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We report here on the electronic structure of electron-doped half-metallic ferromagnetic perovskites such as
Sr,_,La,FeMoQ; (x=0-0.6) as obtained from high-resolved valence-band photoemission spectroscopy
(PES. By comparing the PES spectra with band-structure calculations, a distinctive peak at the FerEy level
with predominantly(Fe+Mo) tﬁg character has been evidenced for all samples, irrespectively of thkies
investigated. Moreover, we show that the electron doping due to the La substitution provides selectively
delocalized carriers to thlég metallic spin channel. Consequently, a gradual rising of the density of states at
the Er has been observed as a function of the La doping. By changing the incoming photon energy we have
shown that electron doping mainly rises preferentially the Mo density of states. These findings provide fun-
damental clues for understanding the origin of ferromagnetism in these oxides and shall be of relevance for
tailoring oxides having still highef .
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I. INTRODUCTION Recent photoemission spectroscdPES experimentd 2
have provided evidence of the half-metallic character of

The early discovery of colossal magnetoresistance haSFMO by determining that the states close to the Fermi level
abundantly stimulated the research on manganese oxides Heve predominantly Moﬁg and Fet% character: by compar-
cause of their leading technological applications, not counting the measured valence-band spectra with the local spin-
ing their critical importance in basic physics. However, typi- density approximation(LSDA) band-structure theoretical
cally the magnetoresistance strength diminishes as the Cur@alculations it has been concluded that the delocalized elec-
temperature(T¢) increases up to room temperature, thustrons at the E are totally spin-down polarized. Consistent
making it difficult the direct technological use of these ad-results have been lately obtained by using x-ray absorption
vanced materials. As progress of spintronics requires fullyspectroscopy experimertsThe site-specific reported infor-
spin-polarized ferromagnetic materials, haviig: well  mation is also in agreement with LSDA theoretical calcula-
above room temperature, the recent finding of room+ions which contemplate that well localized, and e?
temperature tunneling magnetoresistance and half-metall@pin_up Fe-8 subbands are well below the Fe?mi Ievelgand
(HM) behavior in SyFeMoQ; (SFMO) oxides with Tc  hat the delocalized,; spin-down subbands due to the
7400 K (Ref. _])_ has op(_eneq renewed interest and expectaMO(4d) and Fe (3) are at the E. These spectroscopic
tions for promising applicationsA,MM'QOg double perovs-  regyits together with recent magnetic measurements in the
kites are built up by alternate MDs and MQ; octahedral  paramagnetic pha¥esupport that the AFM interaction is
units bonded by oxygen bridges, where Ais an alkaline eartiyriyen by a mechanism where the itinerant carriers and the
or rare-earth ion and M, Mare & and 4d/5d transition  pe ocalized cores tend to be antiparallel, at variance with the
metals. These materials are predicted to be Hiyhere the  youple exchange interaction.
metallic behavior of one electron spin channel is coexisting Magnetic measurements are consistent with ferromagnetic
with an energy gap between valence and conduction bangggering of Fe(8° %) moments which shall be antiferro-
for the glectron; of the other spin polarization. In s_hort, themagnetically coupled to any moment on Ma(?® sites. Un-
electronic configuration of SFMO can be descr'bgd byderstanding of the physical mechanism lying behind the fer-
Fe(3d° %):Mo(4d%) (5=0.%). The Fe-al fulfled (t3;  romagnetic ordering remains challenging. Difficulties arise
ande) spin-up electrons can be viewed as localized whereagainly due to the fact that in this structure thé(#0) ions
the Fe 3 partially empty (ég_ %) spin-down states are are essentially nonmagnetic and thus the separation between
strongly hybridized with O-p orbitals and partially empty the magnetic ion§3d(Fe)] is substantially large {8 A).
Mo-4d° (spin-down states. Consequently, these transition-In spite of this, the Curie temperature is very high, exceeding
metal oxides alloys present bands associated to one spihat of the celebrated manganiték- 360 K). This obser-
polarization(in this case Fe-8 spin-up entirely filled, and  vation suggests that the double exchange model used to de-
separated by an energy gap from the other spin channel irscribe the ferromagnetism in manganites cannot be safely
volving Fe-3 and Mo-4d spin-down electrons has a metal- used in the present case. Saraial® proposed that due to
lic character. the Fe-Mo hybridization, the intra-atomic exchange in Mo is
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much enhanced thus resulting in a strong antiferromagnetiton, we provide spectroscopic evidence that the electron in-

