PHYSICAL REVIEW B 71, 195113(2005

Electronic structure of the two-dimensional negative charge-transfer material
SrzFeM O (M =Fe, Co)
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We studied the relation between the electronic structure and the physical propertiesFeM Sy
(M=Fe, C9. The main technique used in the study was peQo 2p, and O k x-ray-absorption spectroscopy.
The experimental spectra were analyzed in terms of cluster model and band-structure calculations. The analysis
of the spectra shows that both;BeFeQ and SgFeCoQ are in the negative-charge-transfer regifitgs
means that their ground states are highly covalent and contain considerapledeZharacter The Fe ions
are in a high-spin state and the Co ions in an intermediate-spin state stabilized by strong hybridization. The
electronic structure helps to explain the trends in the electrical conductivity and the observed magnetic mo-
ments. Further, the relatively large @ &ole weight in the ground state explains also the absence of Jahn-
Teller distortions. §FeCoQ illustrates ferromagnetism and magnetoresistance in a two-dimensional negative-
charge-transfer material.
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I. INTRODUCTION relatively large value of the Of-M 3d hybridization. The
electronic structure helps to explain the trends in the electri-
The Ruddlesden-Popper material;850; (M=Fe,C9 cal conductivity, the observed magnetic moments, and the
has transition-metal ions in ax** tetravalent staté? The  absence of Jahn-Teller distortions.
crystal structure can be viewed as twolV&D; perovskite
layers stacked between a SrO rock salt I&yeThe structure IIl. EXPERIMENTAL DETAILS
is tetragonal(space group l4hmm) with a distinct two- The SgFeMO; (M=Fe,C9 samples were prepared
dimensional(2D) character due to the insulating SrO layer. using an acetic acid based gel route. The resulting powder
The substituted $Fe,_,Co,0; compounds are semiconduc- was pressed into pellets and fired in air at 1300 °C during 24
tors characterized bythermally activated carrierd:® The  h. The pellets were then annealed in flowing & 700 °C
electrical conductivity of the series increases several orderduring 12 h, and cooled down to room temperature at a
of magnitude as the Co content increases. Further, the mixg@te of 1°C/min. The oxygen content after the annealing
compound exhibits a relatively largeip to 45% negative Procedure was determined by iodometric titrati¢the
magnetoresistandé content was ab_out 6.76 for the pure Fe sample and_around
The electronic structure of the puresBe,0; compound ~©:67 for the mixed Fe/Co sampleThe x-ray diffraction
was studied using reflectarfcand x-ray photoemission spec- (XRD) analysis confirmed that the samples were a single
troscopy(XPS).10 These studies showed that,Be,0, is in phase with the correct structut@he electrical and magnetic

the negative-charge-transfer regime and the gap is of thBropertles of these samples were similar to those reported

p-p type. The electronic structure of the mixed previously?

St Co0, series was studed using possheand (118 A5 sPeca were messured e spheric oratng
x-ray-absorption near-edge structusXANES).>® These

studies confirmed that the transition-metal ions are in a?r']r;%%té?nv(vgil‘i)' tggelot:/ssiépr;ebzsrurri\r:neth?rrfé(psea?rrr?elgtsal
highly covalent and formally tetravalent ground state. De- 9e. P

spite these efforts, the electronic structure of the mixed" < ¢ scrapedn situ with a diamond file to remove surface

SrFeCoQ material was not completely elucidated. This in- f(;)tg}?enlgr;?rtcl)%r} ieIT(-jh;etShp: dct\:&thv;erembcfr?lleg;e?h g?'g?ou::je
formation is needed to understand the origin of the interes y P g dep

) : , 50 A2 The energy resolution at the Fgp2and Co D
ing physical properties of these compounds.

