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Valence-band photoemission spectroscopy of the giant magnetoresistive spinel compound
Fe0.5Cu0.5Cr2S4
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Electronic structures of the giant magnetoresistive Fe0.5Cu0.5Cr2S4 ~FCCS! spinel compound have been
investigated using photoemission spectroscopy~PES!. Resonant PES measurements around the Cu, Fe, Cr
3p→3d absorption edges exhibit negligible resonant interference behavior for the Cu 3d valence electrons,
indicating the monovalent valence state of the Cu ion in FCCS. The top of the valence band is found to be
predominantly of the Cr 3d and the nearly filled Cu 3d electron character, whereas the Fe 3d electron
character is distributed over the whole valence band. The measured valence-band PES spectra of FCCS yield
better agreement with the LSDA1U calculation than with the local spin-density approximation~LSDA!
calculation, suggesting the importance of the large Coulomb interactionsU betweend electrons. On the other
hand, the low spectral intensity nearEF in the measured valence-band spectrum suggests an extra localization
in FCCS, not explained by the largeU alone.

DOI: 10.1103/PhysRevB.63.144412 PACS number~s!: 71.30.1h, 79.60.2i, 75.70.Pa
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I. INTRODUCTION

The discovery of the colossal magnetoresistance phen
enon in the perovskite Mn oxides ofR1-xAxMnO3 ~RAMO;
R5rare earth,A5divalent or tetravalent cation! has gener-
ated wide attention1 due to a variety of interesting physica
properties and their potential for technological applicatio
Very large negative magnetoresistance~MR! has also been
observed in the Cr-based chalcogenide spinel compou
Fe12xCuxCr2S4 (x50,0.5), both of which are ferrimagneti
semiconductors atT50 K.2 In the spinel structure, the F
and Cu ions occupy the tetrahedral sites and the Cr
occupy the octahedral sites, surrounded by four and six
fur ions, respectively. The observed MR of Fe0.5Cu0.5Cr2S4

~FCCS! was;7% atTC;340 K (TC5the magnetic transi-
tion temperature! under the external magnetic field of 6 T
This size of MR is as large as in giant magnetoresista
~GMR! metallic multilayers. Similarly as in the perovskit
manganites, a metal-insulator (M -I ) transition occurs simul-
taneously with the magnetic transition in the spinel co
pounds. The temperature dependence of the resistivityr ~T!
shows the semiconducting behavior forT.TC and then the
metallic feature belowTC down to ;150 K. Upon further
cooling below;150 K, the semiconducting behavior is o
served again.

It has been pointed out that the mechanisms of theM -I
transition and the magnetic transition in the spinel co
pounds are different from those in the perovsk
manganites.2 In a divalent ion-doped RAMO system, M
ions exist in the formally trivalent and tetravalent stat
Then the Zener-type double exchange~DE! between spin-
aligned Mn31 (t2g

3 eg
1) and Mn41 (t2g

3 ) ions through oxygen
ions yields the metallic conductivity and ferromagnetism.3 In
the DE model, there should exist mixed-valent ions to ma
tain the correlation between magnetism and conductiv
0163-1829/2001/63~14!/144412~6!/$20.00 63 1444
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Further, the strong electron-phonon interaction due to
Jahn-Teller effect at the Mn31 ion is invoked to elucidate the
M -I transition in RAMO systems.4 In contrast, there seem
to be no evidence for the DE mechanism in FeCr2S4 ~Ref. 5!
and no Jahn-Teller active ions.2

One of the important issues in the chalcogenide sp
compounds is the valence states of constituent elements
deed, the question on the valency of Cu in CuM2X4 (M
5transition metal element;X5S, Se, Te! has been a long-
standing problem. Goodenough6 claimed the Cu ion to be
divalent, while Lotgeringet al.7 claimed it to be monovalent
If the Cu ion is monovalent in spinels, the valence config
rations of the Cr ion in CuCr2S4 are expected to be
Cu1(Cr31Cr41)S4

22 , yielding a formal mixed valence o
13.5. Then the ferromagnetic ground state of CuCr2S4 can
be explained in terms of the DE interaction.

