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Electronic structure of La1ÀxCaxMnO3 determined by spin-polarized x-ray absorption
spectroscopy: Comparison of experiments with band-structure computations
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A model was developed to predict the temperature dependent changes in the local magnetic ordering based
on spin-polarized MnK-edge measurements of La12xCaxMnO3 . With this model, one can ascertain the change
in local ordering that occurs on transiting the magnetic ordering temperature. Parallel local density approxi-
mation ~LDA ! and LDA1U computations are used to label the symmetries of the unoccupied bands, deter-
mine the degree of electron correlation and to provide a direct comparison with the band ordering predicted by
the temperature dependent spin-polarized measurements. The spin magnetic moment and ordering of thet2g

andeg states are also determined. We find that the occupiedt2g orbitals are always ordered with lobes near 45°
to the local Mn-O directions. The MnK-edge main line splitting is discussed in terms of the effective
spin-polarized charge density. The oxygen hole contribution to the net magnetic moment is seen to be impor-
tant. We survey the spin-polarized x-ray absorption near-edge spectra of a large group of manganese oxides and
show the general trends in the main line spin splitting as a function of valence.

DOI: 10.1103/PhysRevB.68.014429 PACS number~s!: 75.47.Gk, 78.70.Dm, 75.25.1z, 71.20.2b
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I. INTRODUCTION

Mn K-edge x-ray absorption spectra~XAS! and x-ray
emission spectra have been shown to be valuable in pro
the valence and local structure about the Mn sites
manganites.1–4 Recently, changes have been observed in
pre-edge spectra with temperature on crossing a magn
ordering temperature.5,6 In addition, a connection betwee
Mn K-edge pre-edge spectra and the Mn 3d band was noted
in band structure computations by Elfimovet al.7 Building
on this previous work, we recently developed a model t
connects these changes in temperature with change in
local magnetic ordering.8

Spin-polarized x-ray absorption near edge spectrosc
~SPXANES! gives a direct approach to resolve the spin d
pendence of x-ray absorption near-edge spectral~XANES!
features. This approach is based on energy resolving thep
to 1s transition (Kb emission! and measuring the emissio
from the main or satellite lines as a function of incident x-r
energy. The first measurements were performed by¨-
mäläinen et al.9 on MnO and MnF2. Although the statistics
were not ideal, these experiments paved the way to mea
open-shell 3d elements systems.6,9–12

In this work we expand on the model presented in o
previous letter8 on La12xCaxMnO3 by including additional
doping samples (x50.7) and the details of the main edg
spin splitting. The change in magnetic ordering across
entire doping range is thus illustrated and discussed in te
of our transition model~Sec. III A!. To complete this work,
we performed comparative band structure computati
~Sec. III B!. Using these results we confirm that the pre-ed
can be used to predict changes in the local magnetic orde
in the manganites. In addition, comparison of the experim
tal results with bandstructure models gives insight on
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occupancies of the bands in these highly covalent mater
The importance of the oxygen hole contribution to the ma
netic moment is seen both in the experimental results and
bandstructure computations.

II. EXPERIMENTAL AND COMPUTATIONAL METHODS

Samples of La12xCaxMnO3 were prepared as described
Ref. 1. Measurement samples were prepared by finely gr
ing the materials and brushing the powder onto adhes
tape.

The Mn SPXANES measurements were performed at
National Synchrotron Light Source’s~NSLS! 27-pole wig-
gler beamline X21A. Data were collected by monitoring t
Kb fluorescence yield at two energies@specific to spin up
~the satellite line6,24! and spin down~0.5 eV above the main
emission line for each Mn valence!# while the incident en-
ergy was scanned across the near edge region. Measurem
were performed forx50, 0.3, 0.5, and 1 at 15 and 300 K
Spectra forx50.7 and additional Mn systems were record
only at 300 K. Fluorescent backgrounds and Raman effe
were removed10 and the spectra were normalized to unit are

