elemental 9
magnet at the Bragg reflection measured in the resonant
magnetic x-ray-scattering experiments is just the squared Thell,
modulus of the total scattering amplitude, which is a linear . = — eaa (10)
combination of €, +if” ,f,+if?) with the coefficients » N
fully determined by the experimental geometfyMultiple ~ wherea are the Dirac matrices, is the\ polarization unit
scattering theory is usually used to calculate the resonamector of the photon potential vectofa.=1/y2(1,
magnetic x-ray scattering amplitudé’ ¢-if”).354042 +i,0),a,=(0,0,1)]. (Here +/— denotes, respectively, left

We should mentioned that the general equivalence of thand right circular photon polarizations with respect to the
dielectric tensor and scattering factor descriptions holds onlynagnetization direction in the soljdMore detailed expres-
in the case considering dipole transitions contributing tosions of the matrix elements for the spin-polarized fully rela-
atomic scattering factof(w). Higher-order multipole terms tivistic LMTO method may be found in Refs. 57,67.
have different polarization dependeriCe. While XMCD is calculated using E¢(9), the main fea-

Using straightforward symmetry considerations it can betures can be understood already from a simplified expression
shown that all magneto-optical phenome¥MCD, MO  for paramagnetic solids. With restriction to electric dipole
Kerr, and Faraday effedtss caused by the symmetry reduc- transitions, keeping the integration only inside the atomic
tion, in comparison to the paramagnetic state, caused bgphereddue to the highly localized core satesd averaging
magnetic ordering® Concerning the XMCD properties this with respect to polarization of the light one obtains the fol-
symmetry reduction only has consequences when SO colswing expression for the absorption coefficient of the core
pling is considered in addition. Theoretical description oflevel with (I,j) quantum numbere

is the dipole electron-photon interaction operator
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o 2i+1( 81418 j+1 Siry—18jr j-1 TABLE I. Calculated spinMg and orbitalM, magnetic mo-
,u“-(w): Z 2 ’ j+1’ +— j : ments(in ug) of XPt and X3Pt compounds.
1,
X atom Pt atom
L LT L TN Ve NG St X M M M M
G+ i+ : . : -
) ) ) \ 1.3751 0.0141 -0.0509 -0.0276
WhgteN,,,j (E) is the partial density of empty states and the Cr 2 6799 01789  -0.0300  -0.0558
C:’j" (E) radial matrix element® XPt; Mn 3.6985 0.0239 0.1244 -0.0014
Equation (11) allows only transitions withAl=*1A]j Fe 3.1370 0.1004 0.3045 0.0534
=0,*=1 (dipole selection rulesvhich means that the absorp- Co 1.7079 0.0401 0.2384 0.0486
tion coefficient can be interpreted as a direct measure for the Ni 0.4379 -0.0770 0.0780 0.0305
sum of (,])-resolved DOS curves weighed by the square of Fe 25062 0.0870 0.2889 0.0522
the correspopdlng radial maitrix _eleme_(mmch usgally isa  x,pt Co 1.6379 0.0786 0.3153 0.0687
smooth function of energyThis simple interpretation is also Ni 05178 0.0198 0.2343 0.0866

valid for the spin-polarized case.
The details of the computational method are described in

our previous papef, and here we only mention several as- Iwashitaet al?® The variation in the spin and orbital mag-

pects. The electronic structure of the compounds was calcu-__. o .
lated self-consistently using the local spin densityne’uc moments calculated inside thd 8ansition metal and

approximatio®® and the fully relativistic spin-polarized Pt atomic spheres in théPt; intermetallics is compared with

LMTO method in the atomic-sphere approximation, includ-thi. experlme{]tallfyﬂr]n;gfurclald momentstlnd_ng. L The mag-
ing the combined correctiofASA-+CC).536062657Lcqre. netic moments o ; alloys were studied experimen-

charge densities were recalculated at every iteration of th&ally76t’r7]7rcfll¢?h neutron.—scattterlr;]g exdpt?[rr:mtentsazgead)é years
self-consistency loop. The basis consisted of she, d, f, ago. €se experiments showe a (:50 NP3
andg LMTO’s at each site. Thé-space integrations were are ferromagnets, while CrfPand VPt are ferrimagnets, and

performed with the improved tetrahedron metffoand the FeP% is an antiferromagnet. The calcula_ted spir_1 magnetic
self-consistent charge was obtained with 405 irreducible moments of CoRtand MnP3 at the 31 site are in good
points.

Finally, the intrinsic broadening mechanisms have been B
accounted for by folding XMCD spectra with a Lorentzian. S
For the finite lifetime of the core hole a constant width,
in general from Ref. 73, has been used. For the relaxation
and other contributions of the excited electron an energy de-
pendent width",(E) according to the suggestion of Nier
et al.”* has been applied. The finite apparative resolution of
the spectrometer has been accounted for by a Gaussian with
a width of around 0.5 to 1 eV taken, as far as possible, from
the literature. v Cr Mn Fe Co Ni

(@)

Spin magnetic moment (ug)

Ill. RESULTS AND DISCUSSION

XPt; and X3Pt compounds crystallize in the GAu type
(or L2;) crystal structure, the space group No. 221. In our
band structure calculations we used the experimentally mea-
sured lattice constants 3.87 A for \4P8.8735 A for CrPy,
3.89 A for MnPg, 3.864 A for FePy, 3.831 A for CoP},
3.668 A for CaqPt, and 3.73 A for FgPt.”> A ferromagneti-
cally ordered state is assumed for all these intermetallics
even including FeRt which actually has antiferromagnetic
order for the observed ground state. 04 T (b)

