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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 dichroism~MCD! in the soft x-ray absorption spectra of the semicon-
ducting ferromagnet CdCr2Se4 and the metallic ferromagnets CuCr2S4 and CuCr2Se4. The Cr 2p x-ray ab-
sorption and MCD spectra show that thed-electron occupancies of the Cr atom in the Cu based Cr sulfide and
selenide are not much different from that in the CdCr2Se4 in spite of the different formal valencies Cr3.51 and
Cr31, respectively. The observed Cu 2p MCD spectra show the existence of small magnetic moments on the
Cu sites which are aligned antiparallel to the Cr 3d moment in CuCr2S4 and CuCr2Se4, consistent with
band-structure calculation.
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I. INTRODUCTION

Among spinel-type transition-metal compounds CdCr2S4

and CdCr2Se4 are ferromagnetic semiconductors with Cu
temperatures of 85 and 129.5 K, respectively, and have b
extensively studied because of their unusual optical
magnetic properties.1,2 Their electronic structures have bee
studied by band-structure calculations3,4 and photoemission
spectroscopy.5,6 The band-structure calculations explain w
the redshifts of the optical absorption at 1.85 eV for t
sulfide and that at 1.1–1.3 eV in the selenide with decrea
temperature across the magnetic phase transition. Here
absorption is assigned to a transition from the Cr 3d t2g band
to the conduction band. The calculated band structure is
qualitatively consistent with the resonant photoemiss
result,6 which has revealed the Cr 3d t2g↑ states as well as
the eg↑↓ states hybridized into the Se 4p band.

CuCr2S4 , CuCr2Se4, and CuCr2Te4, on the other hand
show metallic conductivity and order ferromagnetically b
low the Curie temperatures well above room temperatu
i.e., TC5377 K for CuCr2S4 , TC5430 K for CuCr2Se4,
and TC5360 K for CuCr2Te4. The metallic character an
the magnetic moment of approximately 5mB per formula unit
for CuCr2X4 (X5S, Se, Te! have promoted interest in thes
compounds as promising materials for magneto-optical
vices. The magneto-optical Kerr effect measurements
CuCr2Se4 single crystals between 0.55 and 5.0 eV show t
the Kerr ellipticityeK reaches21.19° at 0.96 eV. In contras
to the Cd-based Cr spinel compounds, the electronic st
ture of the Cu-based Cr spinels has been studied less e
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sively. Lotgering et al.7 have explained the properties o
CuCr2X4 assuming the mixed-valence state of Cr31(d3) and
Cr41(d2) and Cu1(d10). This explanation is based on th
assumption that the diamagnetic Cu1 ions occupy the tetra-
hedral sites and the ferromagnetic moment arises from
parallel alignment of the spins of Cr31 and Cr41 located at
the octahedral sites. The metallic conduction and the fe
magnetism have been attributed to double exchange betw
Cr31 and Cr41. Goodenough,1 on the other hand, has pro
posed that the octahedral sites are occupied by the Cr31 ions
so that the tetrahedral sites are occupied by formally diva
Cu ions. Recently, giant magnetoresistance was reported
Fe12xCuxCr2S4, invoking renewed interest in this type o
materals.8 So far, the detailed electronic structure has n
been investigated based on, for example, band-structure
culations instead of the simple ionic model.

Soft x-ray core-level absorption spectroscopy of fer
magnetic materials using circularly polarized synchrotr
light is well known to produce magnetic circular dichrois
~MCD!, which is defined as the difference between the
sorption coefficient excited by incident light of opposite h
licities. It is also known that MCD signals provide us with
quantitative value for the orbital magnetic moment as well
the spin magnetic moment using sum rules.9,10 In order to
clarify the electronic states responsible for the ferrom
netism on each site of the Cr spinel chalcogenides, we h
performed a soft x-ray core absorption spectroscopy st
for the semiconducting ferromagnet CdCr2Se4 and the me-
tallic Cu-based ferromagnets CuCr2S4 and CuCr2Se4 using
circularly polarized synchrotron radiation. The resultin
©2001 The American Physical Society20-1
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FIG. 1. Cr 2p ~a! XAS and ~b! MCD spectra
of ~i! CdCr2Se4, ~ii ! CuCr2S4, and ~iii !
CuCr2Se4 . I 1 (I 2) is indicated by solid~dashed!
line. The inset shows the experimental geome
for the light incidence and the magnetization
the sample~see text!.
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MCD signals inform us of the orbital and spin moments
different sites of the Cr spinel compounds. In addition
relativistic linear-muffin-tin-orbital~LMTO! band-structure
calculation has been carried out to interpret the MCD re
within a one-electron approximation.

