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Valence-band photoemission spectroscopy of the giant magnetoresistive spinel compound
Fep.sCUp sCraSy

J.-S. Kang' Sam Jin Kim? Chul Sung Kim? C. G. Olsort and B. I. Mirf
lDepartment of Physics, The Catholic University of Korea, Puchon 422-743, Korea
2Department of Physics, Kookmin University, Seoul 136-702, Korea
3Ames Laboratory, lowa State University, Ames, lowa 50011
“4Department of Physics, Pohang University of Science and Technology, Pohang 790-784, Korea
(Received 31 July 2000; revised manuscript received 20 November 2000; published 19 March 2001

Electronic structures of the giant magnetoresistivg s€e, sCr,S, (FCCS spinel compound have been
investigated using photoemission spectrosc@®kS. Resonant PES measurements around the Cu, Fe, Cr
3p—3d absorption edges exhibit negligible resonant interference behavior for thel@al8nce 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 @ and the nearly filled Cu @ electron character, whereas the Fé 8lectron
character is distributed over the whole valence band. The measured valence-band PES spectra of FCCS yield
better agreement with the LSDAU calculation than with the local spin-density approximati@SDA)
calculation, suggesting the importance of the large Coulomb interadtidretweend electrons. On the other
hand, the low spectral intensity neag in the measured valence-band spectrum suggests an extra localization
in FCCS, not explained by the lardg alone.
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I. INTRODUCTION Further, the strong electron-phonon interaction due to the
Jahn-Teller effect at the M ion is invoked to elucidate the
The discovery of the colossal magnetoresistance phenonM-I transition in RAMO system&.In contrast, there seems
enon in the perovskite Mn oxides &;,AMnO; (RAMO;  to be no evidence for the DE mechanism in R r(Ref. 5
R=rare earthA=divalent or tetravalent catiorhas gener- and no Jahn-Teller active iofis.

ated wide attentiohdue to a variety of interesting physical __On€ Of the important issues in the chalcogenide spinel
: . : . 2.~ _compounds is the valence states of constituent elements. In-
properties and their potential for technological applications.

) . deed, the question on the valency of Cu inMGX, (M
Very large negative magnetoresistarié4R) has also been — transition metal elemenX=S, Se, Te has been a long-

observed in the Cr-based chalcogenide spinell COrm)ow]qsﬁanding problem. Goodenouyhlaimed the Cu ion to be
Fe - CuCr,S; (x=0,0.5) Y both of which are ferrimagnetic i ajent, while Lotgeringet al” claimed it to be monovalent.
semiconductors ar=0 K.% In the spinel structure, the Fe |t the Cy jon is monovalent in spinels, the valence configu-
and Cu ions occupy the tetrahedral sites and the Cr iongytions of the Cr ion in CuGs, are expected to be
occupy the octahedral sites, surrounded by four and six Subu*(CrS*Cr‘”)Sf[ , yielding a formal mixed valence of
fur ions, respectively. The observed MR ofgs€UsCr.S, 135, Then the ferromagnetic ground state of Gggrcan
(FCCS was~7% atTc~340 K (Tc=the magnetic transi- pe explained in terms of the DE interaction.
tion temperatureunder the external magnetic field of 6 T.  various experiments give different results on the valence
This size of MR is as large as in giant magnetoresistancetate of the Cu ion in spinels. Core-level x-ray photoemission
(GMR) metallic multilayers. Similarly as in the perovskite spectroscopyXPS),2-1x-ray emission spectroscopy*and
manganites, a metal-insulatdvi¢l) transition occurs simul-  the CuK-edge x-ray absorption spectroscof$AS)'? mea-
taneously with the magnetic transition in the spinel com-surements on the spinel compounds of MGX, (M
pounds. The temperature dependence of the resispviy) =V, Cr, Rh, Ir; X=S, Se) suggested that the Cu ions in the
shows the semiconducting behavior for-T¢ and then the  spinels are monovalent. However, NMR, neutron
metallic feature belowl down to ~150 K. Upon further diffraction* and magnetit® studies suggest that experimen-
cooling below~150 K, the semiconducting behavior is ob- tal results could be interpreted with the divalent Cu ions.
served again. Therefore it is essential to determine the valence states of the
It has been pointed out that the mechanisms ofNh¢  Cu and Cr ions in spinel compounds to understand the un-
transition and the magnetic transition in the spinel com-derlying physics properly. The core-level XPS study on
pounds are different from those in the perovskiteFeCyS, and FCCS(Ref. 16 shows that the Cr ions are in
manganites. In a divalent ion-doped RAMO system, Mn  the trivalent states (@) in both compounds, whereas the Cu
ions exist in the formally trivalent and tetravalent states.jon in FCCS is likely to be in the monovalent stated{9).
Then the Zener-type double exchand®E) between spin-  Note that core-level XPS is rather an indirect probe for the
aligned Mrt* (tggeé) and Mrf+ (tgg) ions through oxygen valence electronic structures because the XPS spectra are
ions yields the metallic conductivity and ferromagnetiSm.  determined by the final state effects which reflect the re-
the DE model, there should exist mixed-valent ions to mainsponse of the valence electrons to the core hole created in the
tain the correlation between magnetism and conductivityphotoionization process. On the other hand, valence-band
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photoemission spectroscof?ES provides direct informa- L L B L
tion on the valence-band electronic structures of solids.