Orbital magnetic moment ()
o
(=]

A. Magnetic moments FIG. 1. Theoretically calculated spif@ and orbital(b) mag-

. . . ) netic moments on the Pt sitdspen circley and X sites (open
Orbital and spin magnetic moments are determined by theguares in comparison with the experimental data Pt and

interplay of hybridization, exchange, and Coulomb interaCrept compounds. The experimental Pt orbital momefsislid
tions, crystal-field, and spin-orbit coupling. Table | presentsgjrcleg for X= Cr, Mn, and Fe are from Ref. 31, Co orbitablid
the calculated spin\s) and orbital M) magnetic moments  squarg and Pt orbital for CoRtare from Ref. 33, the experimental
in XPt; and XzPt compounds. Our calculated results are inspin magnetic moments o sites(solid squaresare from Ref. 76
good agreement with those from the FLAPW calculations byand on Pt sitegsolid circles from Ref. 77.
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agreement with the experiment, and for Grend VP the XPt; compounds
ferrimagnetic structure is in accordance with experiment, but 1.

the values of the moments are less accurately reproduced. 4+ v :

Due to band filling, linear and symmetric behavior centered — Zggg P va

at MnP4 is clearly seen in the spin magnetic moments on the
3d transition metal sitefFig. 1(a)].

The characteristic feature of the electronic structure of
XPt; compounds is the strong hybridization of transition
metal 3 and Pt 3l states, the later being much more delo-
calized. Figure 2 shows the spin- and site-projected densities
of the electronic statg®O9) for the transition metal site and
the Pt site inXPt; compounds. Strong spin-orbit interaction
in the Pt atomic sphere results in splitting @f, and ds,
states with the energy difference between their centers being
~1.5 eV. Inside theX atomic spheres the effect of the spin-
orbit coupling is much weaker than the effect of the ex-
change field. The centers of bothd?}, andds,, states lie at
lower energies than the centers of the correspondind
states. As a result of th¥ d-Ptd hybridization, the elec-
tronic states at the bottom of the valence band are formed
mainly by Pt states while the states in the vicinity of the
Fermi level EF) have predominantly transition metal
character with an admixture of Etstates. The hybridization
with the exchange split Xl states leads to a strong polariza-
tion of Ptd states neaEg. The resulting difference in oc-
cupation numbers for Pt states with the opposite spin projec-
tions gives rise to the appearance of a comparatively large
spin magnetic moment at the Pt site. A large energy splitting
between the spin-up and spin-down bands is found only for
states with predominantd3character. The minority-spind3
states form rather narrow bands located near the top of the Pt
d band inXPt; compounds. It is definitely seen in Fig. 2 that,
as one proceeds from the lighter to heavidr&@ements, the
spin-up 3 band is first filled up to MnRtand then electrons T
start to occupy the spin-downd3band. This explains the A
linear and symmetric behaviors in the spin moments of the o s — 1
3d atoms mentioned above. Ni !:;

i
¢
k

Partial d- density of states (electrons/atom eV)

w
Q
o &k
“siziza
i

(%]
g FpaaehiL
yememmment

The Pt spin moment reflects hybridization of the Rt 5 24
states with the 8 bands. At the beginning ofBseries (VP
and CrP4) and at the end (NiR} the spin magnetic moment 14 X 0.5+ f
at Pt sites is very small. The spin-ug dands in MnPy, R W
FePt, and CoP4 are nearly filled, therefore the spin-down -y .' I"~ o
hole in the Pd states mixes with the emptyddands. Due to (_)8 26 -4-2 0 2 0"_)8 6 -4-2 0 2
stronger hybridization between the dPstates and the empt
3d bgnds )i/n FeRtand CoP4 (Fig. 2) the Pt spin momer?tg Energy (eV) Energy (eV)

are larger than in MnRtwhere the largest ® moment was FIG. 2. Self-consistent fully relativistic, spin-polarized partial
found. The agreement between calculated spin magnetic Me:gensity of states okPt; compounds(in electrons/atom ey
ments at Pt sites and the experimentally derived moments is
very good[Fig. 1(@)].

As can be seen from Fig () the variation in the orbital dmy(E)=>, (W1 WIYS(E—En), (12
magnetic moments on the Pt sites observed by Maruyama nk
etal. in XMCD experiment?' is well reproduced by our R
calculations. However, the interpretation of the orbital mo-wherel, is z projection of the angular momentum operator,
ments is more complicated than in the case of the spin makE,, and\lf{}k are the energy of thath band and the part of
ments. To understand better the formation of Pt addran-  the corresponding LMTO wave function formed by the states
sition metal orbital magnetic moments let us introduce a sitewith the angular momenturhinside the atomic sphere cen-
dependent functiodm, (E) given by® tered at the sité, respectively. In analogy to tHeprojected
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density of statesdm,(E) can be referred to as site- and Co Pt
I-projected density of the expectation valud of This quan- o2 4

tity has purely relativistic origins and when the SO interac- 0.1+

tion is equal to zeralmy (E)=0. As van VlecKk® showed for : | i

a free ion, the absence of orbital degeneracy is a sufficieniz 00 L= A o0 - [\ . \_
condition for the quenching of the orbital moment, which & ™ ! ' _w\/ \/

means that the first-order contribution should vanish: ] !

