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Soft x-ray magnetic circular dichroism study of the ferromagnetic spinel-type Cr chalcogenides
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We have observed magnetic circular dichroi@tCD) in the soft x-ray absorption spectra of the semicon-
ducting ferromagnet CdG8e, and the metallic ferromagnets CyS; and CuCsSe. The Cr 2 x-ray ab-
sorption and MCD spectra show that tthelectron occupancies of the Cr atom in the Cu based Cr sulfide and
selenide are not much different from that in the Cgf&2y; in spite of the different formal valencies € and
Cr**, respectively. The observed Cyp MCD spectra show the existence of small magnetic moments on the
Cu sites which are aligned antiparallel to the Gt Bioment in CuCsS, and CuCjSe,;, consistent with
band-structure calculation.
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[. INTRODUCTION sively. Lotgeringet al” have explained the properties of
CuCpX, assuming the mixed-valence state of Qud®) and
Among spinel-type transition-metal compounds C#gr  Cr**(d?) and Cu (d!9. This explanation is based on the
and CdCjSe, are ferromagnetic semiconductors with Curie assumption that the diamagnetic Cions occupy the tetra-
temperatures of 85 and 129.5 K, respectively, and have bedredral sites and the ferromagnetic moment arises from the
extensively studied because of their unusual optical angarallel alignment of the spins of €r and Cf* located at
magnetic properties? Their electronic structures have been the octahedral sites. The metallic conduction and the ferro-
studied by band-structure calculatidfisand photoemission magnetism have been attributed to double exchange between
spectroscopy® The band-structure calculations explain well Cr3* and CF*. Goodenough,on the other hand, has pro-
the redshifts of the optical absorption at 1.85 eV for theposed that the octahedral sites are occupied by thé ©ns
sulfide and that at 1.1-1.3 eV in the selenide with decreasingo that the tetrahedral sites are occupied by formally divalent
temperature across the magnetic phase transition. Here, ti@ ions. Recently, giant magnetoresistance was reported for
absorption is assigned to a transition from the @rtg,band  Fe,_,Cu,Cr,S,, invoking renewed interest in this type of
to the conduction band. The calculated band structure is als@materals So far, the detailed electronic structure has not
qualitatively consistent with the resonant photoemissiorbeen investigated based on, for example, band-structure cal-
result® which has revealed the Crd3t,,| states as well as culations instead of the simple ionic model.
thee,T | states hybridized into the Sepdand. Soft x-ray core-level absorption spectroscopy of ferro-
CuCrS,, CuCrSeg, and CuCsTe,, on the other hand, magnetic materials using circularly polarized synchrotron
show metallic conductivity and order ferromagnetically be-light is well known to produce magnetic circular dichroism
low the Curie temperatures well above room temperatureqMCD), which is defined as the difference between the ab-
i.e., Tc=377 K for CuCpS,, Tc=430 K for CuCkSey, sorption coefficient excited by incident light of opposite he-
and Tc=360 K for CuCpTe,. The metallic character and licities. It is also known that MCD signals provide us with a
the magnetic moment of approximatelyp per formula unit  quantitative value for the orbital magnetic moment as well as
for CuCpX, (X=S, Se, Te¢have promoted interest in these the spin magnetic moment using sum rulé$.In order to
compounds as promising materials for magneto-optical deelarify the electronic states responsible for the ferromag-
vices. The magneto-optical Kerr effect measurements onetism on each site of the Cr spinel chalcogenides, we have
CuCr,Sg, single crystals between 0.55 and 5.0 eV show thaperformed a soft x-ray core absorption spectroscopy study
the Kerr ellipticity ex reaches-1.19° at 0.96 eV. In contrast for the semiconducting ferromagnet CdSe, and the me-
to the Cd-based Cr spinel compounds, the electronic strudallic Cu-based ferromagnets CyS; and CuCsSe, using
ture of the Cu-based Cr spinels has been studied less extecircularly polarized synchrotron radiation. The resulting

0163-1829/2001/622)/224427)/$20.00 63 224420-1 ©2001 The American Physical Society