The purpose of this work is to study the electronic edges was 0.7 eV and at the e &dge_ was about 0.5 ev.
structure of the SFeMO, material (M=Fe,Co. The The energy scqle was calibrated using the corresponding
technique used in the study was Fp, Zo 2, and O & peak positions in SrFeQand SrCoQ. The spectra were

x-ray-absorption spectroscopyAS). 1t The experimental re- normalized to the maximum after a constant background

sults were analyzed in terms of combined cluster model anaubtracnon.

band-structure calculatiot$.The analysis of the spectra IIl. RESULTS AND DISCUSSION
shows that these materials are in the negative-charge-transfer

regime. These results show that the ground state is highly A. Fe 2p XAS spectra

covalent and contains considerable Ptble character. The Figure 1 shows the Fe@XAS spectrum of the pure
band gap involveg-p fluctuations and is opened due to a SizFeFeQ compound. This result is similar to the spectrum

1098-0121/2005/7119)/1951135)/$23.00 195113-1 ©2005 The American Physical Society



ABBATE et al. PHYSICAL REVIEW B 71, 195113(2005

Fe 2p XAS spectra =0eV,U=75¢eV, andT,=2.2 e\) were obtained from
Ref. 14. The occupations of the different configurations in
REERERRAREARRREERAREAED the ground state are 36%d%3 58% 3°L, and 6% &L
StFefeO, Experimental Figure 1 show that the calculation is in very good agreement
x with the features in the SFeFeQ spectrum.

The calculation above shows that the ground state of the
Fe ions is dominated by thedd. configuration. This hap-
pens because the sFeFeQ compound is in the negative-
charge-transfer regimghe effective charge-transfer param-

eterA; is actually negative due to multiplet splitting This
\J{/\—_ regime is characteristic of compounds with transition-metal
: ions in a relatively high oxidation state. The occupations
i shows that the ground state of the Fe ions is highly covalent
and dominated by Of2holes.

The Fe » XAS spectrum of SFeCoQ, not shown
here for brevity, presents only minor changes. The absence
of changes indicates that the Fe ions remain in a high-spin
Fe 2p,, Fe** state in the mixed material. Further, the Fe ground
state is also highly covalent and is dominated by consider-
able O 2 hole weight. The analysis of the Cop2
XAS spectrum below shows that the same arguments
apply to the Co ions. Therefore, the overall ground state of
Fe 2p,, the mixed SgFeCoQ material is also in the negative-charge-
transfer regime.

Calculation

Normalized Intensity

B. Co 2p XAS spectra

N TP T TN T T Figure 2 shows the Co @ XAS spectrum of the
700 705 710 715 720 725 730 mixed SgFeCoQ compound. The spectrum resembles the
result of the closely related 3D material SrGo@hich has
also Cd"* ions!® The shape of the spectrum corresponds to
Co** (3d® ions in an intermediate-spik*T,) state. In a
purely ionic picture, the ground state of the“Cshould be
either a high-spin(°A,) or a low-spin (°T,) state. The
of the closely related 3D material SrFgQuhich has also t3 e (“T,) intermediate-spin state is stabilized by the hybrid-
Fe** ions!® The spectrum corresponds to Fe-2Fe 3 ization with the 8i°L configuration/the main 2i° component
transitions and is dominated by multiplet effe€t§he spec- of the 3L configuration is given by the high-spin
trum is split by the Fe @ spin-orbit interaction into the[®, t‘z‘ges (°T,) statd.
and 2y, regions. These regions are further split by The calculation must again include the contributions of
and 3-3d electrostatic interactions as well as crystal-fieldthe charge-transfer configurations. The ground state of the
effects. The shape of the multiplet in the spectrum is directlyCo ions was expanded in terms of thé®33d°L, and 317L2
related to the ground state of the Fe ions. These spectra ca@nfigurations. The values of the model parameters
be analyzed in terms of combined atomic multiplet plus(A=-2 ev,U=7.5 eV, andT,=2.0 e\) were obtained from
crystal-field calculations. Ref. 16. The occupations of the different configurations in
The Fe D XAS spectrum of SFeFeQ corresponds t0  the ground state are 22%d3 67% 3°L, and 11% 87L2.
Fe'* (3d*) ions in a high-spin(°E) state. The calculation Figure 2 shows that the calculation reproduces reasonably
based on the single ionic configuratitfye; (*E) does not  well the features in the CO2XAS spectrum. The extra
account for the spectrum, because the ground state contaipsaks around 783 and 798 eV are attributed to contributions
also considerabled3L characterwhereL denotes a ligand from higher-order configurationgthese contributions are
O 2p hole). Thus, the calculation must include also the con-larger than in the Fe2XAS spectra due to the larger weight
tributions of the charge-transfer configurationd®3 [the  of the &"*2.? configuration.
main 3° component of the ®L configuration is given by The calculation shows that the ground state of the Co
the high-spint; 5 (°A,) stat. ions is dominated by thed8L configuration. This means
The charge-transfer configurations were included usinghat the ground state of the Co ions is highly covalent
the configuration-interaction method. The ground state of thend contains a considerable amount of @ tbles (which
Fe ions was expanded in terms of the¢ 33d°L, and 31°L? is to be expected directly from the negative value of the
configurations. The main parameters were the charge-transfeharge-transfer parametarin this casg¢ The same conclu-
energy A, the Mott-Hubbard repulsiotd, and the transfer sions for the Fe ions were obtained from the analysis of
integral T,. The values of the model parametefd  the Fe D XAS spectrum above. This shows that the mixed