(¥, |T,]w,)=0. Thus,dmy(E) can be considered as the ,, | 1T
measure of unquenching of the orbital moment due to the SC ———t } ——— }
interaction. 04 T o2 1
Furthermore, just as the number of states is defined as th
integral of DOS, we can define the integral ddn, (E) o ] ] /\ /\
£ 00 1 0.0 <t 'A'AV' : -
E hel 4 \/—/I
mtI(E):f dmy(E)dE, (13 \/
Eo 02 +
whereE,, is the bottom of the valence band. Then, the orbital 04 et '
momentM, at the sitet is given by 1 04 1 spinup i
M =my (Ef) 14
(here and henceforth we will drop the indefor simplicity). E" 0
Both dm;(E) andm,(E) are defined in the local coordi- A

nate system chosen in such a way thakis is directed along
the magnetization. It is worth noting that the only nonzero .2

matrix elements of thé, operator calculated between real
harmonics with 1=2 are [(d,2_2[l,|d,,)|=2 and Energy (eV) Energy (eV)

|(dydl/dyz)[=1. Hence, the largest contribution toy(E) FIG. 3. Thedm,(E), m,(E) functions and partial densities of
can be expected from tieg2_,2 andd,, orbitals. Them,(E) states(in electrons/atom eV spijrfor =2 in CoP%.
function is proportional to the strength of the SO interaction
and the value of the spin magnetic moment and it depends cend Table ]. In MnPt due to filling the bands with one more
the local symmetry. In the particular case X¥Pt; com-  electron, the Fermi level is situated at the local minimum in
pounds the local symmetry fot atoms is Q and for Ptatom  m|"(E) and at zero crossing im[{E). As a result MnP{
it is Dyy,. For the Oy, group, basis functions argy (d,z, has a very small orbital magnetic moment at the Mn site and
dy2_y2) and T,q (dyy, dy,, dy,) while for the Dy, group  almost a zero Pt orbital moment. Further shifting of the
they areAqy (d,2), Big (dy2—y2), Byg (dyy) and Eq4 (dy,, Fermi level in FeRt places the Fermi level at a local maxi-
dy,). So the largest contribution to,(E) can be expected in mum at both the Fe and Pt sites, providing rather large Fe
the case when we have simultaneouslythe same energya ~ and Pt orbital moments with the same sign. In NiBpin
large contribution from th®,, andB,, states at Pt sites and magnetic moment at Ni site is reduced substantigdige
the E; and T4 states ai sites inXPt; compounds. Table ), which correlates with the strong decreaseng{E)
Figure 3 shows the functiondm(E) and m;(E) calcu-  at both the Ni and Pt sites. In addition, Nil 3tates are more
lated for Co and Pt sites together with the partialensity of  localized in comparison with otheXPt; compounds which
states in CoRtas an example. Here and in the rest of themanifests itself in weakening of thed3d hybridization and
paper we will only consider the contribution coming fram can be a possible source of the noticeable change of the
orbitals to them, related functions. Both them(E) and  shape ofm,(E) function at Pt site.
m,(E) functions show strong energy dependence. Although It is interesting to compare the electronic structure and
the variations of the functions at Co site are significantlyorbital magnetic moments in théPt; and X;Pt compounds.
larger in comparison with those at Pt sites, Pt and dCo Figure 5 showsl partial density of states in CoPand CaPt
orbital momentsM, are almost equalsee Fig. 1b) and compounds at both the Co and Pt sites. In the GaBm-
Table 1. pound the transition metal site is surrounded by 12 Pt sites.
When considering then(E) (Fig. 4) as well asdm,(E) On the other hand, in G®t, four of the nearest neighbors are
(not shown functions for XPt; compounds, one recognizes Pt sites and the other eight are Co sites. This difference in
that especially those of VBt CrPt, MnP, FePt, and  Co-Co coordination has a dramatic effect on the width of the
CoPt are very similar for both theX and Pt sites respec- 3d spin down DOS near the Fermi level. The 3pin up
tively. In going from VP to CoPt the Fermi level is simply  states are centered more in the middle of the energy range of
shifted upwards by filling the bands with electrons. In GrPt the Pt &l states and therefore the Co orbitals hybridize rather
the Fermi level crossem(E) function at maximum and effectively with the %I orbitals in both the CoRtand CaPt
minimum at Cr and Pt sites, respectively, producing rathecompounds. On the other handj 8pin down states are cen-
large Cr and Pt orbital moments with opposite difig. 1(b)  tered in vicinity of the Fermi level where the PEDOS is
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FIG. 4. Them|(E) functions forl =2 in XPt; compounds.

rather small. As a result they have smalle-3d hybridiza-
tion. Thus the 8 spin down states are more localized in

CoPt and more itinerant in Gg°t.