A. KIMURA et al. PHYSICAL REVIEW B 63 224420

(a) Cr 2p XAS spectra (b) Cr 2p MCD spectra
circularly pol. light

Th

1. A (iii) CuCr,Sey

(iii) CuC_rzSIe+4 \/N \)‘
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MCD signals inform us of the orbital and spin moments atof the majority spin parallel and antiparallel to the photon
different sites of the Cr spinel compounds. In addition, aspin(helicity), respectively. Clean surfaces were obtained by
relativistic linear-muffin-tin-orbital(LMTO) band-structure in situ scraping of the samples with a diamond file in ultra-
calculation has been carried out to interpret the MCD resulhigh vacuum condition. The cleanliness of the sample sur-
within a one-electron approximation. faces was first checked by the disappearance of a typical
structure related to Cr oxides. We could also check the de-
gree of contamination from the magnitude of the MCD sig-
nal, because its amplitude grew and finally saturated when
Cr 2p and Cu D x-ray absorption spectroscogXAS) the sample surface became clean enough. We considered that
and MCD spectra were measured at beamline NE1B of théhe unscraped or contaminated surface was covered with an-
Accumulation Ring at High Energy Accelerator Researchtiferromagnetic or paramagnetic compounds such as Cr ox-
Organization(KEK). Circularly polarized light was supplied ides, which hardly contribute to the MCD spectrum. It is
from a helical undulator, with which almost 100% polariza- believed that the the total photoelectron yield from the
tion was obtained at the peak of the first-harmonic radiationscraped surfaces of the present samples reflect the absorption
XAS spectra were measured by means of the total photoele§Pectrum in the core-excitation region. The temperatures
tron yield by directly detecting the sample current with during the measurement were100 K for CdCpSe; and
changing the photon enerdyv. The photon energy resolu- room temperature for Cug®, and CuCsSe,. This gives
tions were estimated to be 0.5 and 1 eV for @ahd Cu  ~ 75, 60, and 80 % of th&€ =0 magnetization for CdGBe,
core absorption regions, which were determined from a gaSUCRS,;, and CuCjSe, respectively.
phase measurement and a ray trace simulation of the
beamlinet* The meaurement was performed in the Faraday
geometry, i.e., with both the incident light and the magneti-
zation perpendicular to the sample surface as shown in the
inset of Fig. 1. We used two pairs of Nd-Fe-B permanent Our relativistic band structure calculations were carried
dipole magnets with holes for passing the excitation lightout by the linear muffin-tin orbitalLMTO) method®in
The field of~1.1 T at the sample position was alternatively the local spin density approximation by using scalar relativ-
reversed by setting one of the two dipole magnets on théstic MT orbitals. The calculation includes spin-orbit cou-
optical axis by means of a moter-driven linear feedthrotfgh. pling (SOO in the variational procedure, which implies that
The MCD spectra were taken for a fixed helicity of light by the SOC Hamiltonian is diagonalized using the scalar rela-
reversing the applied magnetic field at ealch. In the tivistic wave functions as a basis set. Because of the weak-
present paper, the MCD spectrum is definedlas-|_, ness of SOC compared to the crystal field and exchange
wherel, and|_ represent the absorption spectra for thesplittings in spinels under consideration, such a perturbative
direction of magnetizatiofwhich is opposite to the direction procedure is justified. Furthermore, since SOC contribution

II. EXPERIMENTAL

III. BAND STRUCTURE AND MULTIPLET
CALCULATIONS
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TABLE I. Ab initio Hartree-Fock values of the Slater integrals and spin-orbit coupling consiuisits
of eV). In the actual calculation, the Slater integrals have been scaled to 80% of these values to take into
account intra-atomic relaxation effect.