coupling between Fe and Mo and thus leading to an effectivgection supplies carriers to the metallic spin-down channel,

more robust Fe-Fe ferromagnetic ordering. Recently, Fanghile the other Fe-8 fullfilled (tgg andeg) spin-up insulat-

et al! have proposed that ferromagnetism is stabilized bying channel remains unchanged. These results constitute a

the exchange splitting of the Mo@ orbitals, which lowers stringent test for proposed models for electronic structure

the energy of carriers and promotes a charge transfer frorand ferromagnetism in SFMO and shall provide guidelines

the spin-up to the spin-down subbands. for further progress on tailoring ferromagnetic metals having
Based on neutron diffraction®!® and early Mesbauer optimal properties for spintronics.

spectroscopy dat4, ferrimagnetism was proposed to be

originated from the AFM ordering of & (3d®; 3 e3'):

Mo°" (4d%; t%é) configurations, thus predicting a saturation Il. EXPERIMENTAL DETAILS

magnetization of 45 . However, the experimental values of

the saturation moment are commonly found to be of abouF1

3.1-3.2u5 . 11471830 far, this sensible diminution of the satu-

PES experiments on sr,La,FeMoQ; ceramic samples
ave been performed at the ANTARESUS8 beamling at
LURE using synchrotron radiation light between 14 and 890

ration moment has beel_"! attributed to a partial Fe-Mo dlsor—ev provided by an insertion device of Super-Aco storage
der. From more recent Msbauer data, however, a state Ofring.zz'nghe Fermi level of the oxides has been determined

valeq(;e fluctuation of er;3+ has b_een proposed by _|_|mule using Cu as reference. In the range of explored energies h
etal”" and Balcellset al,” and this has been sustained by {pe energy resolution has been of about 50—150 e,
Chmaissenet al. who has foundupe=(4.3-4.4upg from  The spectra intensity has been normalized with respect to the
neutron diffraction and Mssbauer studie$.We recall that, source photon flux, which has been measured using the
as indicated in reference 5, the saturation magnetization vaphotoinduced currentylof a gold grid placed behind the
ues can not allow discriminating among *FeMo" or  sample. In order to take into account a constant detection
Fe?*:Mo®" electronic configurations. In contrast, the effec- geometry and the optimal analyzer focus for all samples ana-
tive moment in the paramagnetic phase shall be insensitive i§zed, we have considered a spectral feature sensible to these
the presence of Fe/Mo disorder and should, in principle, alparameters. As it is known in PES experiments, the absolute
lows to discriminate between F&:Mo®" or FE*:Mo®"  value of the background intensity in the flat zones of the
configurations, thus it may provide a more robust insight intospectra is particularly affected by the above-mentioned ex-
the electronic configuration of the Fe/Mo ionic species. Usperimental parameters. Consequently, the quantitative evalu-
ing this approach, Toveet al. have recently shown that the ation presented in this work has been done considering the
magnetic properties in the paramagnetic regime cannot ba&bsolute background intensity value at 5 eV above the Fermi
understood by considering only the contribution of localizedlevel. Only those samples, whose background intensity is
moments: the effective paramagnetic moment is found to beomparable(within 2% of erroj have been considered.
smaller that it should be expected for any electronic configuMoreover, any particular alignment has been imposed, nor
ration Fe(21%):Mo(4d°) or Fe(%):Mo(4d?).1° any additional normalization procedure has been taken into
In fact, the paramagnetic susceptibility data has beemccount.
modeled® by assuming that there is an exchange induced Due to the polycrystalline nature of the investigated
spin polarization of the conduction band being antiferromagsamples, the results reported here should be considered as
netically coupled to the localized moments by Hund cou-angle-integrated data, because the lack of momentum dis-
pling. Even more, the strength of the ferromagnetic couplingcrimination in the reciprocal space. Samples have been
has been predicted to be proportional to the density of statescratched in situ in ultrahigh vacuurP€3x 10 ** torr) by
at the Fermi leve] D(Eg)]. These findings may provide mi- using a diamond saw. Surface contamination has been moni-
croscopic understanding of the observed augmentation of thered by synchrotron radiation photoemission. All investi-
Curie temperature upon electron dopih@lthough direct gated samples showed a very high level of reactivity. Minor
evidence is still lacking. Similarly, evidence of a half- photoemission features near the Fermi level were much more
metallic ferromagnetic nature of these electron-doped doubleffected by small amount of carbon and/or oxygen contami-
perovskites is still missing. nation than strong PES features at high binding energies. The
Here, we report on synchrotron radiation photoemissiorcorrect cleanliness of the samples was achieved ensuring ex-
measurements near the Fermi level of Sta,FeMoQ; with cellent UHV conditions and the confirmation that any trace
a gradual level of electron doping. As it has been recenthyof contamination were present in them. All measurements
shown?® the doping (achieved via partial substitution of have been carried out at room temperature.
Sr*2 by La"®) promotes a substantial enhancement of the Sample preparation, structural and magnetic characteriza-
Curie temperaturéwith AT up to 80 K). These experimen- tion can be found elsewheté®?°Here, in order to illustrate
tal evidences, sharply contrast with some recent prediéionsthe high quality of the used samples, we only mention that in
thus illustrating the complexity of phase diagram in doublethe pristine compoundx& 0), the saturation magnetization
perovskites. We will show here that as the La substitutionis Mg=3.8ug and the antisite concentratidne., misplaced
progresses, a noticeable enhancement ofXfE:) mainly  Fe/Mo ions is ~5% and the Curie temperatufgetermined
formed by Mo(4l) and Fe (8l) states is measured. A clear from extrapolation of the magnetization curyés of about
correlation betweer(Er) and T is discovered. In addi- 430 K. For the rest of samples the corresponding values are
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weight with the dominating integrated density of states of