Photon Energy (eV)

FIG. 1. Fe 2 x-ray-absorption spectra of sfieFeQ (dot9
compared to the cluster model calculati@olid line).

195113-2



ELECTRONIC STRUCTURE OF THE TWO-DIMENSIONAL..

Co 2p XAS spectra

PHYSICAL REVIEW B 71, 195113(2005

O 1s XAS spectra
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FIG. 2. Co 2 x-ray-absorption spectra of $eCoQ (doty

wHe U FIG. 3. O I x-ray-absorption spectra of sfreFeQ and
compared to the cluster model calculati@olid line).

Sr;FeCoQ (dots.

SrFeCoQ compound, as a whole, is in the negative-charge,nnroximation. The space group, the lattice parameters, and
transfer regime. the nonequivalent atomic positions were taken from Ref. 2.
The self-consistent potential and the density of states were
obtained using 13 irreducible points.

Figure 3 shows the Osix-ray-absorption spectra of the Fi9ure 4 compares the Fel3egion of SgreFeq to the
Sr,FeFeQ and SgFeCoG compounds. These results are calculated O P partial density of states. The calculated spec-
similar to the spectra of the closely related 3D materialdrum was broadened with a 0.5_eV Gaussian function to take
SrFeQ and SrFg:Ca, <0513 The specira correspond to tran- N0 account the energy resolution. The energy scale and the
sitions from the O & level to empty O P states in the intensity of the calculation were adjusted so as to match the

conduction band These O P states reflect, due to the experiment. The calculated spectrum reproduces reasonably

metal-oxygen hybridization, different bands of mostly meta/Ve!l the main features in the experimental spectrum. The
character. The peaks around 528-532 eV correspond to tHB2iN peak at threshold, around 529 eV, corresponds to the
Fe/Co 3 band, the structure around 533-539 eV corre-minority spin Fet?g b?‘”d’ whereas the shoulqler correspc_mds
sponds to the Srdiband, and the bumps around 540-548 ev!© the majority/minoritye, bands. The,; band in the experi-

correspond to the Fe/Casp band. These assignments are ment spectrum is enhanced due to the attraction of the O 1
consistent with previous analysis of the SrMnGrreQ, core-hole potential; the same argument was used to explain

and SrCoQ O 1s XAS spectral/18 the discrepancy in they band of the SrTiQ compound??

Figure 4 shows the Fe/Cadand region of SfFeFeQ
and SgFeCoQ in a more detailed scale. The Fe/Fe 3
region of the pure SFeFeQ material can be analyzed
using a band-structure calculation. The LDA calculation The ground state of the Fe ions isBeFeQ derives from
was done using the standard linear muffin-tin orbitalthe high-spin tggeé (°E) configuration. This double-
(LMTO) method!®?° The exchange and correlation part degenerate state is unstable and should lead to a Jahn-Teller
of the potential was obtained using the von Barth—Hedindistortion which is not observed. However, the ground state

