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X-ray absorption of the negative charge-transfer material SrFe_,Co,04
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We studied the relation between the electronic structure and the phsyiscal properties, of So@;. The
main technique used in the study was Fg Zo 2p, and O & x-ray absorption spectroscopy. The experi-
mental spectra were analyzed in terms of the configuration-interaction cluster model calculation. The analysis
of the spectra shows that both Srizeéhd SrCoQ are in the negative-charge transfer regiftieés means that
their ground states are mostly covalent and contain considerabfeh®|2 character SrFeQ is in a high-spin
state and SrCofQin an intermediate-spin state stabilized by strong hybridization. The local electronic structure
and the corresponding spin state are mostly preserved in SiI€gO3. The relatively large O g hole weight
in the ground state explains the absence of Jahn-Teller distortions, as well as the relatively large value of the
magnetic moment observed at the O sites in these materials, SrEe O illustrates both ferromagnetism
and magneto-resistance in a negative charge-transfer material.
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. INTRODUCTION but rather that the charge state is compensated by O 2
holes.

Colossal magnetoresistand€MR) materials, such as  The structure of the SrFeQperovskite is cubiospace
manganitesand double perovskitésare attracting consider- group Pm3m) with a lattice parameter oa=3.845 A3
able attention. The interest in these materials was originallsrFeq is antiferromagnetic with a screw structure along the
sparked by their potential applications as magnetic sensors {111) propagation vector. The ordering temperature of sto-
reading heads. Additional interest was provided by the chalichiometric SrFe@is Ty=134 K and the Fe magnetic mo-
lenges in the elucidation of the microscopic origin of the mentis 3.1 .3 SrFeQ is metallic (9p/JT>0) down to 4 K
CMR mechanism. It is generally invoked that the phySicaland has a room-temperature resistivity offim Cm_3
properties of manganites, such as LgCaMnOs;, are domi-  SrCoQ, has the cubic perovskite structukspace group
nated by the double-exchange mechanisthereas tunnel-  pmam) with a lattice parameter af=3.835 A * Stoichio-
ing magnetoresistance betwegralf-metallig ferromagnetic  metric SrCoQ is ferromagnetic with a Curie temperature of
phases was proposed in double-perovskites materials, sugh.—280 K and the Co magnetic moment is 2gL*

2 . .
as SgFeMoQ;. - SrCoQ is also metallic §p/dT>0) down b 4 K and has a

The SrFe_,Ca,0; compound™® also presents a large room temperature resistivity of about 100 cm?
negative magnetoresistance for a wide concentration range srrg _,Co,05 remains cubic over the whole composition
(0=x=0.7) ® Despite several studies of the physical Properrange with a lattice parameter odi=3.835-3.845 A®
ties of this system, still very little is known about the elec-The SrFg_, Co,0, material is metallic §p/aT>0)
tronic structure and the magnetoresistance. The electronigith a room-temperature resistivity in the range
structure of this material is particularly interesting because|-3_10-4 0 c¢m5 The SrFg_,Co,0; compound is anti-
the transition metal ions are in a relatively high OXidationferromagnetic fox=<0.10-0.15 and becomes ferromagnetic
state. In fact, it is expected that the ground state could bg), v=02 The Curie temperatuf&. increases withx and is
qualitatively different with respect to manganftesand  ayimum around 04x=<0.6, whereas the saturated mag-
double perovskite$ This provided the motivation to investi- netic momeniu peaks around 02x<0.45 In particular, the
gate _the electronic structure o_f the SfEgC0,05 series us- SrFe «Cay {05 compound has @.=340 K and a saturated
ing direct spectroscopic techniques. magnetic moment of about; . Finally, the SrFe_,C0,05

The purpose of this work is to study the relation betweeny, st presents a relatively large negative magnetoresistance
the electronic structure and the physical properties o or 0=x=<0.75