Various experiments give different results on the valen
state of the Cu ion in spinels. Core-level x-ray photoemiss
spectroscopy~XPS!,8–11x-ray emission spectroscopy,9,11 and
the CuK-edge x-ray absorption spectroscopy~XAS!12 mea-
surements on the spinel compounds of CuM2X4 (M
5V, Cr, Rh, Ir; X5S, Se) suggested that the Cu ions in t
spinels are monovalent. However, NMR,13 neutron
diffraction,14 and magnetic15 studies suggest that experime
tal results could be interpreted with the divalent Cu ion
Therefore it is essential to determine the valence states o
Cu and Cr ions in spinel compounds to understand the
derlying physics properly. The core-level XPS study
FeCr2S4 and FCCS~Ref. 16! shows that the Cr ions are i
the trivalent states (3d3) in both compounds, whereas the C
ion in FCCS is likely to be in the monovalent state (3d10).
Note that core-level XPS is rather an indirect probe for
valence electronic structures because the XPS spectra
determined by the final state effects which reflect the
sponse of the valence electrons to the core hole created in
photoionization process. On the other hand, valence-b
©2001 The American Physical Society12-1
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photoemission spectroscopy~PES! provides direct informa-
tion on the valence-band electronic structures of solids.

The information of the valence-band electronic structu
of spinel compounds is very important because they de
mine the transport and magnetic properties of solids. In
late 1960s the schematic electronic structures of the sp
compounds were suggested based on empirical mode6,7

With the recent development in the theoretical electro
structure calculations, more realistic electronic structures
various chalcogenide spinel compounds have been repo
by performing the first-principles band-structu
calculations.11,17,18However, there has been no experimen
confirmation for the proposed electronic structures
Fe2Cr2S4 and Fe0.5Cu0.5Cr2S4 yet, even though there ar
valence-band PES studies on some Cu-based chalcog
sulfides CuM2S4 (M5V, Rh, Ir).9–11

In this paper, we report a temperature-dependent vale
band PES study of Fe0.5Cu0.5Cr2S4. Resonant photoemissio
spectroscopy~RPES! measurements near the Fe, Cu, Crp
→3d absorption edges have been performed. By varying
photon energyhn, the different electron character in the v
lence band and the Cu valency have been identified. Exp
mental results are compared to the band-structure calc
tions performed in the local spin-density function
approximation ~LSDA! and the LSDA1U method (U
5Coulomb correlation interaction!.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

Synthesis of the FCCS sample was accomplished by
following direct-composition method. Fe powder
99.999%, Cu powder of 99.999%, and Cr powder
99.995% purity were reduced by hydrogen gas at 700 °C
mixture of proper portions of these powders and the sulp
powder of 99.9999% purity was sealed into an evacua
quartz tube. These mixture was heated at 120 °C for 12 h
500 °C for 24 h, and 1000 °C for 96 h, and then cooled do
slowly to room temperature at a rate of 10 °C/h. For t
purpose of eliminating the possibility of oxidation from th
quartz tube wall it was necessary to flow nitrogen gas at
above firing stages. In order to obtain a homogeneous m
rial, it was necessary to grind the sample after the first fir
and press the powder into a pellet before heating it fo
second time to 1050 °C for 99 h. The x-ray powder diffra
tion pattern showed a clean single spinel phase without
tectable secondary phases. Resistivity and magnetiza
measurements showed a very similar behavior as in Ref

PES experiments were carried out at the ERG/Se
Ames-Montana State beamline at the Synchrotron Radia
Center ~SRC!. Samples were fractured and measured aT
,15 K in vacuum with a base pressure better than
310211 Torr. The total instrumental resolution@full width at
half maximum~FWHM!# was about 150 meV at photon en
ergyhn522 eV and 250 meV athn5120 eV. Samples were
fractured several times, and different fractures gave es
tially same results. All the spectra were normalized to
mesh current.

Electronic structures and the projected angular mom
tum density of states~PLDOS! of FCCS have been calcu
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lated by employing the self-consistent linearized muffin-t
orbital ~LMTO! band method within the LSDA. The von
Barth–Hedin form of the exchange-correlation potential h
been utilized. The PLDOS has also been calculated by u
the LSDA1U method that incorporates the on-site Coulom
interactionU.19 Both the LSDA and LSDA1U calculations
yield the ferrimagnetic and insulating ground state
Fe0.5Cu0.5Cr2S4.18

