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Electronic excitation spectra from ab initio band-structure results for LaM O 5
(M =Cr,Mn,Fe,Co,Ni)
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We present calculated electron excitation spectra for thd Qa series M =Cr-Ni) obtained withinab
initio band-structure calculations for the real geometric and magnetic structures. The calculated results show
good agreement with the experimentally obtained spectra. This suggests that the transition-metal—transition-
metal interactions via the oxygen atom play an important role in determining the spectroscopic features and
indicates a smaller value &f/t than has been believed so far. The present approach undermines the impor-
tance of multiplet interactions which otherwise play an important role within various single-impurity models.
[S0163-18296)01627-X

INTRODUCTION neighboring transition-metal sites in many such compounds,
making it necessary to explore models that are more relevant
During the last few years, a lot of attention has been foto the electronic structure of transition-metal oxides than a
cused on the electronic structure of the Bansition-metal single-impurity model. For example, recently it has been
oxides following the discovery of many exotic properties shown that the spectral features of the prototypical examples
such as high-temperature superconductiVigyant magneto-  of strongly correlated transition-metal oxides NiO and CuO
resistancé,and other phenomeriavlany of these properties (Ref. 6 are better described within a multi-impurity model
indicate a close interplay between magnetic and electronicompared to single-impurity ones. More recently, it has been
properties. This arises from the simultaneous presence ahowrl that the ground-state magnetic and electronic prop-
strong electron-electron interaction strendth within the  erties of LaO; compounds withM =Mn-Ni are correctly
transition-metatl manifold and a sizable hopping interaction predicted byab initio band-structure calculations. Further-
strengtht between the transition-metal and oxygenp  more, it was found that thab initio band-structure approach
states. While large values &f tend to localize the electrons also provided a reliable description of the x-ray photoelec-
and stabilize a magnetic moment at the transition-metal sitdfon spectra of the valence band in M&®; with
the presence of large on the other hand, leads to a tendencyM =Mn-Ni.” In contrast, the traditional belief has been that
towards delocalization of the electrons. Thus, this competiband theory is a complete failure for the excitation spectra of
tion between the two opposing tendencies leads to the widevery kind of transition-metal compound and that it is nec-
spectrum of electronic and magnetic ground states iressary to describe the excitation spectra within models ap-
transition-metal oxides. Electron spectroscopies have playegropriate for strongly correlated systems, such as the Ander-
a very important role in understanding the electronic strucson impurity model. It is to be noted that the band theory and
ture of such strongly correlated electron systems over morthe Anderson impurity model represent two attempts to de-
than a decade now. These spectroscopic results have beseribe correlated systems from two different limits. While
traditionally interpreted with the help of various single- the band theory approach provides an accurateasnititio
impurity models such as the cluster mddet the Anderson description of various hopping interaction strengths in the
impurity model® Within this approach, one considers only a lattice, it treats the Coulomb interaction only in an approxi-
single transition-metal ion interacting with a cluster of oxy- mate and average effectively single-particle sense. On the
gen atom$, or with a ligand derivedp band® Thus, this  other hand, impurity Hamiltonians ignore the lattice of the
model completely ignores the lattice periodicity of the transition-metal ions while providing a rigorous though pa-
transition-metal site. It is reasonable to expect a negligibleametrized treatment of the intra-atomic Coulomb interac-
strength of direct hopping interaction between nearest neigttion. It is well known that the impurity model approach has
bor transition-metal sites owing to their large spatial separabeen satisfactory in general in describing a variety of excita-
tion in most of the oxides; however, two transition-metaltion spectra of a large number of transition-metal com-
sites can still have a substantial effective interaction via thgpounds. On the other hand, the success of band theory in
oxygen atom in between if the transition-methloxygen describing the excitation spectra ofM#& ; compounds with
p hopping interaction strengthis large enough. Thus, itis M=Mn-Ni (Ref. 7) has been demonstrated only for the x-ray
obvious that a single-impurity approach is expected to beralence-band photoemission spectra. It is to be noted that
most suitable in the limit of larg&J/t. While it is generally  such spectra are related only to the occupied part of the elec-
assumed to be the case, it is, however, not yet an establish&wnic structure. In view of these considerations, the unex-
fact for all transition-metal oxides. pected success of the band theory in this context is worth a
In very recent times, there has been a growing awarenesdoser inspection, since there are certain obvious merits in an
that there may indeed be a strong coupling between thab initio approach compared to any parametrized model.
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Thus, it was felt necessary to investigate whether the band — 7T T

theoretical approach would also describe the unoccupied part L (a) LaCrO, : XPS
of the electronic structure in the same compounds, thus pro-