The information of the valence-band electronic structures
of spinel compounds is very important because they deter-
mine the transport and magnetic properties of solids. In the
late 1960s the schematic electronic structures of the spinel
compounds were suggested based on empirical médels.
With the recent development in the theoretical electronic
structure calculations, more realistic electronic structures of
various chalcogenide spinel compounds have been reported
by performing the first-principles band-structure
calculations:>1"*8However, there has been no experimental
confirmation for the proposed electronic structures of
Fe,Cr,S, and FgsCuyCr,S, yet, even though there are
valence-band PES studies on some Cu-based chalcogenide
sulfides CM,S, (M=V, Rh, Ir).%-11

In this paper, we report a temperature-dependent valence-
band PES study of eCu, sCr,S,. Resonant photoemission
spectroscopyYRPES measurements near the Fe, Cu, @r 3
— 3d absorption edges have been performed. By varying the
photon energyhv, the different electron character in the va- T
lence band and the Cu valency have been identified. Experi- 15 10 5 0
mental results are compared to the band-structure calcula-
tions performed in the local spin-density functional

Fe0.5cuo.5c rZS4
EDC \

INTENSITY (arb. units)

Binding Energy (eV)

approximation (LSDA) and the LSDA-U method (U FIG. 1. Energy distribution curvedEDC's) of Fe,Cly Cr,S,
= Coulomb correlation interaction (FCCS over a photon energyh@) range of 22 eV<hv<124 eV.
Inset: details of the valence-band features in the @w+-3d RPES

Il. EXPERIMENTAL AND COMPUTATIONAL DETAILS region.
Synthesis of the FCCS sample was accomplished by thiated by employing the self-consistent linearized muffin-tin-
following direct-composition method. Fe powder of orbital (LMTO) band method within the LSDA. The von
99.999%, Cu powder of 99.999%, and Cr powder ofBarth—Hedin form of the exchange-correlation potential has
99.995% purity were reduced by hydrogen gas at 700 °C. Aeen utilized. The PLDOS has also been calculated by using
mixture of proper portions of these powders and the sulphuthe LSDA+U method that incorporates the on-site Coulomb
powder of 99.9999% purity was sealed into an evacuateéhteractionU.'® Both the LSDA and LSDA- U calculations
quartz tube. These mixture was heated at 120 °C for 12 h, ateld the ferrimagnetic and insulating ground state for
500 °C for 24 h, and 1000 °C for 96 h, and then cooled dowrFe, <Cuy <Cr,S;. 18
slowly to room temperature at a rate of 10°C/h. For the
purpose of eliminating the possibility of oxidation from the lIl. RESULTS AND DISCUSSION
quartz tube wall it was necessary to flow nitrogen gas at the
above firing stages. In order to obtain a homogeneous mate- Figure 1 presents the valence-band spectra of FCCS for
rial, it was necessary to grind the sample after the first firing22 eV <hv<124 eV. The different line shapes with chang-
and press the powder into a pellet before heating it for dng hv are mainly due to the different relative strengths of
second time to 1050 °C for 99 h. The x-ray powder diffrac-the photoionization cross sections of different electronic
tion pattern showed a clean single spinel phase without destates withhv. In thehw range in this figure, the Fed3 Cu
tectable secondary phases. Resistivity and magnetizatiodd, Cr 3d, and S $ emissions are comparable to one an-
measurements showed a very similar behavior as in Ref. 2o0ther. According to the atomic photoionization cross
PES experiments were carried out at the ERG/Seyasectionz’the cross section ratios of Fel3 Cu 3d : Cr 3d :
Ames-Montana State beamline at the Synchrotron RadiatioB 3p in FCCS are about 11% : 14% : 62% : 13%/at
Center(SRQ. Samples were fractured and measured at ~26 eV, about 17% : 24% : 44% : 15% lav~80 eV, and
<15 K in vacuum with a base pressure better than 3about 17% : 30% : 36% : 18% &tv~ 130 eV. Due to the
X 10~ Torr. The total instrumental resoluti¢full width at  high inelastic backgrounds at lowy’s (22—30 eV), it is
half maximum(FWHM)] was about 150 meV at photon en- difficult to compare the relative peak intensities qualitatively
ergyhv=22 eV and 250 meV atr=120 eV. Samples were at low hv’s, and so here we confine our discussion ffor
fractured several times, and different fractures gave esser=70 eV. The feature A{ 1.5 eV) decreases dsv increases
tially same results. All the spectra were normalized to thefrom 70 eV to 124 eV, suggesting that this peak has the
mesh current. significantly large Cr &8 character. This assignment is con-
Electronic structures and the projected angular momensistent with the CIS measureméfig. 2) and the theoretical
tum density of state$PLDOS of FCCS have been calcu- calculations(Fig. 4). Relative to the intensity of the peak A,
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LN I B | L B B RPES process will not be invoked if Cu is monovalent
Fe,,Cu,.Cr,S, Cu3dCiS Cr,Fe 3d CIS (Cu™: 3d!%, whereas RPES proceeds for the divalent Cu
ion (CU#*: 3d9).