II. EXPERIMENTAL

Cr 2p and Cu 2p x-ray absorption spectroscopy~XAS!
and MCD spectra were measured at beamline NE1B of
Accumulation Ring at High Energy Accelerator Resea
Organization~KEK!. Circularly polarized light was supplied
from a helical undulator, with which almost 100% polariz
tion was obtained at the peak of the first-harmonic radiati
XAS spectra were measured by means of the total photoe
tron yield by directly detecting the sample current w
changing the photon energyhn. The photon energy resolu
tions were estimated to be 0.5 and 1 eV for Cr 2p and Cu 2p
core absorption regions, which were determined from a
phase measurement and a ray trace simulation of
beamline.11 The meaurement was performed in the Farad
geometry, i.e., with both the incident light and the magne
zation perpendicular to the sample surface as shown in
inset of Fig. 1. We used two pairs of Nd-Fe-B perman
dipole magnets with holes for passing the excitation lig
The field of;1.1 T at the sample position was alternative
reversed by setting one of the two dipole magnets on
optical axis by means of a moter-driven linear feedthroug12

The MCD spectra were taken for a fixed helicity of light b
reversing the applied magnetic field at eachhn. In the
present paper, the MCD spectrum is defined asI 12I 2 ,
where I 1 and I 2 represent the absorption spectra for t
direction of magnetization~which is opposite to the direction
22442
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of the majority spin! parallel and antiparallel to the photo
spin ~helicity!, respectively. Clean surfaces were obtained
in situ scraping of the samples with a diamond file in ultr
high vacuum condition. The cleanliness of the sample s
faces was first checked by the disappearance of a typ
structure related to Cr oxides. We could also check the
gree of contamination from the magnitude of the MCD s
nal, because its amplitude grew and finally saturated w
the sample surface became clean enough. We considered
the unscraped or contaminated surface was covered with
tiferromagnetic or paramagnetic compounds such as Cr
ides, which hardly contribute to the MCD spectrum. It
believed that the the total photoelectron yield from t
scraped surfaces of the present samples reflect the absor
spectrum in the core-excitation region. The temperatu
during the measurement were;100 K for CdCr2Se4 and
room temperature for CuCr2S4 and CuCr2Se4. This gives
;75, 60, and 80 % of theT50 magnetization for CdCr2Se4 ,
CuCr2S4, and CuCr2Se4, respectively.

III. BAND STRUCTURE AND MULTIPLET
CALCULATIONS

Our relativistic band structure calculations were carr
out by the linear muffin-tin orbital~LMTO! method13,14 in
the local spin density approximation by using scalar rela
istic MT orbitals. The calculation includes spin-orbit co
pling ~SOC! in the variational procedure, which implies th
the SOC Hamiltonian is diagonalized using the scalar re
tivistic wave functions as a basis set. Because of the we
ness of SOC compared to the crystal field and excha
splittings in spinels under consideration, such a perturba
procedure is justified. Furthermore, since SOC contribut
0-2
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TABLE I. Ab initio Hartree-Fock values of the Slater integrals and spin-orbit coupling constants~in units
of eV!. In the actual calculation, the Slater integrals have been scaled to 80% of these values to ta
account intra-atomic relaxation effect.