SrFg _,Co,05. The main experimental techniques used in
this study were Fe 2, Co 2p, and O & soft x-ray absorp-
tion spectroscopyXAS). The experimental results were ana-
lyzed in terms of combined atomic multiplet, crystal field The samples studied here were nearly stoichiometric
and cluster model calculations. The analysis of the spectr8rFeQ, SrFe Cq, 03, and SrCoQ. First, oxygen deficient
shows that the electronic structure of these materials is domsamples were prepared using the solid-state reaction method.
nated by a negative-charge-transfer character. This meaffhen, the samples were sealed in gold capsules with the
that the ionic state of the Fe and Co ions is not reall¥,  oxygen dispenser KCIQ Finally, the samples were

IIl. EXPERIMENTAL DETAILS
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effects. The spectra are split by the Fe fpin-orbit interac-

tion into the Fe D3, and Fe D4, regions. In turn, these
regions are further split by Fep23d electrostatic interac-
tions and crystal field effects. The shape of the multiples in
the spectra are directly related to the ground state of the Fe
ions. These spectra can be analyzed in terms of combined
atomic multiplet plus crystal field calculations.

The Fe D XAS spectrum of SrFe corresponds for-
mally to Fé* (3d*) ions in a high-spin state. The calcula-
tion based on the single ionic configuratitﬁaeé (°E) does
not account for the spectrutfl. The problem is that the
ground state contains not onlyd3 but also considerable
3d°L charactefwhereL denotes a ligand holeTherefore,
the calculation must include the contributions of the charge-
transfer configurationsd®L [the main 31° component of the
3d°L configuration is given by the high-spi el (°A;)
statd.

The charge-transfer configurations were included using
the configuration interactiofiCl) method. The ground state
of SrFeQ was expanded in terms of thed 3d°L, and
3d°L? configurations. The main parameters were the charge-

Y transfer energy\, the Mott-Hubbard repulsiotd, and the
' transfer integrall .. The value of the parameters were ob-
tained from Ref. 11 £=0 eV, U=75 eV, and T,
=2.2 eV). The occupations of the configurations in the
ground state are 36%d3, 58% 30°L, and 6% 3I°L2. Fig-
ure 1 shows that the CI calculation reproduces reasonably
well the features in the SrFeGpectrum[the agreement is
better than that obtained using a single ionic configuration
t5,65 (°E) calculation, see Ref. 0

The occupation of the &L configuration in SrFe@is
larger than that of the & configuration. This means that
SrFeQ is in the negative charge-transfer regime with holes
in the O 2p levels? (the effective charge-transfer parameter
treated at 6 GPa and 600 °C for 30 min. X-ray diffraction A of SrFeQ is actually negative due to multiplet splitting
analysis showed that all the samples were single phése. This regime is characteristic of compounds with transition
dometric tritation showed that the oxygen deficiency wasmetal ions in relatively high oxidation states. The calculated
less than 1%.The characterization also included Sabauer 3d count for SrFe@, approximately 4.7, is larger than the
and magnetization measuremehts. purely ionic value 4.0. This indicates that the covalent con-

The XAS measurements were performed at the sphericatribution to the bonding in the SrFgQrompound is rela-
grating-monochromatofSGM) beamline in the LNLS. The tively large.
base pressure in the experimental chamber was in the low The Fe 2 XAS spectrum of SrkeCoy 5053 presents only
10 ° mbar range. The samples were scrapeditu with a  minor changes with respect to SrReOThe absence of
diamond file to remove surface contamination. The spectrahanges indicates that the Fe ions remains relatively unaf-
were measured using the total-electron-yig@l&Y) method. fected in SrFgsCoy 0. This means that the formally tet-
The mean probing depth of soft x-ray absorption using theavalent F&* ions in the mixed compound are in a high-spin
TEY method is approximately 5 nfiThe energy resolution state, that the material is in the negative-charge-transfer re-
at the O B x-ray absorption edge was better than 0.5 eV.gime with a considerable amount of @ 2oles, and finally
The energy scale of the spectra was calibrated using théhat the covalent contribution to the bonding in
known peak positions in Ti© The spectra were normalized SrFg Co, 05 is relatively large. Further support for these
to the maximum after a constant background substraction. conclusions is provided by the analysis of the ©® XAS
spectra below.
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FIG. 1. Fe D x-ray absorption spectra of SrFgCand
SrFe sCoy 05 (dotg compared to an atomic multiplet calculation
(solid line).