. - Lo . e 15F * Expt % .
viding a unified andab initio description of excitation spec- Total A AN

tra related to the entire electronic structure of these com-
pounds. In order to do this, we report here the calculated
unoccupied spectra fov =Cr-Ni and compare these with
corresponding Bremsstrahlung isochromé®l) spectra,
which probe the unoccupied part. In a few cases, the experi-
mental Bl spectra do not provide a critical check for the
calculated spectra due to experimental difficulties. In such
cases, we compare the oxygdfredge x-ray-absorption
(XA) spectra with the corresponding calculated ones, since
XA spectra also probe the unoccupied part of the electronic
states. Furthermore, we present results for the x-ray-
photoemission(XP) spectrum of LaCrQ not presented
earlier! All these results are discussed in terms of spin po-
larizations and orbital characters of the states.

Intensity (arb. unit)

METHOD

Ab initio local-spin-density-functionalLSDA) calcula-
tions were carried out using the linearized-muffin-tin-orbital
(LMTO) method within the atomic sphere approximation
(ASA).B For the series of compounds investigated, no empty
sphere was required to fulfill the volume-filling criterion.
Semi-relativistic calculations with full self-consistency were
obtained using,p,d, andf bases at each atomic sphere. The
calculations were performed with 283 andI8@oints in the
irreducible parts of the Brillouin zong82Z) of the rhombo-
hedral and orthorhombic structures, corresponding to 1000 FIG. 1. (a) Experimental valence-band x-ray-photoemission
and 216k points over the full BZ. In order to obtain the spectrum(dots of LaCrO; compared with the calculated spectrum
calculated spectra, it is necessary to calculate the transitiosolid line). The relative contributions from Gt states(dash) and
matrix elements, since the spectral features are substantialfyp statesdash-doxto the calculated spectrum are also shoa.
modified from the density of staté®0S) due to the pres- The spin-polarized contributions of @rstates from one of the Cr
ence of strong variations in transition probabilities corre-Sites to the cglcullated spectrum is shown here; the solid I?ne is the
sponding to states with different site and angular momenturP-SPIn contribution, while dashes represent the down-spin contri-
characters as well as with energy. Thus, energy-dependeRttion-
matrix elements were calculated for each angular momentum
| and site starting with the converged LMTO potentials forand Fg, and nonmagneti¢Co and N) according to the ob-
each site within the formalism of Winter, Durham, and served ground-state magnetic structures.

Stocks? In order to obtain the calculated spectra, the site and
[-projected DOS were weighted by these calculated matrix
elements and suitably broadened with a Gaussian represent-
ing the resolution broadening and an energy-dependent We show the comparison of an x-ray-photoemission
Lorentzian representing lifetime effects. Since the oxygenalence-band spectrum of LaCgCand the corresponding
K-edge x-ray-absorption spectrum probes the oxygehar-  calculated spectrum in Fig. 1. The experimental spectrum
acter in the unoccupied DOS due to dipole selection rulesexhibits the most intense peak at about 6 eV with a shoulder
only the unoccupied oxygem partial DOS without any ma-  at about 4.5 eV binding energy. Another peak is clearly ob-
trix element correction was taken into account in this caseserved at about 1.5 eV binding energy. The spectral intensity
The calculated spectra were rigidly shifted in energy to aligrof this feature relative to the most intense peak at 6 eV is
the most intense peak with that of the experiment, correctindound to become weaker with decreasing photon energy.
for the underestimation of the band gap in local density apThis indicates that the spectral feature at 1.5 eV is predomi-
proximation, as has been discussed eaflier. nantly due to Cr states, while the main peak has more oxy-