S, .La FeMoO = _ : i
f- eV hv=>50ev these compounds, we included in the bottom of the Fig. 2,

= ifg'g the first reported theoretical density of states for the SFMO,
A x=0.4 from Kobayashiet al! These results, based on the general-
— x=0.6 ized gradient approximation for the exchange and correlation
part of the density-functional method, give the spin discrimi-
nated bands characteristic of SFMO. Subsequently, several
theoretical groups have performed band-structure calcula-
tions for the SFMO. In particular, Wet al* and Saitoh
Fe(‘lg)J'M"E(‘zs)' et al.® by using full-potential linearized augmented plan-

wave method within the LSDA and LSDAU scheme, have
showed that the generic features of the SFMO valence band
are consistent with the GGA calculatioh3he only notice-
able change induced by the introduction of an effective Cou-
lomb repulsionU.¢¢, concerns the binding energy of the
spin-up Fef,g) states, which are shifted down in enefdy’
| | | | | | ! ! Regarding Fig. 1, it can be noticed that two major fea-
12 10 8 -6 -4 2 0 tures, occurring at-8 and—6 eV correspond to O(2) and
Binding Energy (eV Fe(eﬁzg) states, respectively, as it has been reported before
o for nonelectron doped samplé8 Experimentally, the metal-
FIG. 1. Valence-band spectra photoemission spectra fofic eqge s clearly visible for all samples. In addition well-
S, xLaFeMoQ; (x=0-0.6) recorded aty=50 eV. In the bot-  yefined features are observed at binding eneri& ex-
tom part, theoretical calculations adapted from Ref. 1 are |ncludedtended from~—2.5 eV to ~—10 eV, below the Fermi
level. In agreement with computatioh&? the experimental
Tc=440 K, 465 K, and 480 K forx=0.2, 0.4, and 0.6, peaks can be safely assigned to two dominating features, one
respectively. Thes@ ¢ values are comparable to those re- mainly spin-up and spin-down Of3-hybridized band ex-
ported in Ref. 20 for similar samples. TAg values deter- tended from—9 eV to—2 eV and one sharp large peak near
mined from the Arrot plots also show the same systemati¢he upper band edge associated to the spin-uf2Eg(states,
rise with doping although the absolute values are somewhaghich extends from—6 eV to —2 eV. The metallic edge
lower; for instanceT c=400 K and 420 K forx=0 and 0.4,  can be well recognized for all values. At the bottom of the
respectively. Refinement of neutron-diffraction profiles haveyalence band, we observe a broad feature at 9—12 eV. This
been used to confirm that, within the experimental resolupeak has not been reported in La-nondoped samples, hence it
tion, all samples reported here have oxygen stoichiometrias not been so far assigned. It cannot be associated to any
content’® contamination because the cleanliness of the samples was
carefully and regularly checked by synchrotron radiation
. RESULTS photoemission. Alternatively, even if theoretical band-
structure calculations of La-doped compounds are not avail-