Ill. RESULTS AND DISCUSSION
B. Co 2p XAS spectra

A. Fe 2p XAS spectra Figure 2 shows the Cop x-ray absorption spectra of

Figure 1 shows the Fe®x-ray absorptior(XAS) spectra  SrCoQ, and SrFgsCo, s05. The analysis of the Co2XAS
of SrFeQ and SrFgsCq,03. The spectra corresponds to spectra follow closely that of the Fep2XAS spectra above.
Fe 2p—Fe 3d transitions and are dominated by multiplet The spectrum of SrCoQcorresponds formally to CGo
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FIG. 2. Co 2 x-ray absorption spectra of Si€a, 05 and FIG. 3. OI1s xray absorption spectra of SrFgO
SrCoQ, (doty compared to an atomic multiplet calculatiésolid ~ SrFe sC0p 03, and SrCoQ (dots.
line).

(3d®) ions in an intermediate-spin state. In a purely ionic@pproximately 5.9, is much larger than the purely ionic value
picture, the ground state of the €oshould be either high 9-0. This indicates that the covalent contribution to the bond-

spin or low spin. The3,e} (“T,) intermediate-spin state is g In SrCoQ is even larger than in SrFeO

stabilized by the hybridization with thedSL configuratior® The Co D XAS spectrum of SrReCqysO; presents

[the main 21° component of the @L configuration is given ~Only minor changes with respect to SrCpJhe absence of

by the high—spirt‘Z‘ e2 (5T,) statd - changes indicates that the Co ions are not drastically affected
g-g '

The calculation based on the single ionic configuration'” irF%-SCOO-SO?g- This means that the formally tetravalent
does not account for the spectrum of SrGo@gain, the CQ ions remains mostly in the intermediate-spin stf':lte. T_he
calculation must include the contributions of the charge-Mixed material is in the negative-charge-transfer regime with
transfer configurations dL. The ground state of SrCaO & considerable amount of Cpzholes, and finally the cova-
was expanded in terms of thel3 3d°L, and 7L? con- lent contribution to the bonding in SrfeCo, 05 |s.cons.|d—
figurations. The value of the parameters were obtained frorf§r@bly large. Further support for these conclusions is pro-
Ref. 13 A=—2 eV, U=7.5 eV, andT,=2.0 eV). The vided by the analysis of the OsIXAS spectra below.
occupations of the configurations in the ground state are 22%
3d°, 67% AL, and 11% &I’L2. Figure 2 shows that the ClI
calculation reproduces reasonably well the features in the
SrCoQ, spectrum(the agreement is better than that obtained Figure 3 shows the Osdl x-ray absorption spectra of
using either high-spin or low-spin states calculations, se&rFeQ, SrFg Coys0;, and SrCoQ@. The spectra corre-
Ref. 13. spond to transitions from the Oslto unoccupied O g

The occupation of the &L configuration in SrCo@is  states in the conduction band. These emptyOsgates re-
much larger than that of thed3 configuration. This means flect, through the oxygen-metal hybridization, bands of
that SrCoQ also is in the negative charge-transfer regimemostly metal charactérThe first peaks at threshold corre-
with holes in the O P levels? (which is in agreement with sponds to the Fe-Cod3band region, the rising structure
the already negative value of the charge-transfer parameter around 535 eV corresponds to the St dand region, and the
for this compoung The calculated 8 count for SrCoQ, bumps around 540-545 eV correspond to the Fe-€p 4

C. O 1s XAS spectra
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Figure 4 shows the calculations for the metal Band
O 18 XAS spectra region of the SrFe@and SrCoQ compounds. The calcula-
- tion for the SrFe@ compound corresponds tal®. — c3d*
SrCo0 - transitions inOy, symmetry. The relative energy and intensity
’ of the calculated spectrum is in reasonably agreement with
the experiment. In addition, the calculated spectral weight
for SrFeQ is also in agreement with previous LSDA
calculations® The calculated DOS exhibited a sharp minor-
ity t,q band at the Fermi level, a broad majorigy band
acrosskg, and a broad minoritg, band aboveEg .