The above argument of the monovalent *Cions in
FCCS is supported by the constant-initial-st@@¢S) spectra,
shown in Fig. 2. In taking a CIS spectrutny and Ex are
simultaneously varied so as to maint&p=hv— ¢—Ey to
be constant ¢ =kinetic energy;¢=work function). Thus
the CIS spectrum measures the relative strength of a given
initial-state emission as a function bfv. The left panel of
Fig. 2 shows the CIS spectra of FCCS for several initial-state
binding energieg;, taken in the Cu B—3d RPES region,
T T and the right panel shows those in the Cr and pe-3d
65 70 75 80 40 50 60 RPES regions. In these figures, the vertical scale is the same

Photon Energy (eV) for all the curves.
o The right panel of Fig. 2 shows the CIS spectra for 40 eV

FIG. 2. Constant-initial-statéCIS) spectra of FCCS for several <1, <64 eV. The resonant features for 40 eshv<50 eV
initial-state binding energiek;, taken near .the Cup3abso.rption and for 50 eV=h»=60 eV are due to the Cri8—3d and
ﬁg;epzhcct’i'sgﬁ/ﬂ) and the Cr and Fe8absorption thresholdsighy), Fe 3p— 3d resonance, respectively. The larger resonant en-

' hancement near the Cip3absorption edge than at the Fp 3
absorption edge reflects the larger number of the Cr ions per
unit cell, compared to that of the Fe iof%1). Note that the
Cr 3d electron character is concentrated predominantly near

EfeV)
0.7 EfeV)
1.2 07

1.2

T

Intensity (arb. units)

4,

3.0
4.0

the high-binding-energ{BE) peak of C (-4.5 eV) increases
slightly from 70 eV to 124 eV, suggesting the $ Bature of

this peak. The intermediate BE peak of B8 eV) seemsto 4 top of the valence band, whereas the F e3ectron

! ) A
be mixed with the Fe @, Cu 3d, and S P electrons No  ¢paracter is rather uniformly distributed over the whole va-
metallic Fermi edge is observed in FCCSTat 15 K, which  |ence pand. This finding is consistent with that of Fig. 1 and
is consistent with its insulating behavior at Iow the theoretical calculations in Fig. 4.

The inset of Fig. 1 shows the enlarged spectra@fiogr the |y contrast, the left panel shows that the main band emis-
region between 6 eV BE and 18 eV BE, where the @i 3 gjons in the Cu B—3d CIS spectra exhibit no resonant
—3d” satellite structures are expected if they exist. In manyaphancement nor antiresonant suppression that can be attrib-

copper oxides, the Cud3satellite features have been ob- e to the Cu @ electron charactér® We interpret this re-
served around 12 eV BE signaling the large 8 Coulomb gyt to reflect that the CudBelectrons in the main band have
correlation interaction. A weak feature around 9 eV BE INmainly the 21° character. On the other hand, the emission