Figure 1 shows the valence-band spectrum ofable, we may speculatively relate this peak to Fe-O hybrid-
Sr_,La,FeMoQy (x=0, 0.2, 0.4, and O)6samples col- ized states, which could be associated to the existence of a
lected usinghv=50 eV. The same spectra have been meastructural phase transition in these samplesxAt0.6 this
sured using a wide photon energy rariget shown, includ-  phase transition is well established, however, at lower doping
ing near hvy=90 eV where Mo states present a Coopervalues, it is supposed to be present but only partially, in a
minimum and thus the PES is mainly dominated by E§(3 way, which is rather difficult to ascertain quantitatively.
and O(2) states. The significant photoemission features of Substantial modifications of the spectra are observed at or
the valence band of these compounds are present in all spearound (0—2 eV} the Fermi level upon La substitution.
tra measured in the 30 evhv<170 eV photon energy Within the context of this paper of the greatest interest is the
range. It is noticeable, that the relative intensity of the peaksalence-band spectrum close to theas shown in Fig. 2. To
in each spectra depends on the photon energy used due to thleicidate the origin of the observed changes in the spectra,
well-known energy dependence of the matrix elementswe have recorded spectra at different photon energies with
These results are in excellent agreement with recent pulihe purpose of taking advantage of the dependence of the
lished data for SFMO(Ref. 8 and BaFeMoQ; (Ref. 7 photoionization cross sectiomsof the different elements on
double perovskites. the photon energy. Detailed inspection of these spectra im-
As we will show below, all significant valence-band pho- mediately reveals a finer structure. Av=90 eV [Fig. 2
toemission features recorded from the La-doped SFMGQtop)], where the cross section of the Fe electronic states is
samples closely correspond to those for the parent compounduch higher than those from molybdenum and oxygen
valence band. In the past, the assignation of every peak has(Fe):.oc(M0):0(0)~7:0.1:1.5, the spectra show two
been basically done comparing experimental valence-banehain features, one state at the Fermi edge which changes
spectra with theoretical density of states calculatiboh$In  slightly its intensity as the electron doping progresses and
order to correlate the measured La-doped samples spectm@her state extended from 0.7 eV to 2.5 eV, whose intensity is

Normalized intensity (arbitrary units)

- -

Fe(tzg)
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Al —— x=0.0
Ay S1p gLaFeMoOg 77 )0 St 5. LaFeMoO, hv =50 eV
A & x=04
— x=0.6 Y Fe(e,) A (Fe+Mo)(t,,) y

Fe(t, )+Mo(t IV

............................

(Fe sensitive)

Fe(t, )+M0(t B  x =06

Normalized intensity (arbitrary units)

hv=50eV

(Fe and Mo sensitive)

" spinup 7 - ) — Total .3 .2 |1 :
—— Fe 3d - S
— NTO 3d Binding Energy (eV)
—_— O 2p

FIG. 3. Upper part of the valence-band spectra for

Normalized Intensity (arbitrary units)