Configuration F2(d,d) F4(d,d) F2(p,d) G1(p,d) G3(p,d) j(2p) j(3d)

Cr41 d2 11.794 7.437 0.041
p5d3 12.573 7.928 7.210 5.396 3.071 5.668 0.05

Cr31 d3 10.777 6.754 0.035
p5d4 11.595 7.269 6.525 4.787 2.722 5.667 0.04
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b-
is of the first order~i.e., }j, the SOC parameter! and the
SOC matrix elements between states with opposite spins
of the second order~i.e., }j2), the latter can be omitted. In
the iterations towards self-consistency of the single-part
effective crystal potential, both the exchange splitting a
SOC were considered on an equal footing, i.e., both of th
terms were effective in the formation of the crystal potent

We have calculated the total and local orbital magne
moments which are given by

l 5 (
s lml

ml•nml

s ,

whereml is the magnetic quantum number corresponding
the orbital quantum numberl andnml

s is the occupied numbe

density for spins.15 Considering the calculated electron
structures, one should bear in mind that we have used
atomic-sphere approximation~ASA!, and this implies that
the choice of the sphere radii affects the amplitudes of
calculated magnetic moments.

In the analysis of the MCD of the Cr 2p XAS spectra, we
have done full multiplet calculations based on the atom
model ~with a single electronic configuration!, neglecting
charge transfer from surrounding orbitals. In this calculati
a crystal field inOh symmetry (10Dq) has been applied. In
order to induce a magnetic moment, a molecular field of
meV has been applied on the electron spin. Parameters
the intra-atomic electrostatic interactions are listed
Table I.

IV. RESULTS AND DISCUSSION

The XAS and MCD spectra in the Cr 2p core (L2, 3)
excitation region of CdCr2Se4 , CuCr2S4, and CuCr2Se4 are
shown in Figs. 1~a! and 1~b!. The XAS intensitiesI 1 andI 2

have been normalized at a higher photon energy where
asymmetry is expected. The XAS spectrum for the Cr31

compound CdCr2Se4 shows a white line at each spin-orb
component of the 2p core without any remarkable multiple
structure. A shoulder structure is located on the lower ene
side of the 2p3/2 main peak. It is found that the energy pos
tion of the spectrumI 1 is lower than that ofI 2 for both of
the 2p3/2 and 2p1/2 components, resulting in the positive
negative feature in the MCD (I 12I 2) spectra with increas
ing photon energy (hn) as shown in Fig. 1~b!. The integrated
MCD signal over the measuredhn range is negligibly small
(^Lz&,0.1mB), indicating almost quenched orbital mome
contribution to the magnetic moment on the Cr atom
22442
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CdCr2Se4. The XAS and MCD spectra of CuCr2S4 and
CuCr2Se4 are almost identical to that of CdCr2Se4 except for
the degree of the peak asymmetry. The orbital magnetic
ment is almost quenched in the Cu-based compounds, t

The line shapes of the XAS and MCD spectra are
lieved to be strongly dependent on the electronic states or
electronic configuration of the atom. To see further su
changes of the line shapes of XAS and MCD spectra depe
ing on the electronic states, we have carried out multip
calculations for the Cr 2p XAS and MCD spectra assumin
Cr 3d3 and 3d2 configurations for the ground state. Here, t
mixing between thed3 and d2 configurations has not bee
taken into account. Before showing calculated spectra,
useful to see the dependence of the magnetic moments o
crystal field. Figure 2 shows the calculated spin, orbital a
total magnetic moments for the~a! d3 and ~b! d2 configura-
tions in the ground state as a function of the octahedral c
tal field 10Dq. Here, a positive 10Dq value corresponds to
the octahedral (Oh symmetry! coordination, whereas a nega
tive one is for the tetrahedral (Td symmetry! coordination.
For the d3 configuration, one clearly finds comparable b
antiparallel contribution of spin and orbital magnetic m
ments at zero crystal field. For a positive crystal field
10Dq.1 eV, the orbital moment is almost quenched a
the spin magnetic moment (' total magnetic moment! be-
comes closer to 3mB . This is easily understood if the energ
levels of the Cr31 ion octahedrally surrounded by the S or S
atoms is considered. Here, the three 3d electrons occupy the
threefold degenerate majority-spint2g orbitals, leading to the
vanishing orbital moment as schematically drawn in F
2~c!. On the contrary, for thed2 configuration, a larger or-
bital magnetic moment appears for a positive large cry
field as shown in Figs. 2~b! and 2~c!. In the spinel type struc-
ture, the local coordination of theB site has the trigona
distortion along thê 111& direction. In this case, the three
fold degeneratet2g level splits into two levels, such as
nondegenerate level (a1g) and a twofold degenerate leve
(eg). It is expected that the orbital moment is quenched e
for thed2 configuration in the case of the shortened struct
along the^111& direction because the twofold degenerateeg
level is located belowa1g in energy.16,17On the contrary, the
elongated structure as in the case of the spinel structure
not affect the orbital magnetic moment.