FCCS is probably due to the emission from impurities in the, i, E,=12.5 eV shows a weak enhancement at ardund
grain boundaries of polycrystalline samples. Another weak_ 7,4 eV, implying that this peak might be identified as the
feature at 13 eV BE dtv=72 eV reveals a weak enhance- ¢, 349, 348 satellite. However, the absence of the satellite

ment aroundhy=74 eV, S“ggeSti”,g that this peak might be g,ctyre in the Cu g XPS (Refs. 8 and 24suggests that the
identified as the Cu@ — 3d® satellite. The nature of this 13 weight of the Cu &° configuration in the ground state is
eV peak will be further dlscus_sed n F',g' 2 very small, even if it exists. Note that this enhancement is
. RPES for the Cu B absorpt_lon edge indicates tlhat the Cu very weak compared to those of Fe and @rSates, shown
ions are nearly monovalent in FCCS, as explained below, he right panel of Fig. 2, or those of the formally divalent
RPES for the Cu B absorption edge involves atomic pro- copper oxides, such as Cu@®ef. 23 and Lg ¢S ,CuO,
cesses of the type (Ref. 22. Due to its very weak intensity, it is difficult to tell
. S i1 o1 whether this CIS spectrum has a Fano-type interference pro-
3p°3d"+hv—3p~3d"""—3p°3d" ey, (1) file. Thus Fig. 2 indicates that the Cyp3:3d RPES process
. ] _is negligible in FCCS, indicating that the Cu ions are nearly
where €, denotes the emitted electron. The first step is gnonovalent or at least far from being divalent.
phOtoabSOI‘ption of a[ﬁielectron to an Unoccupiedj&tate, Figure 3 shows the temperaturé:_l dependent valence-
leading to an intermediate state. The second step is a tWgzand PES spectra of FCCS, obtainedhat=70 eV. The
electron Coster-Kronig decay of the intermediate state, inyglence-band spectrum at 15(#e semiconducting regime
volving an Auger matrix element of the Coulomb interaction.is compared to the one at 150 K where the resistivity is
The same final state can also be reached by a direct photesinimum (the most metalliclike regime Essentially no

emission process T-dependent changes occur in the large-energy-scale line
shape. Further, no metallic Fermi edge is seen at the resis-
3p®3d"+hv—3p83d" L. (2) tivity minimum (T=150 K), which is probably due to the

still large resistivity of FCCSp(150 K) ~0.250Q cm?® im-
The interference between these two processes leads to tp#/ing the very small metallic density of statéBOS) at E
so-called Fano resonant or antiresonant line shape that digx FCCS. A high-resolution PES study on single-crystalline
pends on the details of the decay channels. For Cu, suchRCCS will help to resolve this problem. Figure 3 implies that
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Binding Energy (eV)

FIG. 3. Temperature-dependent valence-band spectra of FCCS "
with hy=70 eV. E

the character of the charge carriers does not change as the

phase of FCCS changes from the semiconducting region to

the metallic region. , FIG. 4. Total and projected angular momentum density of states
Figure 4 shows the theoretical total DOS and PLDOS ofp| pog from the LSDA calculations of FCCS. From top, total

FCCS, which are obtained from the LSDA calculations andpng per unit cell and PLDOS per atom of Fe,3Cu 3d, Cr 3d,

by adding the spin-up and spin-down total DOS and PLDOS

respectively. The total DOS is per unit cdtivo formula

units) and each PLDOS is per atom. The ferrimagnetic and )

insulating ground state is revealed as a small gdf-ah the In Fig. 5 we have compared the measured valence-band

total DOS. The valence band extends frép to approxi- PES spectra to the theoretical spectra, obtained from the

mately 7 eV belowEg, in agreement with the measured LSDA (solid lines and LSDA+U (dotted line$ calcula-

photoemission spectr@ee Figs. 1 and)5The Cud bands  tions, respectively. In the LSDAU calculations, the param-

are nearly filled, consistent with the finding of Figs. 1 and 2.eters used ar&)=2.5 eV,J=0.94 eV for Fe,U=2.5 eV,

The Fermi level lies near the top of the complex of thed;u J=0.89 eV for Cu, andJ=1.5 eV,J=0.89 eV for Cr. The