Fe (ty,)+Mo (t,,) :
: Sr,_,La,FeMoQ; (x=0,0.6), recorded dtv=50 eV. Deconvolu-
- Spm down /_/—» tion of different states are indicated.
-3.0 -20 -1 .0 0.0 account the spectral weight broadening due to the relative
Binding Energy (eV) high measurement temperature, we can estimate the photo-

emission half-gap on the occupied state side of the majority
spin-up Feé)) channel to be 0£0.2 eV. The peak labeled
A, extending up to the Fermi level, can be associated to
spin-down Fe(2 ) and Mo(t2 ) states. The comparison of
the PES spectra with theoretical predictibhishown in Fig.
unchanged as the La doping increases. 2 confirms the peak assignation we have made. From data in
In Fig. 2 (middle) we show the same spectra recorded atFig. 2, it is clear that the position of the spin-up E&)(states
hv=50 eV, where the cross sections of Fe, Mo, and O iong§B andC), does not change noticeably with La doping, in-
are comparabl¢o(Fe).oc(Mo):0(0)~9:3.5:6]. Both fea- dicating that the spin-ugmajority) channel gap is not per-
tures are present; however, their behavior as a function alirbed by the electron injection all along the investigated
doping is different: in this case, the intensity of both states isioping regime.
clearly rising as the La content increases, thus revealing a It is important to note that, in agreement with recent
gradual modifications of Mo and O derived states. We in-predictions’* the results shown in Fig. 3 indicate that a
clude in Fig. 2(bottom) the theoretical density of states for simple rigid-band model cannot be used to analyze the data.
the parent compound as recently calculated by Satall®  In this framework, it shall be expected that a charge transfer
In agreement with computationé;**®we note that the ex- or carrier doping may promote a rigid upward shift of the
perimental features observed in the PES can be assigned ermi level in order to fill with the extra chargavailable
oxygen O() hybridized spin-up Fef;) (—1-—2.5€eV) unoccupied banddf this was the case the binding energy of
states and spin-down FRgf)+Mo(t,g) states (0 to both spin channels should have been increased in the same
-1 eV). amount as the Fermi level may have been shifted. In spite of
Deconvolution of the experimental data has been donghis, only the states at the Fermi lev&atureA of Fig. 2
(Fig. 3 using a background Gaussian function that collectsassociated to the delocalized spin-down Mo states are modi-
the tail of the—6 eV peak(Fig. 2) plus three gaussian peaks, fied. The spectral weight related to those totally polarized
labeledC, B, and A convoluted with the Fermi function in states increases and their binding energy shifts slightly away
Fig. 3. The solid line through the data shows the quality offrom the Fermi level. In contrast, featurBsandC associated
the fits. This decomposition allows a clear identification ofto the spin-up channel are not affected by the electron doping
the stategB at ~—2.0 eV and C at~—1.25 eV), corre- keeping their binding energy unchanged for different La con-
sponding to the spin-up F%Q doublet band predicted by tent. Consequently, the photoemission half-gap on the occu-
several theoretical works:**~®*'The expected theoretical pied state side of the minority spin-up Bg) channel re-
bandwidth of 1.5 eV for the spin-up F«%O states agrees mains invariable €0.7£0.2 eV) irrespectively on doping.
quite well with the states labeled & and C. Taking into In order to evaluate the behavior of the intensity of peaks

FIG. 2. (Color onling Photoemission spectra neag Eegion of
Sr,_,La,FeMoQ; (x=0-0.6) recorded ahv=90 eV (top) and
hv=50 eV (middle). In the bottom part, theoretical calculations
adapted from Ref. 29 are included.
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0076 14 FeMoO temperature of each Sr,LaFeMoQ; sample. A striking,
X 6 almost linear, dependence ©f on theD(E) is obtained.
P This is a fundamental result that reveals and illustrates the
4807 o7 o role of the itinerant carriers on the ferromagnetic coupling in
x=04 7 x=06 these oxides. The prediction thag may rise when increas-
460 d ing theD(Eg) contained in the formalism of analysis of the
o <02 effective moment and ferromagnetic coupling recently devel-
e oped by Tovaet al’ was at the heart of the attempts to rise
440 @ 16{e DEFerMo Tc by electron doping® It is worth noting that the density of
."’ L 14]° PEF @ states projected on the Fe state, as determined from the PES
X=0.0 %11.2_' ./‘ obtained ath»=90 eV [open circles in Fig. 4inseb], does
4207 Lo .::Z:O ________ o not show any significant variation upon La doping thus illus-
E e CID — trating that doping carriers occupy mainly Mo orbitals.
00 02 04 06 The data shown here do not provide insight into the mi-
400, T — T croscopic mechanism for the modification of the density of
8 10 12 14 states, although it is clearly triggered by the La doping. The