At the core level edge XMCD is not only element-specific
but also orbital specific. For@Btransition metals, the elec-

B. XMCD spectra
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FIG. 5. Self-consistent fully relativistic, spin-polarized partial
d-density of states of CoPtand CgPt compoundgin electrons/
atom eV).

tronic states can be probed by tke L, 3, and M, 3 x-ray
absorption and emission spectra whereas dnt&nsition
metals one can use the L, 3, M3, Mys, No3, Nys, Ng 7,

and O, 3 spectra. As pointed out above, Ed1) for unpo-
larized absorption spectya’(w) allows only transitions with
Al=*1Aj=0,=1 (dipole selection rules Therefore only
electronic states with an appropriate symmetry contribute to
the absorption and emission spectra under consideration
(Table 1l). We should mention that in some cases quadrupole
transitions may play an important role, as it occurs, for ex-
ample, in rare earth materials [§2-4f transition3.2°

1. K-edge of3d-transition metal elements
Figure 6 shows the theoretically calculated XMCD in
terms of the difference in absorptidiuy = ug — i for left

TABLE Il. Angular momentum symmetry levels indicating the
dipole allowed transitions from core states to the unoccupied va-
lence states with the indicated partial density of states character.

L, L3
Spectra K M, M3 M, Mg Neg N-
N, Ns N, Ns
O, O3
2Pz 2P3p
Core  Is;, 3pip 3Pse 3dg, 3ds, 4fs, 4fy,
level Ap1p Apsp 4dyp  4dsp
5Py 5Pap
Valence pi, Sy Sz Pz Paz  dayp  dsp
states  pzp  dap  dzyp Pz fsp dsp O
dsp fsp f7p Gz Qo
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N CrPt, rather simple and straightforward interpretation of the
XMCD spectra at th&K edge.

— dml As in the case of absorptioK;emission XMCD spectrum

(not shown is in close relationship with site- arieprojected

/ density of the expectation value 6{ Using the sum rule
0.000 =t~ :,/‘rx'r derived forK spectra in Ref. 84 we obtain a MrpSorbital
'/ magnetic moment of around 0.001% in a good agree-
< ment with LSDA calculations {0.0016ug).

0.005 i/

(=]
(=]
Q
[3)]
t
Y
J
<
3
T
—t
w

- 2. L,z and M, z-edges of 3d-transition metal elements

/ / \‘ Because of the dipole selection rules, apart from thg,4
7 \\ states(which have a small contribution to the XAS due to

<< y & relatively small — 4s matrix element®) only 3d,, states

[=]
[o]
[=]
Q
2

occur as final states fdr, XAS for unpolarized radiation,

'/ whereas for thd.; XAS 3ds,, states also contribut€rable

X . . . II). Although the 2;,— 3ds, radial matrix elements are
0.004 - " FePL. o~ only slightly smaller than for the {2;,,— 3ds/, transitions the
angular matrix elements strongly suppress tipg2-3ds,
contribution[see Eq.(11)]. Therefore in neglecting the en-
ergy dependence of the radial matrix elements, ltheand

the L5 spectrum can be viewed as a direct mapping of the
DOS curve for 83, and 3sj, character, respectively.

In contrast to th&K edge, the dichroism at the, andL 5
edges is also influenced by the spin-orbit coupling of the
initial 2p-core states. This gives rise to a very pronounced
dichroism in comparison with the dichroism at tKeedge.
Figure 7 shows the theoretically calculated &ansition
metalL, -XMCD spectra inXPt; alloys in comparison with
the experimental daff. One finds that the theoretical
XMCD spectra for the late transition metals to be in good
agreement with experiment. For MaRhe calculated mag-

netic dichroism is somewhat too high at the edge. As one
6002 ¢, can see, the XMCD spectra for JRt, CoPj, and NiP} are
very similar with strong decreasing of the dichroism in NiPt
reflecting first of all the decrease of the spin magnetic mo-

FIG. 6. Theoretically calculatedd3transition metalK-XMCD ment in the later compound at the transition metal Sible

. ) . ; S I). The XMCD spectra of ferrimagnetic Vand CrPj dif-
absorption spectra in comparison wilim—, (E) function in XPt f()ar significantly a?t the_; edge fror% the spgctra of thie ferro-
alloys.

magnetic compounds. The former spectra have an additional
positive peak in the low energy region.

and right circularly polarized radiation KPt; (X=Mn, Fe, The XMCD spectra at thé., ; edges are mostly deter-
and C9 compounds. Because dipole allowed transitionsmined by the strength of the SO coupling of the initial
dominate the absorption spectrum for unpolarized radiation?2p-core states and spin polarization of the final empty
the absorption coefficiemﬁ(E) (not shown reflects prima-  3d3, 5> States while the exchange splitting of the-2ore
rily the DOS of unoccupied @g-like statesN,(E) of X above  states as well as the SO coupling of thixZalence states are
the Fermi level. Due to the energy dependent radial matribof minor importance for the XMCD at thé,; edge of
element for the &—4p there is no strict one-to-one corre- 3d-transition metals®
spondence betweem(E) andN,(E). The exchange split- To investigate the influence of the initial state on the re-
ting of the initial 1s-core state is extremely sm#itherefore  sulting XMCD spectra we calculated also the XAS and
only the exchange and spin-orbit splitting of the finagd 4 XMCD spectra ofXPt; compounds at thé/, ; edge. The
states is responsible for the observed dichroism atkthe spin-orbit splitting of the p-core level is of one order of
edge. For this reason the dichroism is found to be very smalinagnitude smalleffrom about 0.73 eV in V to 2.2 eV in Ni
(Fig. 6). It was first pointed out by Gotsis and Straffgas  than for the  level (from 7.7 eV in V to 17.3 eV in Ni at
well as Brooks and Johans$3hat XMCD K spectrum re-  the X site in theXPt; compounds. As a result the magnetic
flects the orbital polarization in differential foro(l,)/dE of ~ dichroism at theM, 3 edge is much smaller than at the 5
the p states. As Fig. 6 demonstrates, whEr&kMCD spectra  edge(Fig. 7). In addition, theM, and theM; spectra are
is shown together witldm,_1(E) functions[Eq. (12)], both  strongly overlapped and th&l; spectrum contributes to
quantities are indeed closely related to one another giving some extent to the structure of the tok) 3 spectrum in the