C. O 1s XAS spectra

D. Physical properties
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O 1s XAS spectra the bandwidthw is not expected to change much because the
crystal structure is the same. Thus, the smaller value of the
LML LI LI LI hybridization in SgFeCoQ would effectively decrease the
Sr,FeCo0, band gap, helping to explain the marked increase in the elec-
** e, trical conductivity of the mixed compourhis effect seems
.. ...... . . .
. o, to be more important than the tendency to charge localization
- " due to Fe/Co potential disorder
Ry sossese The effective magnetic momept per Fe/Co site can be
estimated using the spin-only formula=g ug[S(S+1) ]2
The relative fraction of Fe/C% and Fe/C8&" ions was ob-
tained from the oxygen content of the samples. The spin state
St FeFeO of the Fe/Co ions was obtained from the analysis of the
® ! electronic structure above. The calculated moment for
.a"’"“-........,.... SrFeFeQ was 5.14u5, in good agreement with the experi-
. S, mental 5.24:5 value. The calculated moment for;6eCoQ
was 4.4%g, which is reasonably close to the experimental
o value of 4.1%g. This shows that the calculated electronic
om cosnsamsnes” structure is consistent with the observed magnetic moments.
The analysis above shows that thgF&M O, compound
is in the negative-charge-transfer regime. The most important
02pDOS degrees of freedom in this regime are @lbles rather than
Fe/Co 3 electrons. In this sense, the ground state of
SrFeMO; is qualitatively different from manganites and
double perovskite® In these other materials, the ground
state is less covalent and dominated by the transition-metal
3d electrons. The SFeCoQ compound exhibits ferromag-
netism and magnetoresistance in a 2D negative-charge-
T T T T T transfer material. The origin of these properties should
526 527 528 529 530 531 532 533 be different from those invoked for manganites and double

Normalized Intensity
i!
S

erovskites.
Photon Energy (eV) P
FIG. 4. Fe/Co 8 region of the O § XAS spectra of SjFeFeQ IV. SUMMARY AND CONCLUSIONS
and SgFeCoQ (dotg compared to the O2partial density of states . .
for SrFeFeq (solid line). In summary, we studied the electronic structure of

the substituted SFeMO,; compoundM=Fe,C9. The main
of Sr;FeFeQ is dominated by the @L configuration with a  technique used in the study was Fp, Zo 2, and O &
weight of 58%. The main & component of the &L con-  x-ray-absorption (XAS) spectroscopy. The experimental
figuration is given by the high-spitigefJ (°A)) state; the or- spectra were analyzed in terms of cluster model and
bital part of this state is fully symmetri@,), which inhibits ~ band-structure calculations. The analysis of the spectra
the Jahn-Teller distortion. This example illustrates that sshows that these materials are in the negative-charge-transfer
strong covalent character could eventually quench a Jahriegime (this means that their ground states are highly
Teller distortion; the same argument was invoked to explairfovalent and contain considerable @ ole charactgr
the absence of Jahn-Teller distortion in the relatedThe Fe ions are in a high-spin state and the Co ions in an
SrFg_,C0,0; material'® intermediate-spin state stabilized by strong hybridization.

The occupation of thed*'L configuration in SfFeMO,  The relatively large O @ hole weight in the ground state
is larger than that of thed® configuration. This means that €xplains the absence of Jahn-Teller distortions. The
the ground state is dominated by @ Roles in a negative- €lectronic structure helps to explain the trends in the electri-
charge-transfer regimé.But the 3"™*!L configuration is ac- cal conductivity and the observed magnetic moments.
tually a continuum and should lead to a metallic groundSrsFeCoQ illustrates both ferromagnetism and magnetore-
state. The band gap in the 5EMO, material appears be- sistance in a 2D negative-charge-transfer material. The na-
cause the hybridizatiof,, is larger than the bandwidtw.'>  ture of the ground state is qualitatively different from man-
The lowest-lying charge excitations in this regime are of theganites and double perovskites.
form 3d™IL+3d" L — 3d"1+3d™ L2 These charge fluc-
tuations involve O P holes and the band gap is consequently ACKNOWLEDGMENTS
of the p-p typel®
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