Every calculation was performed for the real crystalgenp character. The calculated spectrum shown in Fig) 1
structuré® and the observed magnetic ground state. LaCrOijs in very good agreement with the spectral feature at about 6
and LaFeQ have twenty atoms in the Pbnm unit cells; eV and the shoulder at about 4.5 eV in terms of spectral
LaMnO; also has twenty atoms in the Pnma unit cell. features, widths, energy positions, and relative intensities.
LaCoO; and LaNiO; have ten atoms each in the ®8truc-  However, the energy position of the @related feature near
ture. The magnetic structure for which calculations were peri.5 eV is underestimated by about 0.9 eV in the calculation,
formed for these oxides ave type AF(Mn), G type AF(Cr  although the spectral shape, intensity, and width appear to be

Energy (eV)

RESULTS AND DISCUSSION
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FIG. 2. A wide scan Bl spectrum of lgaSr, ;CrO5 showing the [
intense La 4 peak at about 8.5 eV and weak intensity features
related to Crd states below 7 eV. 0.25

reasonably well described. The €and Op contributions to

the calculated spectrum shown in Figalshow that the

experimental feature at about 1.5 eV is almost entirely con-

tributed by Crd states, while the oxygep related intensity 0.00

is the dominant contribution to the most intense peak and the S —

shoulder at higher binding energy, in agreement with the ! 2 8 4 5

dependence of the observed experimental intensity on photon Energy (eV)

energy. The calculated DOS and partial DOS suggest that the

shoulder at about 4.5 eV arises primarily from nonbonding FIG. 3. (a) Experimental Bl spectrum dfdots Lag ¢Sro;CrOs

oxygenp states with minimal contribution from the @  compared with the calculated spectrysolid ling) for LaCrO;.

states, while the most intense peak arises from bonding Ckhe relative contributions from il states(dash and Op states

d-O p interaction. This interpretation is supported by the(dash-dokto the calculated spectrum are also shovm.The spin-

distribution of Crd intensity in the calculated spectrum in polarized contributions of Cif states from one of the Cr sites to the

Fig. 1(a) between 3 and 8 eV. The spin polarization of the Crcalculated spectrum is shown here; the solid line is the up-spin

d contribution from one of the Cr sites in the calculatedcontribution, while dashes represent the down-spin contribution.

spectrum shows a very strong polarization for the primarily

Cr d related intensity between 0 and 2 eV; however, theof the spectral shape of other features and thus we do not

extent of spin polarization is considerably weakened in thenake any such attempt here. Instead we compare the calcu-

energy region of a primarily oxygem contribution between lated spectrum of the unoccupied state with the raw experi-

3 and 8 eV. The strong spin polarization of theCrelated ~mental results in Fig. @). The calculated spectrum exhibits

feature is easily understood in terms of tg, configuration @ peak close to 4 eV in the G derived states. The calcu-

of the CP™* d° state. lated feature agrees with the experimental spectrum as sug-
It was not possible to record the Bl spectrum of LagrO gested in Fig. @) by a vertical line. However, the super-

due to a severe charging problem arising from the wideposed features arising from other states, for example, the La

band-gap insulating state of the compound. Doping of 1094 states, make the determination of the experimental peak

Sr in LaCrO;, decreases the resistivity of the sample consid-P0sition very uncertain. The spectral decomposition in terms

erably. The spectral features of 4451, ,CrO; have been Of the Crd and Op contributions[Fig. 3@] indicate that

found to be very similar to that of LaCr{in various pho- there is very little contribution from @ derived states in the

toemission spectra and we believe that the Bl spectra of thed® spectrum. The calculated peak at about 4 eV has more

two compounds are also similar. We show the wide scan BHOWN-spin character, although the up-spin contribution is

spectra of Lg ¢SroCrO5 in Fig. 2. The intense peak near 8 also sizable[see Fig. @)]. The relative intensities of the

eV arises from the La f contribution, while the strongly —SPin-resolved contributions suggest that the down-spin arises

distorted conduction-band spectral features can be observé@m the transitions into thej; states, while the up-spin

only as a shoulder between 2 and 6 eV. This illustrates theontribution in the same energy region arises fleﬁ'pstates.

problem of extracting any detailed spectral feature of thelhere is a second spectral feature related td States in the

conduction band in such compounds due to the overlap dBl spectrum; this can be barely seen as an asymmetry in the

very intense features in Bl spectra at higher energies. We diow-energy wing of the La #signal at about 6 eV in Fig. 2.