III. RESULTS AND DISCUSSION

Figure 1 presents the valence-band spectra of FCCS
22 eV <hn<124 eV. The different line shapes with chan
ing hn are mainly due to the different relative strengths
the photoionization cross sections of different electro
states withhn. In thehn range in this figure, the Fe 3d, Cu
3d, Cr 3d, and S 3p emissions are comparable to one a
other. According to the atomic photoionization cro
section,20 the cross section ratios of Fe 3d : Cu 3d : Cr 3d :
S 3p in FCCS are about 11% : 14% : 62% : 13% athn
;26 eV, about 17% : 24% : 44% : 15% athn;80 eV, and
about 17% : 30% : 36% : 18% athn;130 eV. Due to the
high inelastic backgrounds at lowhn ’s (22230 eV!, it is
difficult to compare the relative peak intensities qualitative
at low hn ’s, and so here we confine our discussion forhn
>70 eV. The feature A (21.5 eV! decreases ashn increases
from 70 eV to 124 eV, suggesting that this peak has
significantly large Cr 3d character. This assignment is co
sistent with the CIS measurement~Fig. 2! and the theoretica
calculations~Fig. 4!. Relative to the intensity of the peak A

FIG. 1. Energy distribution curves~EDC’s! of Fe0.5Cu0.5Cr2S4

~FCCS! over a photon energy (hn) range of 22 eV<hn<124 eV.
Inset: details of the valence-band features in the Cu 3p→3d RPES
region.
2-2
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the high-binding-energy~BE! peak of C (24.5 eV! increases
slightly from 70 eV to 124 eV, suggesting the S 3p nature of
this peak. The intermediate BE peak of B (23 eV! seems to
be mixed with the Fe 3d, Cu 3d, and S 3p electrons.21 No
metallic Fermi edge is observed in FCCS atT;15 K, which
is consistent with its insulating behavior at lowT.

The inset of Fig. 1 shows the enlarged spectra for
region between 6 eV BE and 18 eV BE, where the Cu 3d9

→3d8 satellite structures are expected if they exist. In ma
copper oxides, the Cu 3d satellite features have been o
served around 12 eV BE,22 signaling the large 3d Coulomb
correlation interaction. A weak feature around 9 eV BE
FCCS is probably due to the emission from impurities in
grain boundaries of polycrystalline samples. Another we
feature at 13 eV BE athn572 eV reveals a weak enhanc
ment aroundhn574 eV, suggesting that this peak might b
identified as the Cu 3d9→3d8 satellite. The nature of this 13
eV peak will be further discussed in Fig. 2.

RPES for the Cu 3p absorption edge indicates that the C
ions are nearly monovalent in FCCS, as explained bel
RPES for the Cu 3p absorption edge involves atomic pro
cesses of the type

3p63dn1hn→3p53dn11→3p63dn21ek , ~1!

where ek denotes the emitted electron. The first step is
photoabsorption of a 3p electron to an unoccupied 3d state,
leading to an intermediate state. The second step is a
electron Coster-Kronig decay of the intermediate state,
volving an Auger matrix element of the Coulomb interactio
The same final state can also be reached by a direct ph
emission process

3p63dn1hn→3p63dn21ek . ~2!

The interference between these two processes leads to
so-called Fano resonant or antiresonant line shape tha
pends on the details of the decay channels. For Cu, su

FIG. 2. Constant-initial-state~CIS! spectra of FCCS for severa
initial-state binding energiesEi , taken near the Cu 3p absorption
threshold~left! and the Cr and Fe 3p absorption thresholds~right!,
respectively.
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RPES process will not be invoked if Cu is monovale
(Cu1: 3d10), whereas RPES proceeds for the divalent
ion (Cu21: 3d9).

The above argument of the monovalent Cu1 ions in
FCCS is supported by the constant-initial-state~CIS! spectra,
shown in Fig. 2. In taking a CIS spectrum,hn and EK are
simultaneously varied so as to maintainEi5hn2f2EK to
be constant (EK5kinetic energy;f5work function!. Thus
the CIS spectrum measures the relative strength of a g
initial-state emission as a function ofhn. The left panel of
Fig. 2 shows the CIS spectra of FCCS for several initial-st
binding energiesEi , taken in the Cu 3p→3d RPES region,
and the right panel shows those in the Cr and Fe 3p→3d
RPES regions. In these figures, the vertical scale is the s
for all the curves.