The calculation for the SrCoQcompound corresponds to
SrFe, ,Co, O, 3d°L—c3d® transitions inO;, symmetry. The calculated
spectrum is in reasonably agreement with the experiment and
previous LSDA calculation® This provides further support
for the intermediate-spin interpretation of the Cp XAS
spectrum above. The calculated DOS exhibited a sharp mi-
nority t,4 band at the Fermi level, a broad majorély across
Er, and a broad minoritye; band aboveEgr. The main
difference with respect to SrFe@ that the majoritye; band
SrFe0, in SrCoQ is further apart fronEg (in fact, SrCoQ is close
to be a half-metallic ferromagnet with a minimum in the
majority eg band atEg).

...... The calculation for the SreCao, O3 compound is a lin-
"""""""""""" ear combination of SrFeand SrCoQ. The relative energy
-------------- 3 and intensity of the calculated spectrum is in fair agreement
with the experiment. We note that the intensity of &g
peak is overestimated and that of #g peaks is underesti-
mated. At first sight, these could be attributed to a partial
transformation of some Co ions into a high-spigeg (°A))
state. However, this is unlikely because the Gon XAS

FIG. 4. Metal 3 region of the O 5 XAS spectra of SfFeQ  gpectrum shows that most of the Co ions remains in the
SrFe £C0y 50z, and SrCoQ (doty compared to cluster model cal- intermediate-spin3,eg (“T,) state. On other hand, changes
culations(solid lines. in the Fe ions can be ruled out because the high-sje

(°E) state is rather stable. The differences are attributed to
band region. These assignments are consistent with previogdianges in the ground state of O ions located between Fe and
analysis of the SrMn@and SrFeQ spectra’’ Co ions.

Figure 4 shows in more detail the metal Band region of
SrFeQ, SrFg C0o,503, and SrCoQ. These regions can be
analyzed using cluster model calculations including charge-
transfer configurations. The method of calculation follows 1. Tendency to ferromagnetism iSrFeO;

that used |4n15the closely related SrMaGnd CaMnQ The SrFe@ compound is antiferromagnetic with a screw
compounds* 1The metall 8l band region spectra corre- gy ctyre along the propagation wave veckdt111). The
sponds to 8""*L—¢3d""* transitions, where denotes an  Hejsemberg-like exchange interactions estimated from the
O 1s core hole. The energies of the final state configuration%mawsis of paramagnetic neutron scattering ale
are related to the value of the, U, andT,, parameters. The =12 meV, J,=—-0.2 meV, andJ,=—0.3 meV> The
model parameters used here were the same used in the perew structure is due to the competition between the ferro-
vious analysis of the metal2XAS spectra. magnetic nearest-neighbor interactidpy and the antiferro-
The relative energy of the transitions is mostly given bymagnetic second- and fourth-nearest-neighbor interacfigns
the energies of the variousd3™?! final state configurations. and J,, respectively. We note that the magnitude of the
The relative intensities of the transitions is mainly given bypropagation wave vector in SrFg@|k|=0.133*) is rela-
the occupations of thedd * 1L terms in the ground state. The tively small® In turn, this implies that the corresponding
Racah parameterd88(and C) were reduced to 60—70% of wavelength of the magnetic screw structure is relatively
their initial Hartree-Fock valuéthis reduction takes into ac- large. In fact, the relative phase angle between two adjacent
count the extra screening of the @ 2igand holes in the spins along the€111) direction (40°) is rather small. This
ground state The crystal field splitting was estimated from fact can be understood taking into account that the FM inter-
LSDA calculations of pure SrFeand SrCoQ.'° The abso- action is much larger than the AFM interactions. All this
lute energy and intensity of the calculations were adjusted ssuggests that the magnetic structure of Srf-é©Oon the
as to match the experimental peaks. verge of becoming ferromagnetic, see below.