0.002 Y4

o
o
o
=]

-0.002 -

XMCD absorption spectra K-edge (arbitrary units)

0.002 44

0.001 1

0.000

-0.001 1

Energy (eV)
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FIG. 7. Theoretically calculated dtransition metalL5 (full : N j\
line), L, (dotted ling, andM 3 (full line), M, (dotted ling XMCD 0.0 t I.: 0.0 — \/.
spectra inXPt; alloys in comparison with available experimental 1 | |
data(circles (Ref. 18. _0.2 4 NiPt : o021l : NiPt,

. . |
region of theM, edge. To decompose a corresponding ex- ' ! ; ' | '
perimental M, 3 spectrum into itsM, and M3 parts will -20 0 20 -20 0 20
therefore be quite difficult in general. It worth to mentioning Energy (eV) Energy (eV)

that the shape di; andMz; XMCD spectra are very similar.
FIG. 8. Theoretically calculated Rt, 3 XMCD spectra inXPt

alloys (full line) in comparison with the experimeftircles, the

As mentioned above, MXCD investigations supply infor- experimental data for CrPare from Ref. 30, MnRBtfrom Ref. 31,
’ flnd CoP4 from Ref. 33.

mation on magnetic properties in a component resolved way.
This seems especially interesting if there is a magnetic mo-

ment induced at a normally nonmagnetic element by neigh- Results of the theoretical calculations for the circular di-
boring magnetic atoms. The underlying mechanism of thehroism at thel, ; edge of Pt are shown in Fig. 8 in com-
magnetic and magneto-optical properties of the systems corparison with the experimental data®® As one can see, a
sidered here is the well known ability of transition metals torather pronounced XMCD is found. In ferromagnetic com-
induce large spin polarization of Pt via strond-3d hybrid-  pounds MnP{, FePt, and CoRt the XMCD spectrum is
ization and exchange interaction. A very extreme examplaéegative at thd ; and positive at the., edge as has been
for this situation occurs for Pt in th&Pt; compounds. seen for the XMCD spectra &t 3 edges of the @-transition

3. Pt L, 3 edges
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metals(Fig. 7). The XMCD in MnP¢ at theL ; andL, edges ;
are of nearly equal magnitude, which suggest that an orbital 0.02
magnetic moment almost vanishes in the Btsfates in this N /

0.00 Tttt

compound’ In ferromagnetically ordered VPtand CrPj

the XMCD spectra at the; edge are positive with a double
peak structure in a good agreement with the experimental
measurementy. The experimental XMCD spectrum of
CrPt at the PtL, edge shows a positive sign although the
theoretically calculated spectrum has additional negative
components at both the low and high energy sides of the
main peak(Fig. 9).

002 T1 |/,

0.02 +

0.00 N A JANN I /,I “\

. /---IV"V---I-'--:'\\y‘-ll’--
-0.02 T \/

4. PtM, N, and O edges

To investigate the influence of the initial state on the re- 0.02 1 / i
sulting Pt XMCD spectra we calculated also the XAS and PN
XMCD spectra ofXPt; compounds at th# 3, My s, Ny 3, 0.00 ANt s

X-ray absorption spectra N, s-edge (arbitrary units)