not believe that any spectral decomposition in such a situa®@ur calculations show that it has substantialdditown-spin

tion will be reliable in the absence of any detailed knowledgecontributions, although other states such asllaso signifi-
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clearer emergence of these peaks in the oxy¢@ge spec-
trum compared to the Bl spectrum in Fig. 2 is due to the near
absence of La #related states in thK-edge spectrum; La
4Af states have relatively small oxyg@nadmixture in these
compounds, while it dominates the Bl spectrum. The calcu-

lated spectrum for oxygerK-edge absorption in Fig. 4
clearly shows the first peak arising from an oxygeadmix-

ture into the Cit,4, andey; states at the right energy posi-
tion with correct spectral shape and width. The second fea-
ture in the calculated spectrum arises from the oxygen
admixture into the Ce,, states. The third spectral feature in
the experiment and the calculation at about 8.5 eV arises
mainly from the oxygerp admixture with La derived states
with negligible Crd contribution. While there is a good
overall agreement between the experimental and calculated
results, there is a discrepancy in terms of the relative inten-
sities of the two peaks at about 6.5 and 8.5 eV. This arises
from our neglect of matrix element effects in the oxygen
K-edge absorption spectrum. It is to be noted that the feature
at 6.5 eV arises from the oxygem admixture with Crd

gy, States, while the higher-energy feature at 8.5 eV is due to
the admixture with La states; thus the matrix element effects
may be expected to play some role. Overall it appears that
cantly contribute broad spectral features at this energy rangé1e band-structure results provide a satisfactory amhitio

We interpret the Cd contribution near 6 eV as arising from description of the x-ray-absorption spectrum of this com-
transitions intoegl states in view of the spin polarization of Pound. _ _

Cr d states in this energy range. The energy separation be- 1he Bl spectrum of LaMn@is compared with the calcu-

tween thet,,, ande,, states is about 2.5 eV and is an ap- lated spectrum in Fig. (51): From this ﬁgure, it is obvious_
proximate measure of the total crystal field splitting in that the spectral shape, width, and position are well described

LaCrOs. by Fhe calculated result. The increasipg intensity of t_he ex-
It is clear from Figs. 2 and 3 that the band theoreticalpe”menta' spectrum above 3.5 eV arises from_the tailing of
approach to describing the unoccupied spectral features [§€ intense La # state, as has already been discussed. We
severely restricted in the case of the Bl spectrum offind that the BI spec_trym is almost entirely dominated by Mn_
LaCrO; due to the presence of the intense Lia spectral d derived states; this is a consequence of much larger matrix
contributions. In order to be more certain of the efficacy oféléments for these states compared to oxygestates. The
this approach, we have compared the oxyeadge x-ray- SPin-polarized contributions shown in Fig(b§ suggest a
absorption spectrum of L@aSr, ;CrO; with the broadened domlngnt c_ontrg)bunon f[)om down-spin states arising fr_om
oxygenp DOS of LaCrO; over a wider energy range, since ransitions intat; andey, states, although there is consid-
the oxygenK-edge absorption spectra probe the oxygen erable up-spin contribution in the first few electron volts
admixture in the unoccupied parts due to dipolar selectioffom transitions into the b state.
rules. The calculated results suggest that all the energy posi- In the case of the Bl spectrum from LaFgOwe once
tions of various features in the calculation are systematicallj@gain encounter the same difficulty as in the case of
overestimated by about 25% compared to the experimentalllyaCrO;, arising from the large-band-gap and very insulating
observed ones. Such an overestimation is not unexpected inh@ture of this compound. The consequent charging effects
linearized band-structure approach, since the band-structutead to a broadening of various spectral features and an over-
equations are linearized near the mean energy obtloei-  lap of the La 4 states from the higher-energy side, strongly
pied densities of states in order to obtain accurate descripdistorting the Fed related spectral features. However, the
tions of the potentials and various ground-state propertiesspectrum shown in Fig.(6) suggests the existence of two
Similar effects have been observed while comparing the unfeatures, marked by vertical lines. The positions of these fea-
occupied states with experimentally obtained spectra of othdtires are consistent with the calculated doublet features,
compounds as welt Thus, we have uniformly contracted Which are dominated by Fé states due to matrix element
the energy scale of the calculated results by 25% before congffects. The first peak in the calculated spectrum corresponds
paring it to the experimentally obtained spectra in Fig. 4. Into transitions into thet,y state while the higher-energy,
the same figure, we also show, for comparison, the spinweaker-intensity feature corresponds to #g state. The
polarized Crd partial DOS after broadening. The experimen-spin-polarized contributions in Fig.(I§) suggest a nearly
tal spectrum clearly shows a peak at about 4 eV due to trarcomplete spin polarization of the Bl spectrum from each Fe
sitions arising fromt,,, andey; states, as evidenced from site due to thezggl eél configuration of Fé* high-spin state.
the spin-polarized Cd state contributions. This is in good In order to further test the usefulness of the band-structure
agreement with the Bl spectra presented in Fig. 3. The spe@pproach in this case, we have also calculated the oxygen
tral feature due to theg state is seen at about 6.5 eV. The K-edge x-ray-absorption spectrum in the same way as it was