Normalized Intensity

e:g ¢ Deg 1
524 526 528 530 532
Photon Energy (eV)

D. Physical properties
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2. (Half-metallic) ferromagnetism inSrCo0O;? As indicated above, the dominating interactions in the start-

The microscopic origin of the ferromagnetism in the iNg member of the series, SrFgQare ferromagnetiz.in
SrCoQ, compound is not completely clear at the moment.fact, a relatively small amount of Ca=0.2, is enough to
The results shows that the electronic structure of this mateturn the SrFe ,Co0; material ferromagnetit.The main
rial derives from the intermediate-spifye; (“T,) state. The ~question left is how the Co presence quench the residual
ground state is not only given by thel3configuration, but it ~ antiferromagnetic interactions in SrF@?)The most invoked
contains also a considerablel®. weight. Potzeet al. pro-  possibilities would be the double-exchange mechanism and
posed that the ferromagnetism in SrGo@as due to a half-metallic ferromagnetism. The first is related to a model
double-exchange-like  mechani¢th, which involves of fluctuations betweeflocalized spins, whereas the second
Co-O-Co interactions between partially filleg states medi-  derives from(itinerany band structure calculations.
ated by the corresponding p2holes. Band structure calcu- We argue that a mechanism based on double-exchange is
lations of SrCoQ, however, shows a minimum in the major- unlikely in the mixed SrFg_,Co,0; compound, simply be-
ity ey band at the Fermi levé (this is also supported by the cause the potential felt by the supposedly actiyelectrons
above cluster model calculations which show a majogjy at the Fe and Co sites is differefdithough, we must note
peak far away fromEg). So, in fact, SrCo@ might be a  here that a double-exchange mechanism remains a valid pos-
half-metallic ferromagnet such as the double-perovskite syssipility in pure SrCoQ).*® The second possibility is that the
tem SpFeMoG;. Co ions induce a minimum & in the majoritye, band of

3. Absence of Jahn-Teller distortion itsrFeO, S”:_a—*xc_qp& eventu"’!"y turning th? material ferr_omag-
) . ) _netic as in the alternative half-metallic ferromagnetism sce-

The grom_md state of the_F—’é ions mlthcse cubic perovsklte nario. In this sense, the ferromagnetism in StR€a,0;
SrFeQ derives from the high-spits,eg (°E) state. At first  esembles the half-metallic ferromagnetism inF&MoQ;,?

sight, it is surprising that this double-degenerate state does,q not the double-exchange ferromagnetism often proposed
not exhibit a(cooperative Jahn-Teller distortion. This appar- for manganites, such as La,CaMnO, 1
e ’ '

ent discrepancy can be reconciled taking into account th
relatively large occupancy of thedSL configuration. In fact,

the ground state of SrFeQs dominated by the &L con- 6. Magnetoresistance mechanism Brie;_,Co,O3
figuration (58%) and not by thed$ configuration (36%). o _ ) )
The main 31° component of the 8°L configuration is given The origin of the magnetoresistance mechanism in the

by the high-spirnt3,e3 (°A;) state which inhibits the distor- SFa-xC00; compound remains unclear at the moment.
tion. The isoelectronic Mt ions in LaMnQ, are also ina The main possibilities would be based on the double-
high-spint3e} (°E) state and present a Jahn-Teller distor-€xchange mechanism and on tunneling between ferromag-
tion, but in this case, the ground statgven by 55% 31*, netic phases. Again, the double-exchange mechanism is not
40% 3d°L, and 5% 2I°L?) is more ionic than in SrFeQ possible due to the potential differences between the Fe and
This indicates that a strong covalency could eventuallyCo sites. Tunneling between ferromagnetic phases, within a
quench Jahn-Teller distortiongand/or charge-ordering Phase separation scenatfseems to be a more likely expla-

phenomenp nation. In fact, this scenario is supported by previous studies
. . of the magnetic properties of the Fe-rich phase of
4. Magnetic moment at the oxygen sites SrFg _,Co0;. These studies suggest that SrE&o,0;