AV =anany: S
N4s, Ng7, andO, ; edges. We found a systematic decreas-
ing of the XMCD spectra in terms d®=A u/(22) in the -0.02 1 \/
row L, M, 5N, 3 edges. Although the magnetic dichroism e
of quasicore statesd, 3 and Ng ; edge$ became almost as 0 5 1EO 15V 20 2
large as at thé., ; edge. In addition, the lifetime widths of nergy (eV)
the coreO, 3 and Ng 7 levels are much smaller thab, s FIG. 9. Theoretically calculated B, s XMCD spectra inXPt
ones’® Therefore the spectroscopy of Pt atoms in the ultra-alloys. ’
soft x-ray energy range at tt@, ; andNg ; edges may be a
very useful tool for investigating the electronic structure ofbution of both the 83, and 35, empty states. On the other
magnetic materials. hand, theN; absorption spectrum reflects only thels3
PtM, s andN, 5 spectra to some extent can be consideredstates(the density of thegy, o, States is really very small
as an analog of thK spectrum. As it was mentioned above, whereas for thég XAS both the i3, and 35, states con-
K absorption spectrum at both sites reflects the energy digribute. Therefore we have an inverse situatibig: absorp-
tribution of emptyp,,, andps, energy stategTable Il). The  tion spectra correspond to thg andO3 spectra, whereas the
M, (N,) absorption spectra due to the dipole selection ruledN; is the analog of théd., and O, ones. This situation is
occur for the transition from thed3, (4ds,) core states to clearly seen in Fig. 10 where the theoretically calculated
the py», Pap, andfg, valence states above Fermi level, XMCD spectra of XPt; compounds at theéD,; and Ng 7
whereas for théVls (N5) XAS the psp, fs,, andf,, states edges is presented. The XMCD spectreOatedges are al-
contributes. Results of the theoretical calculations of the cirmost identical to the spectra at tiNg edges. The XMCD
cular dichroism in absorption at the, 5 edge of Pt in the spectra aD, edges are also very similar to the spectra at the
XPt; (X= Cr, Mn and F¢ are shown in Fig. 9. Comparing N, edgegbut not identical because the energy distribution of
this spectra with the corresponding XMCD spectra of transiPt 3d;, and 35, states is not exactly the same due to SO
tion metals at theK edge(Fig. 6) one can see an obvious interaction). The magnetic dichroisrte.g., in CoPy) is nega-
resemblance between these two quantitthe magnetic di- tive at theO5; edge and positive at th®, edge(as it was at
chroism at theN, edge has an opposite sign to the XMCD at L, ; edges, see Fig.)8but the XMCD is positive at thé;
the K andN5 edge. Such a resemblance reflects the similar-edge and negative at tHé; one. However, we emphasize
ity of the energy distribution of unoccupiqu local partial  that O; (O,) andNg (N;) XMCD spectra are not identical
densities of stateN,(E) just above the Fermi level atand  to thel; (L) ones. One can argue that at least for Ptithe
Pt sites(not shown. It occurs due to a strong p-Ptp hy-  spectra predominantly reflect atomic aspects of the valence
bridization effect. The major difference is seen at 0 to 2 eV.band while for theD, ;andNg ; edge the itinerant aspects are
It can be attributed to an additional contribution of fag 7,  more important. This is especially pronounced in ferrimag-
energy states to thl, 5 spectra and to the difference in the netic VPg, CrPt and ferromagnetic MnRtwith more itin-
radial matrix elements (—pip3, In K spectra and erant character of the valence states than in CaRdl NiPg
4d3 57~ P1/2,32iN Ny 5 Spectra. Although the later plays a with relatively more localized @ states.
minor role due to the fact that radial matrix elements are Because of the relatively small spin-orbit splitting of the
smooth functions of energy. 4f states of Pt{3.3 eV), theNg and theN, spectra have an
It is interesting to compare Pt XAS and XMCD spectra atappreciable overlap. For this reason Mespectrum contrib-
theL,3, O,3, andNg; edges. Due to the dipole selection utes to some extent to the structure of the tdtg} spectrum
rules, for unpolarized radiatiofapart from thes,,, states in the region of theNg edge, as can be seen from Fig. 10. To
which have a small contribution to the XASnly 3d;, decompose a corresponding experimenity; spectrum
states occur as final states fos as well as forO, spectra into its Ng and N, parts will therefore be quite difficult
(Table Il). The L3 and O3 spectra reflect the energy distri- in general.
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'S 05 + ‘,’\‘ 05 + FePtg FIG. 11. Theoretically calculated Pt XAS and XMCD spectra at
T ’.' 4 the O, 3 andNg ; and CoO, 3 edge in CoPtcompound in compari-
] . .
a I son with experimental datdref. 34.
S 00 Ag=—td 0.0 N e am— P teRet. 39
o \ ‘.' know the correct relative positions of these six spectra. The
] \J Dirac-Hartree-Fock-Slater one particle approximation used
-05 T+ -0.5 T v . . .
L , \ , , in this work to calculate the core states is not able to produce
) P " CoPt a correct energy position of the spectdue to not taking
c 057 A 05 1 3 . -~ . . . :
> i into account a self-interaction correction, different kinds of
= A relaxation processes and other many-particle effetiisre-
> 00 2y 0.0 ——t t fore we used the experimental XA@QRef. 39 (see upper
$ \ ¥ panel of Fig. 1] to adjust the energy position of the calcu-
x 05 + 05 + M lated XMCD spectra. Note that the relative ©% ;—Ng;
) , \ ’ , , splitting in CoPj (Ref. 39 is reported significantly different
05 1 ' ' 051 NPt (about 5 eV from the corresponding value in pure Ptig-
) ) ure 11 shows the theoretically calculated®4;, Pt Ng,
R /\ and CoM,3; XAS and XMCD spectra in CoPRtalloy in
0.0 ——t 0.0 7 f comparison with the experimental ddfalhere is reasonable
\/_ agreement with the experimental results foBt;, Ng 7 and
05 + 05 + Co M3 XMCD spectra(all the calculated spectra are pre-
) , \ ) , , sented as separate curke®n the other hand, our one par-
0 10 20 0 10 20 ticle calculations were not able to reproduce additional reso-
Energy (eV) Energy (eV) nance structures at 73 and 76.5 eV which is caused by a

strong interference Fano effeétThere is also a deviation

FIG. 10. Theoretically calculated B, ; andNg; XMCD spec-  seen at the PO, ; and CoM, edge in the sense that the

tra in XPt; alloys. amplitude of the calculated XMCD spectra are too large. An
. . additional peak at a low energy side of thies XMCD spec-