Intensity (arb. unit)

Energy (eV)

FIG. 4. Experimental x-ray-absorption spectru(doty of
Lag ¢Sr 1CrO; at the oxygerK edge compared with the calculated
spectrum(solid line) for LaCrO;. The broadened spin-polarized Cr
d partial DOS are also shown: up-sgishort dashand down-spin
(dash.
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FIG. 6. Experimental Bl spectrurtdots of LaFeO; compared
with the calculated spectrum for LaFe@solid line). The relative
contributions from Fal states(dash and Op states(dash-dok to
the calculated spectrum are also shoym.The spin-polarized con-
tributions of Fed states from one of the Fe sites to the calculated
spectrum is shown here; the solid line is the up-spin contribution,
hile dashes represent the down-spin contribution.

FIG. 5. (a) Experimental Bl spectrunidoty of LaMnO3 com-
pared with the calculated spectrusolid ling). The relative contri-
butions from Mnd states(dash and Op states(dash-dok to the
calculated spectrum are also showin). The spin-polarized contri-
butions of Mnd states from one of the Mn sites to the calculated
spectrum is shown here; the solid line is the up-spin contribution
while dashes represent the down-spin contribution.

done for LaCrQ. We show the experimental and calculated \We compare the experimental and calculated Bl spectra
spectra in Fig. 7, after contracting the energy scale of th@f LaCoO; in Fig. 8. The experimental spectrum clearly
calculated result by 25%, as before. The calculated spectrushows a doublet feature, although the spectral features are
is evidently in good agreement with the experimentally ob-strongly distorted by the overlap of signals from other states
served features. The spin polarization of thed=setates in  such as La # The calculated result describes the doublet
the same energy interval shown in Fig. 7 shows a doublestructure well in terms of energy positions and widths. The
feature with almost entirely down-spin character. The relaBl spectrum is found to be dominated by Galerived states.
tive intensities of these two features clearly suggest that th&ince the band-structure calculation was performed for the
low-energy peak arises from the transitions imjg states, nonmagnetic ground state of LaCg{there is no spin-
while the higher-energy feature arises frap states, sug- polarization of the Cal band in this case. It is to be noted
gesting a crystal-field splitting of about 1.4 eV in LaFeQt  that the Cad spectral feature in the Bl spectrum arises from
is interesting to note that while the intensity ratio of the twothe transitiont5; eJ to t5; e; and can give rise to only a
Fe d related features follow the expected degeneracy ratigingle line within a single-impurity approach corresponding
between thé,, ande, states, the experimental as well as theto the transition fromlAlg to 2Eg and the spectral width will
calculated x-ray-absorption spectra have nearly equal interbe resolution limited. In contrast, the spectral feature clearly
sities in the two corresponding features. This arises from thguggests a two-peak structure with considerable energy
fact that the oxygem admixture in the primarily Fa&l de-  spread. Within the present interpretation, the doublet feature
rived states, probed big-edge XA spectroscopy is substan- and the spectral width reflect features in the density of states
tially larger for thee, symmetry arising from a correspond- obtained from band-structure calculatidfisLikewise, the
ingly larger hopping interaction strength than that for thex-ray-photoemission spectrum of LaCgQRef. 15 shows a

tog symmetry*? single narrow peak feature at 1 eV arising from the low-spin
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FIG. 9. Experimental Bl spectrurfdots of LaNiO; compared