The calculated isotropic Cr 2p XAS spectra of thed3

ground state configuration for 10Dq50, 1, and 2 eV are
shown in Fig. 3. The experimental isotropic spectrum o
tained as (I 11I 2)/2 of CuCr2Se4 is also shown for com-
0-3
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parison. It is noted that the spectral line shape of the ca
lated spectrum with 10Dq50 eV is much different from
that of the experimental spectrum. Especially, there exis
sharp structure in the calculated spectrum in the intermed
region between 2p3/2 and 2p1/2 components, which is no
observed in the experimental spectrum. One can find s
correspondences in the energy positions of the structures
tween the experimental spectrum and the calculated one
10Dq52.0 eV for the structures denoted by A–E. Figure
shows the calculated Cr 2p MCD spectra of thed3 ground
state configuration for 10Dq50, 1, and 2 eV. The calculate
MCD feature at 10Dq50 eV shows positive-negative sig
nal with increasing photon energy in the 2p3/2 region,

FIG. 2. Calculated spin~open square!, orbital ~open circle! and
total ~filled square! magnetic moments for the~a! d3 and ~b! d2

configurations in the ground state as a function of octahedral cry
field 10Dq. ~c! Schematic representation of the symmetry dep
dence of the orbital moment ford3 ~upper! andd2 ~lower! configu-
rations.
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whereas only minus signal appears in the 2p1/2 region. In the
experimental MCD spectrum, such a positive-negative str
ture is observed not only in the 2p3/2 region but also in the
2p1/2 region, which is not reproduced in the calculated sp
trum for the zero crystal field. For a finite crystal field of 1
eV, for example, a positive-negative structure appears in
2p1/2 region as well as in the 2p3/2 region. One finally finds
some correspondence between the observed Cr 2p MCD
spectrum and the calculated ones for 10Dq52.0 eV. It is
noticed that the small-positive feature indicated by F as w
as the large positive structure~G! is reproduced in the calcu
lated multiplets for 10Dq52.0 eV except for the small en
ergy shifts of the positive~H! and negative~I! signals in the
2p1/2 region. On the other hand, the line shapes of the c
culated spectra for thed2 ground state configuration ar
much different from those for thed3 configuration. For the
d2 configuration, one notices that the positive-negative f
ture does not appear both in the 2p3/2 and 2p1/2 components.
It is considered that the experimental Cr 2p MCD spectra of
CdCr2Se4 , CuCr2S4, and CuCr2Se4 are well explained by
the calculated multiplets of thed3 configuration and the crys
tal field of 2 eV in theOh symmetry. The similarity of the
spectra between the Cd-based and Cu-based compound
plies that the valency of the Cr atoms in the Cu-based
spinels is nearly 31 in spite of the formal valence of Cr3.51

and that the Cr atom has negligibly small orbital mome
The additional holes in the Cu-based compounds proba
go into the S 3p /Se 4p bands and not in the Cr 3d bands.
The early transition metal~Sc-Cr! compounds was originally
classified in the Mott-Hubbard regime (U,D), whereU is
the on-sited2d Coulomb repulsion energy andD is the
charge transfer energy.18 Recent configuration-interactio
cluster-calculation analyses of core-level photoemiss

tal
-

FIG. 3. Calculated isotropic XAS spectra obtained as (I 1

1I 2)/2 in the Cr 2p core (L23) excitation region of thed3 ground
state configuration for 10Dq50, 1, and 2 eV. The experimenta
MCD spectrum of CuCr2Se4 is also shown for comparison.
0-4



th

n

e
th

f

-

D
C

am
d

a
lc
si
he

etic

the

to
y

ed
O

Cr,
le II.

nts

the

r
r
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spectra have shown that the Cr oxides such as Cr2O3 and
LaCrO3 are classified in the intermediate region between
Mott-Hubbard and charge-transfer regimes (U.D).19 It is,
therefore, considered that Cr sulfides and selenides ca
classified in the charge-transfer regime (U.D) due to the
smaller electron negativities of S or Se compared to oxyg
This is consistent with the above mentioned picture that
additional holes go into the S 3p /Se 4p bands of CuCr2S4
and CuCr2Se4.