The only available expenmen?al XMCD spectrum mea-i,m at~61 eV is also not reproduced by theory.
sured at the PNg 7 edge (4 —5d) is the spectrum of ferro- Finally, we explored the anisotropy of the XMCD spectra
magnetic CoRt* This spectrum was measured by the totalwith respect to the magnetization direction in these com-
photoelectron yield method. In contrast to the high energypounds. The influence of the direction of the magnetization
spectra of Ptl(, 3, M, 30r M, s edge, for the ultrasoft x-ray  on the XMCD spectra was found to be very smallXit
energy region 50 to 80 eV the situation is complicated by thecompounds. The comparatively small dependence of the
fact that due to small energy difference of Rt,5f, and Co XMCD spectra on the magnetization direction is related to
3p core states, six spect(®t O, 3, Pt Ng7, and CoM, 5 the high degree of isotropy inherent to the;8u structure.
appear simultaneously in a rather small energy range produc-
ing a very complicated spectrum for which interpretation is C. XMCD sum rules
very difficult without a knowledge of the band structure and  Concurrent with the x-ray magnetic circular dichroism ex-
corresponding optical matrix elements. It is important toperimental developments, some important magneto-optical
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sum rules have been derived in recent years. Thole and va X atom Pt atom

der Laafi® developed a sum rule relating the integrated sig-2 | A @ | 6-0-0 LsDA ©
nals over the spin-orbit split core edges of the unpolarizedg
XAS to the expectation value of the ground state spin-orbit§
operator. Later Tholet al®” and Carreaet al® derived sum ¢
rules to relate the integrated signals over the spin-orbit splits
core edges of the circular dichroism to ground state orbital£
and spin magnetic moments by using an ion model for at-&
oms. In the case of solids the corresponding XMCD sum
rules were proposed by Ankudinov and RE€hand Guo®

@——@ sumsules

1.0 A1

m

[c]

Sum rules for x-ray magnetic scattering were derived by Luo%L
et al%! Recently Benoiset al. derived the corrections to the §
atomic orbital sum rule in solids using orthonormal LMTO’s §
as a single-particle basis for electron band st&tes. %
For thel, 3 edges thd, sum rule can be written as =
5.02 1 0.2 +
© (b) (d)
4L N do(ps—pu-)
<|Z>= -ny 82 , (15 FIG. 12. Theoretically LSDA calculated spin),(c) and orbital
3 do(u+p_) (b),(d) magnetic moments at the ahd Pt siteqopen F:irc!eﬁs in
Lg+L, comparison with estimated data using the sum r(gesid circles

. . for XPt; and FgPt compounds.
where n,, is the number of holes in thed band n,=10

—naq, {I,) is the average of the magnetic quantum numbeearly transition metajsby the interaction of the excited elec-
of the orbital angular momentum. The integration is takentron with the created core hoté&’
over the whole p absorption region. The, sum rule is On the experimental side, the indirect x-ray absorption
written as techniques, i.e., the total electron and fluorescence yield
methods, are known to suffer from saturation and self-
7 absorption effects that are very difficult to correct foThe
(s+ §<t2> total electron yield method can be sensitive to the varying
applied magnetic field, changing the electron detecting effi-

6J do(p, — g )_4J do(p, — ) ciency or, equivalently, th_e sam_pile photocurrer_lt. The fluo-
Ly rome L, * - rescence yield method is insensitive to the applied field, but
=—ny ' the yield is intrinsically not proportional to the absorption
f do(u,+u_) cross section, because the radiative to nonradiative relative
Lat+ls core-hole decay probability depends strongly on the symme-

(16) try and spin polarization of the XAS final stat¥s.

To derive the sum rules a great number of assumptions
wheret, is thez component of the magnetic dipo_le_ operator had to be madé® For L, 5, they are(1) ignore the exchange
t=s-3r(r-s)/|r|*> which accounts for the asphericity of the gpiitting for the core levelg2) replace the interaction opera-
spin moment. It was shown that this term is negligible forig, 4. a, in Eq. (9) by V-a,, (3) ignore the asphericity of
cubic systems$>®’ The integrationf, (fi,) is taken only  he core states(4) ignore p—s transitions,(5) ignore the
over the 23, (2py») absorption region. In these equations, difference ofds, and ds, radial wave functions, andb)
we have replaced the linear polarized specig, by  ignore the interatomic hybridization, which is reflected on
[y (w)+u_(w)]/2. the nontreatment of any energy dependence of the radial ma-