The ground state of the SrFg@nd SrCoQ compounds (X<0.15) is composed by ferromagnetic islands coupled
contains a considerable amount of @ Bole character. This antiferromagnetically. . . _
follows from the relatively large occupancy of the charge- We note that large magnetoresistance ipF8MoQ; is
transfer configurationsd@ L in the ground state. In turn, ©bserved in polycrystalline samples and not in single
this fact helps to explain the relatively large magnetic mo-Crystals® This was interpreted as being due to tunneling be-
ment observed at the O sites in both compounds. The magween half-metallic ferromagnetic grains in the polycrystal-
netic moment at the O sites derived from neutron measurdine samples.in this sense, the origin of the magnetoresis-
ments is approximately Ouds in both cased’ A magnetic  tance in Srlzzg_XCoxO?, seems to be similar to the origin in
moment at the O sites was also observed ingriagnetic-  S2FeM0oQ;,” and has less in common with double-exchange
circular-dichroism results in SrCa@® The magnetic mo- based explanations usu_ally proposed for manganites such as
ment obtained from LSDA calculations is about Qupfor ~ L81-xCa&MnOs." It remains to be checked if the inhomoge-
SrFeQ and 0.1 for SrCoQ;.'® The larger moment for neities in SrFe_,Co,05 are !ntrlnsu: or due to the micro-
SrCoQ; can be understood taking into account that Srgo0 Structure of the samples, this could be even_tua!ly tested by
is more covalent than SrFgQthe occupancy of the charge Means of magnetotransport measurements in single crystals
transfer 31"*1L configuration in SrCo@, 67%, is larger ©f SrFa_Co0Os.
than that in SrFe@, 58%).

- . 7. Negative charge-transfer character &rFe;_,C0,0,
5. Origin of the ferromagnetism inSrFe;_,C0,0;

The microscopic origin of the ferromagnetism in the The analysis of the spectra above shows that the

SrFg _,Co,0; compound is not completely understood yet. SrFg _,Co,0O3; compound is in the negative charge-transfer
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regimel? This means that the ionic state is not really* e erable O D hole character SrFeQ is in a high-spin state
and Cd™, but rather that the charge state is compensated bgnd SrCoQ in an intermediate-spin state stabilized by strong
O 2p holes(in terms of the CI cluster model, the occupation hybridization. The local electronic structure and the corre-
of the 3d"*IL configuration is larger than that of thed  sponding spin state are mostly preserved in SrE€0,0;.
configuration. Therefore, Srke ,Co,0; illustrates both  The relatively large O @ hole weight in the ground state
ferromagnetism and magneto-resistance in a negative chargexplains the absence of Jahn-Teller distortions, as well as the
transfer material, and confirms that the ground state ofelatively large value of the magnetic moment observed at
SrFg_,C0,0; is qualitatively different from manganites the O sites in these materials. The origin of the magnetore-
and double perovskitésWe note that La_,CaMnO;isina  sistance in the Srke,Co0; compound remains unclear at
mixed charge-transfer/Mott-Hubbard regime and has a domithe moment. The double-exchange mechanism seems un-
nating " configurationt* The situation is less clear in likely due to the difference in the Fe and Co on-site energies.
Sr,FeMoQ;, although recent XAS studies show that the FeTunneling between ferromagnetic phases, within a phase
ions are indeed in a Bé state, with a mixedpd-metal ~ separation scenario, is a more likely explanation.
ground state which is mostly dominated by the first ioni€ 3 SrFq_,Co,O; illustrates both ferromagnetism and magne-

configuratior?? toresistance in a negative charge-transfer material. The
ground state is qualitatively different from manganites, such
IV. SUMMARY AND CONCLUSIONS as La ,CaMnOz;, and double-perovskites, such as
Sr,FeMoG;.
In summary, we studied the relation between the elec-
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