The right panel of Fig. 2 shows the CIS spectra for 40
&hn&64 eV. The resonant features for 40 eV&hn&50 eV
and for 50 eV&hn&60 eV are due to the Cr 3p→3d and
Fe 3p→3d resonance, respectively. The larger resonant
hancement near the Cr 3p absorption edge than at the Fe 3p
absorption edge reflects the larger number of the Cr ions
unit cell, compared to that of the Fe ions~4:1!. Note that the
Cr 3d electron character is concentrated predominantly n
the top of the valence band, whereas the Fe 3d electron
character is rather uniformly distributed over the whole v
lence band. This finding is consistent with that of Fig. 1 a
the theoretical calculations in Fig. 4.

In contrast, the left panel shows that the main band em
sions in the Cu 3p→3d CIS spectra exhibit no resonan
enhancement nor antiresonant suppression that can be a
uted to the Cu 3d electron character.23 We interpret this re-
sult to reflect that the Cu 3d electrons in the main band hav
mainly the 3d10 character. On the other hand, the emiss
with Ei512.5 eV shows a weak enhancement at aroundhn
574 eV, implying that this peak might be identified as t
Cu 3d9→3d8 satellite. However, the absence of the satel
structure in the Cu 2p XPS~Refs. 8 and 24! suggests that the
weight of the Cu 3d9 configuration in the ground state i
very small, even if it exists. Note that this enhancemen
very weak compared to those of Fe and Cr 3d states, shown
in the right panel of Fig. 2, or those of the formally divale
copper oxides, such as CuO~Ref. 23! and La1.8Sr0.2CuO4
~Ref. 22!. Due to its very weak intensity, it is difficult to tel
whether this CIS spectrum has a Fano-type interference
file. Thus Fig. 2 indicates that the Cu 3p→3d RPES process
is negligible in FCCS, indicating that the Cu ions are nea
monovalent or at least far from being divalent.

Figure 3 shows the temperature- (T-) dependent valence
band PES spectra of FCCS, obtained athn570 eV. The
valence-band spectrum at 15 K~the semiconducting regime!
is compared to the one at 150 K where the resistivity
minimum ~the most metalliclike regime!. Essentially no
T-dependent changes occur in the large-energy-scale
shape. Further, no metallic Fermi edge is seen at the re
tivity minimum (T5150 K!, which is probably due to the
still large resistivity of FCCS,r(150 K! ;0.25V cm,25 im-
plying the very small metallic density of states~DOS! at EF
in FCCS. A high-resolution PES study on single-crystalli
FCCS will help to resolve this problem. Figure 3 implies th
2-3
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the character of the charge carriers does not change a
phase of FCCS changes from the semiconducting regio
the metallic region.

Figure 4 shows the theoretical total DOS and PLDOS
FCCS, which are obtained from the LSDA calculations a
by adding the spin-up and spin-down total DOS and PLDO
respectively. The total DOS is per unit cell~two formula
units! and each PLDOS is per atom. The ferrimagnetic a
insulating ground state is revealed as a small gap atEF in the
total DOS. The valence band extends fromEF to approxi-
mately 7 eV belowEF , in agreement with the measure
photoemission spectra~see Figs. 1 and 5!. The Cud bands
are nearly filled, consistent with the finding of Figs. 1 and
The Fermi level lies near the top of the complex of the Cud,
Fe d, and Crd, with the largest contribution from the Cud
electrons. The Fe and Crd bands are much wider than the C
d bands. The wide Fed states belowEF correspond to the
majority spin-downeg and t2g bands, and the unoccupie
peaks aboveEF correspond to the minority spin-downeg and
t2g bands. Note that the Fe ions are located in the tetrahe
sites, and so the energy levels ofeg are lower than the energ
levels of t2g . The Cr d peaks belowEF correspond to the
spin-up t2g band, while the unfilled peaks aboveEF corre-
spond to the spin-upeg and spin-downt2g and eg bands.
Since the Cr ions are located in the octahedral sites,
situation is reversed from the case of Fe. Most of the Sp
states are located well belowEF with negligible DOS near
EF . The Sp states overlap mainly with the Fed states, but
not with the Cud states, indicating the large hybridization
the Fed states, but a weak hybridization to the Cud states.
The relative positions of the Fe, Cu, Crd, and Sp bands in
the LSDA1U calculations are similar to those in the LSD
calculations, and the above discussion holds for the LS
1U case.18

FIG. 3. Temperature-dependent valence-band spectra of F
with hn570 eV.
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In Fig. 5 we have compared the measured valence-b
PES spectra to the theoretical spectra, obtained from
LSDA ~solid lines! and LSDA1U ~dotted lines! calcula-
tions, respectively. In the LSDA1U calculations, the param
eters used areU52.5 eV, J50.94 eV for Fe,U52.5 eV,
J50.89 eV for Cu, andU51.5 eV,J50.89 eV for Cr. The
theoretical spectra were obtained by adding the Fed, Cu d,
Cr d, and Sp PLDOS after they are multiplied by the corre
sponding photoionization cross sections.20 Only the occupied
part of the weighted sum was taken for the comparison to
PES spectrum and then convoluted by a Gaussian func
with 0.2 eV at full width at half maximum~FWHM! to simu-
late the instrumental resolution. The effects of the lifetim
broadening and matrix element effects are not included in
theory curves.