Because of the significant implications of the sum rulestrix elements. The three last points are the most important.
numerous experimental and theoretical studies aimed at infFhe problem of the ignoring of thp—s transitions was
vestigating their validity for itinerant magnetic systems haveconsidered by Wu and Freentain the case of pure Fe, Co,
been reported, but with widely different conclusions. TheNi and their surfaces. They demonstrate that the application
claimed adequacy of the sum rules varies from very goodf the spin sum rule results in an error up to 52% for the
(within 5% agreement to very poor (up to 50%  Ni(001) surface. On the other hand, the orbital sum rule is
discrepancy1987:88.93-98rhjs |ack of a consensus may have affected much less.
several origins. For example, on the theoretical side, it has Taking into account all the above mentioned problems it
been demonstrated by circularly polarizeg &sonant pho- s interesting to compare the spin and orbital magnetic mo-
toemission measurements of Ni that both the band structunments obtained from the theoretically calculated XAS and
effects and electron-electron correlations are needed to sati¥MCD spectra through the sum rul¢ggs. (15),(16)] with
factorily account for the observed MCD spectfadowever,  directly calculated LSDA values. In this case we at least
it is extremely difficult to include both of them in a single avoid all the experimental problems.
theoretical framework. In addition, the XAS as well as Figure 12 shows direct and sum rule derived spin and
XMCD spectra can be strongly affectéespecially for the  orbital magnetic moments from the theoretical XMQD 5
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spectra. The number of thed3and Pt B electrons is calcu- are mostly determined by the strength of the SO coupling of
lated by integrating the element athid projected density of the initial 2p core states and spin-polarization of the final
states inside each atomic sphere. The valugs= 3.644, empty 33, 5, States while the exchange splitting of thp 2
4.614, 5.606, 6.567, 7,776, 8.854 angy= 8.302, 8.187, core states as well as SO coupling of the Balence states
8.213, 8.136, 8.138, 8.134 for VRtCrPt, MnPt, FePt,  are of minor importance. The theoretically calculatesl
CoPg, and NiPt, respectively. XMCD spectra are in a good agreement with the experimen-
As can be seen from Fig. 12, the general trend of the suntal measurements. The spectra fopPe CoP4, and NiPj
rule results is in a good agreement with the LSDA calculatedare very similar with a strong decreasing of the dichroic sig-
spin and orbital magnetic moments for both teand Pt  nal in NiPt reflecting the decrease of the spin magnetic mo-
sites. The orbital magnetic momentsXatind Pt sites agree ment and also the lack of unoccupied 8tates.
well with the direct calculations, but the spin magnetic mo- We found a rather pronounced XMCD at thelBt; edge.
ments deduced from the theoretical MXCD spectra are unm ferromagnetic compounds MnPtFe;Pt, and CoRy the
derestimated for VRt CrPt, and MnP4 for both the tran-  XMCD spectrum was found to be negativelatand positive
sition metal and Pt sites. The disagreemerX aites reaches atl, edges. The XMCD in MnRtat thel ; andL , edges are
the 40% in VP§ and reduces to 19% in CrPt15% in MnP%  of nearly equal magnitude, which suggest that the orbital
and becomes less than 10% in;Pg CoPj, and NiP§ com-  magnetic moment almost vanishes in the Btsfates in this
pounds. Such behavior arises because the sum rules igan@mpound_ In ferrimagnetically ordered \Rind CrP§ the
the p to s transitions which play an essential role in the xmMCD spectra at theL; edge are positive with a double
formation of the spin magnetic moments in early transitionpeak structure, in a good agreement with the experimental
metals. In Fe, Co, and Ni the relative contribution of he measurements.
states is reduced and the effect plays a minor role. Thus, first pue to the dipole selection rules thg absorption spectra
principles determinations of both the XMCD spectra andresemble thé. ; andO5 spectra, whereas th¢, spectrum is
ground state propertiesV; and M) are probably required the analog of the., and O, ones. Because of the relatively
for quantitative interpretation of the experimental results.  small spin-orbit splitting of the # states of Pt 3.3 eV),
the Ng and theN, spectra have an appreciable overlap.
IV. SUMMARY Due to the small energy differences of Ri,%Af and Co
We have studied by means of ah initio fully relativistic 3p core states, six Spect(@t O, 3, PtNg7, and CoM, 3
appear simultaneously in a rather small energy range produc-

spin-polarized Dirac linear muffin-tin orbitaLMTO) ing a very complicated spectrum. We found reasonable
method the electronic structure and the x-ray magnetic cir- 9 y P P j

cular dichroism for nine transition-metal-platinum alloys agreement with the experimental results fo3;, Ne7and

with CuAu-type crystal structure in the local spin-density Co M3 XMCD spectra in CoRt On the other hand, our one
approximation. particle calculations were not able to reproduce additional

The orbital and spin magnetic moments of the r€SONance structures at 73 and 76.5 eV which are caused by

CugAu-type transition metal intermetallicéP, X=V, Cr, : S‘f'rf?g grelggenrfler%r;s/g; Z?Jriﬁflités for the orbital and spin
Mn, Fe, Co, Ni andX3Pt (X= Fe, Co, N) have been evalu- y P

. 3 ) ; magnetic moments were tested for these compounds. The
ated from first-principles electronic structure calculations.

The obtained moments are in good agreement with neutroﬂrb'tal magnetic moments &tand Pt sites obtained from the

and XMCD experimental data. The variation seen in tie 3 sum rules agree with the direct calculations, whereas the spin

. moments at both the transition metal and Pt sites are some-
metal and Pt magnetic moments can be understood by andi -t underestimated in VPt CrPt, and MnPj due to the
lyzing the spin-projected DOS’s and site- ahgrojected ' '

: i Y ) neglect ofp—s transitions in the sum rules.
density of the expectation value of [dm(E)] and their
integrated valuegmy (E)]. It was found that the hybridiza-
tion between the @ metal and Pt states plays an important
role in determining the variation.

We demonstrated that XMCHRB spectrum reflects the or- This work was carried out at the Ames Laboratory, which
bital polarization in differential form of the states[the s operated for the U.S. Department of Energy by lowa State
dml _,(E) function|. Due to small exchange splitting of the University under Contract No. W-7405-82. This work was
initial 1s-core states only the exchange and spin-orbit splitsupported by the Director for Energy Research, Office of
ting of the final 4 states is responsible for the observedBasic Energy Sciences of the U.S. Department of Energy.
dichroism at theK edge. V.N. Antonov gratefully acknowledges the hospitality during

The XMCD spectra of transition metals for thg ; edge  his stay at Ames Laboratory.
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