Figures 5~a! and 5~b! show the XAS and MCD spectra o
CuCr2S4 and CuCr2Se4 in the Cu 2p core (L2, 3) excitation
region. The Cu 2p XAS spectra for these Cu-based com
pounds show a double-peak structure separated by;6 eV
for CuCr2S4 and 6.6 eV for CuCr2Se4 in each region of the
2p3/2 and 2p1/2 components. It is noticed that clear MC
appears at the first peak of each component, whereas M
signal is completely absent for the second peak of the s
component. Nonzero asymmetry as observed in the pre e
region of Cu 2p XAS spectrum of CuCr2S4 @Fig. 5~a!# is
considered to be caused by our experimental error. The
pearance of the MCD signals for these Cu-based Cr cha
genides shows induced magnetic moment on the Cu
One can notice that the polarity of the MCD signal for t

FIG. 4. Calculated MCD (I 12I 2) spectra in the Cr 2p core
(L23) excitation region of thed3 ground state configuration fo
10Dq50, 1 and 2 eV~a! and thed2 ground state configuration fo
10Dq52 eV ~b!. The experimental MCD spectrum of CuCr2Se4 is
also shown for comparison.
22442
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Cu 2p absorption spectrum is oppsite to that of the Cr 2p
spectra. This shows antiparallel alignment of the magn
moments between the Cu 3d and Cr 3d states. From these
results, the first peak can be assigned to transitions from
Cu 2p core to the Cu 3d states which are well hybridized
with the Cr 3d states and the second peak to transitions
the empty Cu 4s states, which may be hybridized primaril
with the anion~S or Se! 4p state.

In order to interpret the above results, we have perform
band-structure calculations using the relativistic LMT
method for CdCr2Se4 , CuCr2S4, and CuCr2Se4. The spin
and orbital magnetic moments per atom for the Cd, Cu,
S, and Se atoms have been calculated as shown in Tab
The right three columns show the calculated total spin (Ms),
orbital (Ml), and the measured total magnetic mome
(Ms1Ml) per formula unitMCr2X4 (M5Cd, Cu: X5S,
Se!. The theoretical net magnetic moments (Ms1Ml) per
formula unit are 5.977mB for CdCr2Se4 and 4.950mB for
CuCr2S4 and 5.032mB for CuCr2Se4, which are in reasonable
agreement with the experimental values obtained by

FIG. 5. Experimental Cu 2p XAS ~upper! and MCD ~lower!
spectra of~a! CuCr2S4 and ~b! CuCr2Se4 . I 1 (I 2) is indicated by
solid ~dashed! line.
0-5
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TABLE II. Calculated spin (ms) and orbital (ml) magnetic moments by the relativistic LMTO method f
Cd, Cu, Cr, S, and Se atoms in the spinel Cr chalcogenides~in units ofmB). The experimental site projecte
magnetic moments per atom from the present MCD results and the neutron diffraction experiments a
listed for comparison. The right three columns show the total spin (Ms), orbital (Ml) and the measured tota
magnetic moments (Ms1Ml) per formula unitMCr2X4 (M5Cd, Cu:X5S, Se!.