Configuration F?(d,d) F*d,d) F?pp,d) GYp,d) G3p,d) &@2p) &(3d)

crt d? 11.794 7.437 0.041
p°d® 12.573 7.928 7.210 5.396 3.071 5.668 0.053

crt d? 10.777 6.754 0.035
p°d* 11.595 7.269 6.525 4.787 2.722 5.667 0.047

is of the first order(i.e., ¢, the SOC parametgand the  CdCr,Se,. The XAS and MCD spectra of Cug3, and
SOC matrix elements between states with opposite spins atguCr,Se, are almost identical to that of Cd{Se, except for

of the second ordefi.e., «£%), the latter can be omitted. In the degree of the peak asymmetry. The orbital magnetic mo-
the iterations towards self-consistency of the single-particlgnent is almost quenched in the Cu-based compounds, too.
effective crystal_ potential, both the exphan_ge splitting and  The Jine shapes of the XAS and MCD spectra are be-
SOC were considered on an equal footing, i.., both of thesf, e to be strongly dependent on the electronic states or the

terms were effective in the formation of the crystal pOtem'a"electronic configuration of the atom. To see further such

We have g:alculateq the total and local orbital rnagnetlCchanges of the line shapes of XAS and MCD spectra depend-
moments which are given by

ing on the electronic states, we have carried out multiplet
calculations for the Cr g XAS and MCD spectra assuming
I= E m- nﬁql ) Cr 3d® and 32 configurations for the ground state. Here, the
oty mixing between thel® and d? configurations has not been
wherem, is the magnetic quantum number corresponding tdaken into account. Before showing calculated spectra, it is
the orbital quantum numbémndny, is the occupied number  useful to see the dependence of the magnetic moments on the
density for spino-'® Considering the calculated electronic crystal field. _Figure 2 shows the cglculated szpin, o_rbital and
structures, one should bear in mind that we have used th@t@l magnetic moments for tffe) d* and (b) d” configura-
atomic-sphere approximatiofASA), and this implies that tions in the ground state as a function of the octahedral crys-
the choice of the sphere radii affects the amplitudes of thé2! field 1MDq. Here, a positive 1Dq value corresponds to
calculated magnetic moments. the octahedral@, symmetry coordination, whereas a nega-
In the analysis of the MCD of the CI2XAS spectra, we tive one is for the tetrahedrall symmetry coordination.
have done full multiplet calculations based on the atomid-or the d® configuration, one clearly finds comparable but
model (with a single electronic configuratipnneglecting ~antiparallel contribution of spin and orbital magnetic mo-
charge transfer from surrounding orbitals. In this calculationMents at zero crystal field. For a positive crystal field of
a crystal field inO, symmetry (10q) has been applied. In 100q>1 €V, the orbital moment is almost quenched and
order to induce a magnetic moment, a molecular field of 1¢he spin magnetic moment( total magnetic momehtbe-

meV has been applied on the electron spin. Parameters f&@mes closer tgi?s- This is easily understood if the energy
the intra-atomic electrostatic interactions are listed inlevels of the C¥ ion octahedrally surrounded by the S or Se