The LSDA calculations show that the calculated ba
width is comparable to the measured valence-band width,
that the low-BE peak position does not agree with that in
measured spectrum. Such disagreement suggests the
tence of the localization in FCCS, not well described in t
LSDA. A possible localization mechanism in FCCS wou
be the large Coulomb correlation interaction between Fe,
and Cud electrons. Indeed, the high peak DOS near21.0
eV shifts down by;0.5 eV in the LSDA1U so that it
coincides with the high spectral peak around21.5 eV. This
finding suggests the importance of the large Coulomb in

S

FIG. 4. Total and projected angular momentum density of sta
~PLDOS! from the LSDA calculations of FCCS. From top, tot
DOS per unit cell and PLDOS per atom of Fe 3d, Cu 3d, Cr 3d,
and S 3p electron, respectively.
2-4
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actions betweend electrons in FCCS. Nevertheless, th
mechanism alone does not explain the entire discrepancy
tween experiment and theory. In particular, the relativ
high DOS nearEF in both the LSDA and LSDA1U calcu-
lations does not agree with the low spectral intensity nearEF
in the measured spectrum. This disagreement seems to re
the smaller calculated gap size than the experimental
size. It also suggests the existence of an extra localizatio
FCCS, which is not described in the LSDA or LSDA1U
calculations.

Provided that the Cu ion in FCCS is mon
valent, the possible valence configuration
FCCS would be Fe0.5

31Cu0.5
11Cr2

31S4
22 or

Fe0.5
21Cu0.5

11Cr1.5
31Cr0.5

41S4
22. The former configuration

has been proposed based on some experimental results7,26,27

FIG. 5. Top: comparison of thehn570 eV valence-band spec
trum of FCCS~dots! to the weighted sum of the calculated PLDO
~solid lines!. Bottom: similarly for hn5124 eV. See the text for
details.
sh
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This is further supported by the recent reports of the tri
lency of the Cr ion by XPS~Ref. 16! and the trivalency of
the Fe ion by neutron powder diffraction28 and Mössbauer
spectroscopy.29 In this case, it is easy to understand the
sulating ground state of FCCS. However, it is hard to expl
the reduced magnetic moment of FCCS from that of FeCr2S4
~Ref. 30! and the wide metallic region observed in FCC
below TC . This aspect remains to be resolved. The lat
configuration is similar to that proposed by Lotgeringet al.7

for CuCr2S4, but is to be discarded with the trivalent Cr io
A more precise investigation is required to determine
valence states of the Fe and Cr ions in the chalcogen
spinel compounds. An XAS study on FCCS would provi
useful information because the XAS is more direct in pro
ing the ionic valences.31–35

IV. CONCLUSIONS

To summarize, we have performed resonant photoem
sion measurements for the GMR FCCS spinel compound
compared the results to the LSDA and LSDA1U calcula-
tions. In the Cu 3p→3d RPES, a negligible resonant inte
fence behavior has been observed for the Cu 3d valence
band features, indicating the monovalent states of the
ions in FCCS. It is observed that the top of the valence-b
is predominantly of the Cr 3d and the nearly filled Cu 3d
electron character, whereas the Fe 3d electron character is
rather uniformly distributed over the whole valence ban
consistent with the LSDA and LSDA1U calculations. The
calculated electronic structures of FCCS reveal a large
bridization of the Sp states to the Fe and Crd states, but a
weak hybridization to the Cud states, and predict the Ferm
level to lie above the top of the complex of the Cud, Fe d,
and Crd states. The LDSA1U calculation for FCCS yields
better agreement with the measured valence-band PES s
tra than the LDSA calculation, suggesting the importance
the large Coulomb interaction betweend electrons. However,
the low spectral intensity nearEF in the measured spectrum
suggests an extra localization mechanism in FCCS.
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