LaFeQ; at the oxygerK edge compared with the calculated spec- yith the calculated spectrufisolid line) for LaNiO5. The relative

trum (solid line) for LaFeO;. The broadened spin-polarized Be
partial DOS are also shown: up-spidash-dot and down-spin

(dash.

tgg configuration of C3" ions in an octahedral site. The
width of the signal, apart from the resolution broadening,
due to the bandwidth of thé,, states arising from the
single-impurity
description;®> a photoemission transition from théA,,

(tgg) configuration can give rise to only a single line corre-
sponding to a final staténg (tgg). Thus, the width of the

Co-0O-Co interactions.  Within a

contributions from Nid states(dash and Op states(dash-dok to
the calculated spectrum are also shown.

broad single-peak feature which appears to be fairly well
. described by the calculation. However, the calculated spec-
Stral width appears to be somewhat larger than the experimen-
tally observed one. One factor contributing to this mismatch
is the systematic overestimation of unoccupied energies
within the linearized method, as has already been discussed.
However, we note that the existence of strong correlation
effects within the metallic conduction band derived from the

spectroscopically observed feature will be limited only byinteraction between Nil and Op states, may also lead to a
the resolution function of the spectrometer. However, thenarrowing of the experimental feature.

width experimentally observed appears to be considerably The above results conclusively establish that the excita-
larger, suggesting limitations of a single-impurity descriptiontion spectra of LMO4 compounds wittM =Cr-Ni are well

also for the photoemission spectrum.

described by band calculations. In contrast, it is well known

Figure 9 shows the experimental and calculated Bl specirghat band calculations do not provide the correct description
of LaN|O3. The experlmental spectrum exhibits a ratherfor the excitation spectra of the Correspondim com-

15 |aCo0,: BIS |
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Energy (eV)

FIG. 8. Experimental Bl spectrurfuoty of LaCoO; compared
with the calculated spectruisolid ling) for LaCoO;. The relative
contributions from Cd states(dash and Op states(dash-dok to

the calculated spectrum are also shown.

pounds. Thus, the present results suggest that/thezalues
are smaller in the Ll O3 compounds compared to the cor-
respondingM O compounds. This suggestion is indeed sup-
ported by several analyses already available in the
literature®®~*° For exampleU/t for NiO has been estimated
to be 5.8(Ref. 16 and 5.3(Ref. 20, while the same for
LaNiO3 has been estimated to be about &&f. 18 and
2.5. (Ref. 19 Similarly, theU/t for MnO is about 6.4Ref.

16), whereas the same for LaMnQs estimated to be 4.2
(Ref. 16 and 1.8(Ref. 19; for TiO it is 3.8 (Ref. 16 and for
LaTiO3 1.71° Thus, we find that th&J/t for the MO com-
pounds is always significantly highéioy about 50—-100 %
than those for the ld O5; compounds. This is probably the
single most important reason why band theory provides a
satisfactory description of the electronic structure of
LaM O5 while failing in the case oM O compounds.

In summary, we have compared various single-particle
excitation spectra of ' O5; compounds withiM = Cr-Ni to
those obtained fromab initio band-structure results. The cal-
culated spectral features agree remarkably well with the ex-
perimental ones for the wide range of compounds investi-
gated. The present results clearly establish the importance of
a sizable hopping interaction between various transition-
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metal sites mediated via the oxygen states. One of the maion the spectroscopic feature is not as strong in these trivalent
drawbacks in the present approach is a systematic overestoempounds as in the divalent compounds of ladetr@nsi-
mation by about 25% of the energy positions of unoccupiedion elements arising from a lower value Bt in the triva-
spectral features. We have attributed this to the use of thrnt case. This is further supported by the near absence of
linearized method employed for band-structure calculationsany correlation-induced satellite features in any of the x-ray-
which is expected to yield best results for the occupiedhhotoemission spectra of this series, while intense satellite
states. The other limitation of the present description arise@atures are eas"y observed in such Spectra oftbheseries.
from a serious underestimation of the band gaps by the caloreover, the spectral widths in the MeD ; series appear to
culations. This necessitated the use of the single adjustablgs dominated by band-structure effects rather than multiplet
parameter of the present approach, which allowed us to shifhteraction effects.

the calculated spectra rigidly in order to match a peak in the

experimental spectra. In spite of this limitation, the agree-

ment between experiment and calculation is convincing in ACKNOWLEDGMENTS
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