Table I. atoms is considered. Here, the threeéectrons occupy the
threefold degenerate majority-sptiy, orbitals, leading to the
IV. RESULTS AND DISCUSSION vanishing orbital moment as schematically drawn in Fig.
2(c). On the contrary, for th@? configuration, a larger or-
The XAS and MCD spectra in the Crp2core (L, 3 bital magnetic moment appears for a positive large crystal
excitation region of CdGSe,, CuCrS,, and CuCsSe, are field as shown in Figs.(®) and Zc). In the spinel type struc-
shown in Figs. (a) and Xb). The XAS intensitie$ , andl _ ture, the local coordination of thB site has the trigonal
have been normalized at a higher photon energy where ndistortion along thg111) direction. In this case, the three-
asymmetry is expected. The XAS spectrum for thé Cr fold degeneratd,, level splits into two levels, such as a
compound CdGiSe, shows a white line at each spin-orbit nondegenerate levela(,) and a twofold degenerate level
component of the @ core without any remarkable multiplet (eg). It is expected that the orbital moment is quenched even
structure. A shoulder structure is located on the lower energfor thed? configuration in the case of the shortened structure
side of the 23, main peak. It is found that the energy posi- along the(111) direction because the twofold degenereje
tion of the spectruni , is lower than that of _ for both of  level is located belova, in energy:®*’ On the contrary, the
the 2p;, and 204, components, resulting in the positive- elongated structure as in the case of the spinel structure does
negative feature in the MCDI ( —1_) spectra with increas- not affect the orbital magnetic moment.
ing photon energyh{») as shown in Fig. (). The integrated The calculated isotropic Cr®2 XAS spectra of thed®
MCD signal over the measurdtv range is negligibly small ground state configuration for D@=0, 1, and 2 eV are
({L,)<0.1ug), indicating almost quenched orbital moment shown in Fig. 3. The experimental isotropic spectrum ob-
contribution to the magnetic moment on the Cr atom intained as [, +1_)/2 of CuCkSe, is also shown for com-
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10Dq (eV) state configuration for Ig=0, 1, and 2 eV. The experimental
MCD spectrum of CuGiSg, is also shown for comparison.
(c) o _
’ quenched 4 s whereas only minus signal appears in thm,2region. In the
o3 orbital moment 10Dg experimental MCD spectrum, such a positive-negative struc-
— 4 ture is observed not only in thep3,, region but also in the
tzg —f_$ 4 g 2p1» region, which is not reproduced in the calculated spec-
trum for the zero crystal field. For a finite crystal field of 1.0
O, symmetry T, symmetry eV, for example, a p05|.t|ve—negat|ve'structure appears in the
2p4, region as well as in the, region. One finally finds
& tag some correspondence between the observed [CIMZD
spectrum and the calculated ones foD13=2.0 eV. It is
d? 10Dg o] noticed that the small-positive feature indicated by F as well
o S— 4 as the large positive structu(€) is reproduced in the calcu-
* A A lated multiplets for 1Dq=2.0 eV except for the small en-
ergy shifts of the positivéH) and negativel) signals in the

FIG. 2. Calculated spifiopen squarg orbital (open circlé and 2pyy; region. On the oth(;,'r hand, the line sha_pes qf the cal-
total (filled squarg¢ magnetic moments for thé) d and (b) d? culated_spectra for thel groundsstate_ conﬂ_guraﬂon are
configurations in the ground state as a function of octahedral crystzWZUCh d_'fferer_‘t from thosg for the Conflgu_rf':ltlon. For the
field 10Dq. (c) Schematic representation of the symmetry depend~ configuration, one notices that the positive-negative fea-

dence of the orbital moment fa® (upped andd? (lower) configu-  ture does not appear both in thpz, and 24, components.
rations. It is considered that the experimental Qv RICD spectra of

CdCrSeg,, CuCnrS,, and CuCjsSe, are well explained by
parison. It is noted that the spectral line shape of the calcuthe calculated multiplets of thé® configuration and the crys-
lated spectrum with IDg=0 eV is much different from tal field of 2 eV in theO,, symmetry. The similarity of the
that of the experimental spectrum. Especially, there exists apectra between the Cd-based and Cu-based compounds im-
sharp structure in the calculated spectrum in the intermediatglies that the valency of the Cr atoms in the Cu-based Cr
region between @5, and 2,, components, which is not spinels is nearly 3 in spite of the formal valence of €p*
observed in the experimental spectrum. One can find somand that the Cr atom has negligibly small orbital moment.
correspondences in the energy positions of the structures b&he additional holes in the Cu-based compounds probably
tween the experimental spectrum and the calculated one witfjo into the S P /Se 4p bands and not in the Crd3bands.
10Dq=2.0 eV for the structures denoted by A—E. Figure 4The early transition metdSc-Cn compounds was originally
shows the calculated Crp2MCD spectra of thed® ground  classified in the Mott-Hubbard regim&& A), whereU is
state configuration for Ig=0, 1, and 2 eV. The calculated the on-sited—d Coulomb repulsion energy andl is the
MCD feature at 1Dgq=0 eV shows positive-negative sig- charge transfer enerd§. Recent configuration-interaction
nal with increasing photon energy in thepz, region, cluster-calculation analyses of core-level photoemission
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10Dg=2 eV (b). The experimental MCD spectrum of CySk, is photon energy (eV)