Fed, and Crd, with the largest contribution from the Gli  theoretical spectra were obtained by adding thedF€u d,

electrons. The Fe and @rbands are much wider than the Cu Cr d, and Sp PLDOS after they are multiplied by the corre-

d bands. The wide Fé states belowEg correspond to the sponding photoionization cross sectiGh©nly the occupied

majority spin-downey and t,4 bands, and the unoccupied part of the weighted sum was taken for the comparison to the

peaks abov&r correspond to the minority spin-doveg and  PES spectrum and then convoluted by a Gaussian function

t,4 bands. Note that the Fe ions are located in the tetrahedralith 0.2 eV at full width at half maximuntFWHM) to simu-

sites, and so the energy levelsayfare lower than the energy late the instrumental resolution. The effects of the lifetime

levels oft,y. The Crd peaks belowEg correspond to the broadening and matrix element effects are not included in the

spin-upt,y band, while the unfilled peaks abo¥g corre-  theory curves.

spond to the spin-ug, and spin-dowrnt,, and e, bands. The LSDA calculations show that the calculated band

Since the Cr ions are located in the octahedral sites, thwidth is comparable to the measured valence-band width, but

situation is reversed from the case of Fe. Most of thp S that the low-BE peak position does not agree with that in the

states are located well beloi: with negligible DOS near measured spectrum. Such disagreement suggests the exis-

Er. The Sp states overlap mainly with the Fkstates, but tence of the localization in FCCS, not well described in the

not with the Cud states, indicating the large hybridization to LSDA. A possible localization mechanism in FCCS would

the Fed states, but a weak hybridization to the Gstates. be the large Coulomb correlation interaction between Fe, Cr,

The relative positions of the Fe, Cu, @rand Sp bands in and Cud electrons. Indeed, the high peak DOS nest.0

the LSDA+ U calculations are similar to those in the LSDA eV shifts down by~0.5 eV in the LSDA-U so that it

calculations, and the above discussion holds for the LSDAcoincides with the high spectral peak around.5 eV. This

+U case'® finding suggests the importance of the large Coulomb inter-

Energy Relative to E_(eV)

and S 3 electron, respectively.
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T T T T This is further supported by the recent reports of the triva-
- . . lency of the Cr ion by XPSRef. 16 and the trivalency of
Feo.scuo.scrzs4 the Fe ion by neutron powder diffractihand Massbauer
— spectroscopy? In this case, it is easy to understand the in-
4 sulating ground state of FCCS. However, it is hard to explain
the reduced magnetic moment of FCCS from that of E8Cr
(Ref. 30 and the wide metallic region observed in FCCS
below T.. This aspect remains to be resolved. The latter
configuration is similar to that proposed by Lotgerieigal.”
for CuCnrS,, but is to be discarded with the trivalent Cr ion.
A more precise investigation is required to determine the
valence states of the Fe and Cr ions in the chalcogenide
R T W spinel compounds. An XAS study on FCCS would provide
- T ] useful information because the XAS is more direct in prob-
hv=124eV ing the ionic valenced!3®

hv=70eV

e PES
LSDA
........... LSDA+U

INTENSITY (arb. units)

IV. CONCLUSIONS

To summarize, we have performed resonant photoemis-
sion measurements for the GMR FCCS spinel compound and
compared the results to the LSDA and LSBA calcula-
tions. In the Cu §—3d RPES, a negligible resonant inter-
fence behavior has been observed for the Guvalence
band features, indicating the monovalent states of the Cu
ions in FCCS. It is observed that the top of the valence-band
S is predominantly of the Cr @ and the nearly filled Cu @
electron character, whereas the F& &ectron character is

Energy Relative to E_(eV) rather uniformly distributed over the whole valence band,
consistent with the LSDA and LSDAU calculations. The

FIG. 5. Top: comparison of thev=70 eV valence-band spec- calculated electronic structures of FCCS reveal a large hy-
trum of FCCS(dot9 to the weighted sum of the calculated PLDOSSs pridization of the S states to the Fe and @rstates, but a
(solid lines. Bottom: similarly forhv=124 eV. See the text for \yegk hybridization to the Cd states, and predict the Fermi
details. level to lie above the top of the complex of the @uFed,

and Crd states. The LDSA U calculation for FCCS yields
actions betweerd electrons in FCCS. Nevertheless, this better agreement with the measured valence-band PES spec-
mechanism alone does not explain the entire discrepancy bé&a than the LDSA calculation, suggesting the importance of
tween experiment and theory. In particular, the relativelythe large Coulomb interaction betweelectrons. However,
high DOS neaiEf in both the LSDA and LSDA-U calcu- the low spectral intensity nedr in the measured spectrum
lations does not agree with the low spectral intensity figar suggests an extra localization mechanism in FCCS.
in the measured spectrum. This disagreement seems to reflect
the smaller calculated gap size than the experimental gap
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