3 . .
D(Ep) (10" arbitrary units) difficulty arises due to the fact that the carrier injection as-

FIG. 4. Curie temperature vs the density of stabByEr,x) sociateq to the La doping i_s acc_ompanied by a gradual cell
taken at 50 eV. Inset: NormalizeD(EF):D(EF,x)/D(EFF,b)) expansion _and gtructural distortion and the enhanqed pres-
taken at 50 eV @) and 90 eV O) vs the La contents. ence of anusne%. These effects are the.rgsult of the different

sizes of La/Sr ions and a reduced driving force for Fe/Mo

) ordering due to the electron injection. The latter would be
A, B, andC, we concentrate our analysis on the PES spectraonsistent with doping electrons occupying Md-érbital:
(Fig. 2) obtained at the Mo Cooper minimumh¢  ang thus in agreement with the present data. The former may
=90 eV), with purpose to discriminate the relative contribu-requce the Mo-O-Fe orbital overlapping thus shrinking the
tion of the Fe and Mo to the corresponding states. Top part ofonduction band. However, to what extent these phenomena
Fig. 2 reveals that @v=90 eV thet}, states do not change contribute to the observed modifications of tB&E) is
their intensity upon La doping, thus indicating that the en-nowadays unknown and further efforts to discriminate be-
hancement observed hv=50 eV is due to the some pro- tween bond bending, antisites and genuine carrier doping are
gressive admixture of M@A) and oxygen hybridized orbitals required to address this issue.
(B andC), to the bottom of the conduction and top of the
valence band, respectively. Of fundamental importance is the
observation that dhvr=50 eV (and to lower extent also for IV. CONCLUSIONS
hy=90 eV) the intensity of thdﬁg peak (labeled A) in-
creases and thus the corresponding density of states at t
Fermi levelD (Eg) also rises. This is a key result that reveals
that La doping and the accompanying electron injection pro

he !N summary, we have provide evidence that, in double
perovskites, there is a close connection betweerDi(ieg)

and the strength of the ferromagnetic coupling and thus the
Curie temperature. This experimental observation should
I%rovide a solid guide for research of half-metallic ferromag-

used, suggests that the electron doping supplies charge %]t_at!g ox]!de:fs ht?]vmg St'"I h'gheTtC a][]d cton{selql;ently.otppo.r—
most exclusively to previously unoccupied spin dowiMo unities for further developments of materials for spintronics.

o -We shall mention that recent findings in ferromagnetic di-
states, although these states may be strongly hybridized wn‘IWted semiconducto? also fit in the fqramework ang meth-

oxygen and Fe states. Moreover, independently of the photorliI

energy used, the data undoubtedly show that the BE of th dologies dteyeloped h?re and thus tthe tpr_etserg)t riﬁultsthmay
spin-up channel remains unaffected by the La electron do nave impact Jii areas of major current activity. n the other

ing, whereas the spin-down channel close to the Fermi lev and, P|ck§:?18 recently. proposed that ZM.M’OG o>§|des .

is affected both in BE and intensity. could be ideal candldgtes _for searchln_g exotic spin-
The density of stateB (E¢) has been evaluated by inte- comp_ensated_ half-metallic ar_1t|_ferromagnet|sm _and eventu-

grating the measured PES intensity measured at 50FeV ally single spm_superco_nductlwty. Our. observation that t_he

and Mo sensitive, Fig. Zmiddle) over an energy range of spln—down carrer density can be adjusted by appropriate

+100 meV around the Fermi-edge inflexion point. As showndOplng may provide an alternative way to reach the required

in Fig. 4 (insed, where we collect the normalizéd(Eg) vs fully spin compensation.
La concentratior(x) (solid circleg, there is a roughly linear
enhancement oD(Eg) upon doping. We have tested the
robustness of this result by integrating the PES intensity over
other energy range®0-200 meV. No significant variation We thank the AMORECEE), LURE, Project Nos. MAT

of the D(Eg ,x) dependence is found. The relevance of this2002-04551-C0O3-01 and MAT 2002-03431 for financial sup-
finding can be better appreciated in Fig.(shain panel  port and the MCYT-LURE for making available the synchro-
where we plot theD(Eg) values together with the Curie tron radiation light.
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