Iso sh f ison.
&S0 Shown for comparison FIG. 5. Experimental Cu 2 XAS (uppe) and MCD (lower)

spectra of(a) CuCrS, and(b) CuCrSe,. |, (I_) is indicated by
spectra have shown that the Cr oxides such g©gCand  solid (dashed line.
LaCrO; are classified in the intermediate region between the

Mott-Hubbard and charge-transfer regimés=(A).™ It is,  c 2 apsorption spectrum is oppsite to that of the Gr 2
therefore, considered that Cr sulfides and selenides can l%?)ectra. This shows antiparallel alignment of the magnetic

Clrasflmredl n t:hﬁ r?hargt]iia/i-ttiransiceé rerg's' lﬂ:érﬁ) erug tto t)f(]e nmoments between the Cud3and Cr 3 states. From these
smafler electron negativities ot S or Se compared 1o oxyge results, the first peak can be assigned to transitions from the
This is consistent with the above mentioned picture that th

. : u 2p core to the Cu @ states which are well hybridized
:ggmcouncaégél.es go into the Sps/Se 4p bands of CuGsS, with the Cr 3 states and 'Fhe second peak_ t_o trans_ition_s to
Figures %a) and §b) show the XAS and MCD spectra of th_e empty Qu 4 states, which may be hybridized primarily

CuCrS, and CuCsSe, in the Cu 2 core (L, 5 excitation with the anion(S or Sg 4p state.

region. The Cu P XAS spectra for these Cu-based com- In order to interpret the above_ results, we h_a\_/e_performed
pounds show a double-peak structure separated ByeV band-structure calculations using the relativistic LMTO
for CuCnS, and 6.6 eV for CuGiSe, in each region of the Method for CdCGsSe,, CuCpS,, and CuCsSe;. The spin
2ps, and 2y, components. It is noticed that clear MCD @nd orbital magnetic moments per atom for the Cd, Cu, Cr,
appears at the first peak of each component, whereas MC@, and Se atoms have been calculated as shown in Table II.
signal is completely absent for the second peak of the samEhe right three columns show the calculated total spi)
component. Nonzero asymmetry as observed in the pre edgebital (M), and the measured total magnetic moments
region of Cu 2 XAS spectrum of CuGiS, [Fig. 5@]is  (Mg+M,) per formula unitMCr,X, (M=Cd, Cu: X=S,
considered to be caused by our experimental error. The af8e. The theoretical net magnetic momentd (+ M) per
pearance of the MCD signals for these Cu-based Cr chalcdermula unit are 5.974g for CdCrLSe, and 4.95@.5 for
genides shows induced magnetic moment on the Cu sit€€uCrS, and 5.032g for CuCrSe,;, which are in reasonable
One can notice that the polarity of the MCD signal for theagreement with the experimental values obtained by the
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TABLE Il. Calculated spin fng) and orbital (n;) magnetic moments by the relativistic LMTO method for
Cd, Cu, Cr, S, and Se atoms in the spinel Cr chalcogeridamits of ug). The experimental site projected
magnetic moments per atom from the present MCD results and the neutron diffraction experiments are also
listed for comparison. The right three columns show the total 9gig) (orbital (M,) and the measured total
magnetic momentsM s+ M) per formula unitM Cr,X, (M=Cd, Cu:X=S, Se.

Compound Atom  mg m expt. (mg+m) Mg M, expt. Mg+ M))

Cd —0.004 0.0
CdCrSe, Cr 3.193 —0.006 2.93 6.00 —0.023 5.9¢'
Se —-0.103 —0.003

Cu -0.078 —0.005 —0.07+0.02°
CuCrS, Cr 2,704 —0.030 2.9322.64+0.04° 5017 -0.067
S —0.104 —0.001 —0.05+0.11°
Cu -0.086 -0.014 0.01+0.13,°-0.1°
CuCnSe, Cr 2.866 —0.014 2.9322.81+0.11° 5.100 —0.068 507
Se -0.149 -0.007 —0.25+0.14° 5.03+0.13f

3Present MCD experiment.