Compound Atom ms ml expt. (ms1ml) Ms Ml expt. (Ms1Ml)

Cd 20.004 0.0
CdCr2Se4 Cr 3.193 20.006 2.93a 6.00 20.023 5.98d

Se 20.103 20.003

Cu 20.078 20.005 20.0760.02b

CuCr2S4 Cr 2.704 20.030 2.93,a 2.6460.04b 5.017 20.067
S 20.104 20.001 20.0560.11b

Cu 20.086 20.014 0.0160.13,c 20.1 b

CuCr2Se4 Cr 2.866 20.014 2.93,a 2.8160.11c 5.100 20.068 5.07e

Se 20.149 20.007 20.2560.14c 5.0360.13f

aPresent MCD experiment.
bReference 23.
cReference 24: neutron diffraction measurement.
dReference 20.
eReference 22.
fReference 21: magnetization measurement.@The evaluated magnetic moment (ms1ml) on the Cr site from
the present MCD experiment is 2.93mB per Cr atom. This is decomposed into the spin magnetic mom
(ms) of 3mB and the orbital magnetic moment (ml) of 20.07mB .#
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magnetization measurements of 5.98mB ~Ref. 20! and 5.03
60.13mB ~4.2 K! ~Ref. 21! for CdCr2Se4 and CuCr2Se4,
respectively. The experimentally obtained site-projec
magnetic moments (ms1ml) per Cr atom by a neutron dif
fraction study in CuCr2S4 and CuCr2Se4 are 2.6460.04mB
~Ref. 23! and 2.8160.11mB ,24 which are consistent with ou
theoretical values (ms1ml) of 2.674mB and 2.852mB , re-
spectively. In this way, the theoretical total magnetic m
ment and the site projected magnetic moment for the
atom by the band structure calculation are reproduced w
Interestingly, the spin magnetic moments of the Cu s
in CuCr2S4 and CuCr2Se4 are as large as20.078 and
20.086mB per Cu atom, respectively, which are antiparal
to that of the Cr site, consistent with the present MCD res
A determination of the magnetic moment using sum rules9,10

for lighter transition metal elements such as Cr is questi
able especially for the spin magnetic moment because
2p3/2 and 2p1/2 edges are not well separated and are mix
with each other.25 In this case, the best way to derive th
magnetic moments is to fit the calculated spectrum to
experimental one using the multiplet calculation as alre
discussed above~Figs. 3 and 4!. In this way, we have ob-
tained the spin and orbital magnetic moments of 3mB and
20.07mB , respectively and the total magnetic moment (ms
1ml) of 2.93mB as listed in Table II, which are consiste
with the values obtained by our LMTO band structure cal
lations and the neutron diffraction measurements.23,24 Al-
though the absolute values of the magnetic moments are
ficult to be obtained from the sum rule, the ratio between
moments of the Cr and Cu sites can be discussed. The M
at the peak of the Cr 2p3/2 edge is estimated to be 6.70%.
the case of Cu 2p3/2 edge, the evaluated MCD is 10 time
22442
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smaller~0.66%! than that of the Cr 2p3/2 edge indicating that
the spin magnetic moment on the Cu site is expected to
roughly more than 10 times smaller than that of the Cr. T
ratios of the calculated spin magnetic moment of the Cu
to that of the Cr site are -0.03 for the sulfide and selenide
this way, the LMTO calculation explains well our exper
mental MCD result.

V. CONCLUSION

We have performed a soft x-ray absorption spectrosc
for several Cr spinel chalcogenides. The Cr 2p core excited
XAS and MCD spectral features of the metallic ferromagn
CuCr2S4 and CuCr2Se4 are similar to that of the semicon
ducting CdCr2Se4. This means that the netd-electron num-
bers of Cr are not much different between the Cu based
Cd based compounds in spite of the different formal val
cies of Cr, Cr3.51, and Cr31, respectively. We have als
found that the magnetic moment of the Cu 3d state of the
Cu-based Cr spinels remains finite and is aligned antipara
to that of Cr. This result is well explained by the relativist
band-structure calculations. The present experimental M
and the calculated results partially support the Goodenou
assumption that the octahedral sites are occupied by the C31

ions. However, our result shows that the tetrahedral sites
occupied not by divalent Cu ions but by nearly monovale
ions, with a small amount of holes inducing the small ma
netic moment, which is contrary to Goodenough
interpretation.1 It is then proposed that the extra holes in t
Cu-based compounds goes to the Se 4p/S 3p band. This
proposal is reasonable because the spinel type Cr sul
0-6
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and selenides can be classified in the charge transfer t
materials.
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