PReference 23.

‘Reference 24: neutron diffraction measurement.

dReference 20.

‘Reference 22.

Reference 21: magnetization measuremgftte evaluated magnetic momemh{+ m;) on the Cr site from

the present MCD experiment is 2,83 per Cr atom. This is decomposed into the spin magnetic moment
(my) of 3ug and the orbital magnetic momen() of —0.07ug . ]

magnetization measurements of u@8(Ref. 20 and 5.03 smaller(0.66% than that of the Cr B, edge indicating that
+0.13ug (4.2 K) (Ref. 21 for CdCr,Se, and CuCsSe,  the spin magnetic moment on the Cu site is expected to be
respectively. The experimentally obtained site-projectedoughly more than 10 times smaller than that of the Cr. The
magnetic momentsngs+m;) per Cr atom by a neutron dif- ratios of the calculated spin magnetic moment of the Cu site
fraction study in CuGiS, and CuCsSe, are 2.64-0.04ug  to that of the Cr site are -0.03 for the sulfide and selenide. In
(Ref. 23 and 2.81-0.11ug ,** which are consistent with our this way, the LMTO calculation explains well our experi-
theoretical valuesns+m,) of 2.674ug and 2.852g, re-  mental MCD result.
spectively. In this way, the theoretical total magnetic mo-

ment and the site projected magnetic moment for the Cr

atom by the band structure calculation are reproduced well.

Interestingly, the spin magnetic moments of the Cu site

in CuCrS, and CuCsSe, are as large as-0.078 and We have performed a soft x-ray absorption spectroscopy
—0.086ug per Cu atom, respectively, which are antiparallelfor several Cr spinel chalcogenides. The Qr ére excited

to that of the Cr site, consistent with the present MCD resultXAS and MCD spectral features of the metallic ferromagnets
A determination of the magnetic moment using sum rt#€s CuCrS, and CuCjSe, are similar to that of the semicon-
for lighter transition metal elements such as Cr is questionducting CdC;Se,. This means that the netelectron num-
able especially for the spin magnetic moment because thieers of Cr are not much different between the Cu based and
2ps, and 24, edges are not well separated and are mixedCd based compounds in spite of the different formal valen-
with each othef® In this case, the best way to derive the cies of Cr, C#°*, and CP", respectively. We have also
magnetic moments is to fit the calculated spectrum to thdound that the magnetic moment of the Cd &ate of the
experimental one using the multiplet calculation as alreadyCu-based Cr spinels remains finite and is aligned antiparallel
discussed abovéFigs. 3 and 4 In this way, we have ob- to that of Cr. This result is well explained by the relativistic
tained the spin and orbital magnetic moments pfz3and band-structure calculations. The present experimental MCD
—0.07ug, respectively and the total magnetic momemt, (  and the calculated results partially support the Goodenough’s
+m,) of 2.93ug as listed in Table II, which are consistent assumption that the octahedral sites are occupied by tte Cr
with the values obtained by our LMTO band structure calcuions. However, our result shows that the tetrahedral sites are
lations and the neutron diffraction measureménté.Al- occupied not by divalent Cu ions but by nearly monovalent
though the absolute values of the magnetic moments are difens, with a small amount of holes inducing the small mag-
ficult to be obtained from the sum rule, the ratio between thenetic moment, which is contrary to Goodenough's
moments of the Cr and Cu sites can be discussed. The MCDterpretatiort It is then proposed that the extra holes in the
at the peak of the Cr2;, edge is estimated to be 6.70%. In Cu-based compounds goes to the §¥S}3p band. This

the case of Cu @5, edge, the evaluated MCD is 10 times proposal is reasonable because the spinel type Cr sulfides

V. CONCLUSION
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and selenides can be classified in the charge transfer typehis work was done under the approval of the Photon Fac-

materials.
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