To access the importance of correlational effects for M
3d electrons, we used both local density approximat
~LDA ! and LDA1U methods13 in our electronic structure
computations. The latter is seen as a static limit of the
namical mean field approach14 and has been found to wor
well for many systems.15 We use the on-site Coulomb param
eterU56 eV and exchange parameterJ50.88 eV in our cal-
culations as implemented in the previous studies.7,16 A full
potential linear muffin-tin orbital~FP-LMTO! method of
Ref. 17 is used in solving the Kohn-Sham equations wh
©2003 The American Physical Society29-1
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no shape approximations are made either for the charge
sity or the potential. All relevant quantities are expanded
spherical harmonics inside muffin-tin spheres and as p
waves in the interstitial region. Crystal structural data cor
sponding to four formula units~20 atoms! with antiferromag-
netic spin alignment were taken from Refs. 18 and 19
LaMnO3 @A-type antiferromagnetic~AF!# and CaMnO3 ~G-
type AF!, respectively. A diagram of the structure
LaMnO3 is given in Fig. 1. The muffin-tin sphere radii wer
RLa52.879 a.u.,RMn52.016 a.u.,RO151.702 a.u., andRO2

51.584 a.u., and the 1 kappa LMTO basis includes 4s, 4p,
and 4d orbitals at the La site, 3s, 3p, and 3d orbitals at the
Mn site and 2s and 2p orbitals at the O site with tail energ
K2520.1 Rv. Note that for the projected density of sta
our coordinate system was rotated by 45° about theb axis, as
done by Elimovet al.7

The computations for the MnKb fluorescence spectr
@Fig. 2~b!# are based on atomic and crystal field theories.
this model, we take account of the effective exchange sp
ting as well as all possible couplings of the angular mom
~orbital and spin! of all electrons outside of closed shells
holes in filled shells. Additional energy splittings from a c
bic crystal field and from 3d spin-orbit coupling are also
considered in our calculation. Similar calculation metho
have been reported by Penget al.,20 Wang et al.,21 and de
Groot et al.22 The parameters used in the calculation are
3p-3d and 3d-3d Slater integrals, and the 3p as well as 3d
spin-orbit couplings. The atomic values for Slater integr
were obtained from Hartree-Fock computations. These
ues were scaled by a factor of 60% to account for the effe
of covalency.2 The calculated spectral lines were convolut
with a Lorentzian which reflects lifetime broadening a
with a Gaussian which accounts for experimental broad
ing. Absolute energy positions cannot be obtained from th
calculations.

FIG. 1. The distortedPnmacrystal structure of LaMnO3 , giving
the cell used in the LDA/LDA1U calculations which contains fou
units of LaMnO3 . In decreasing sphere size the La, Mn, and
atoms are shown as illustrations.
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III. EXPERIMENTAL RESULTS

A. X-ray emission measurements

1. Introduction to Kb x-ray emission spectroscopy

To address the spectral shape of the MnKb emission
spectra presented here, consider the photoionization ex
tion of a Mn atom in a solid by a x-ray photon. Since dipo
photoexcitation is spin invariant, the creation of a core h
of spin-up or spin-down symmetry~relative to the total
3d-band spin! are equally likely. In the 3p→1s decay pro-
cess (Kb emission!, the coupling between the 3p hole~or 3p
electron spin now left unpaired! and the 3d electrons pro-
duce two possible final states of different energies. One
serves~in Mn31 for example! differences in the energy o
the coupled spin-down 3p hole @C(3p(↑)3d4)# state and

FIG. 2. ~a! The measured LaMnO3 Kb emission spectrum and
~b! its simulation from a crystal field multiplet calculation. A Lo
renz broadening of 2 eV is included and an experimental Gaus
width of 0.5 eV was also incorporated.
9-2
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ELECTRONIC STRUCTURE OF La12xCaxMnO3 . . . PHYSICAL REVIEW B68, 014429 ~2003!
spin-up hole state (C(3p(↓)3d4). For a fixed incident pho-
ton energy\v above the MnK edge, theKb emission spec-
trum of photons \V can be resolved into these tw
components- a main line (m) and a satellite line (s) @Fig.
2~a!#. Qualitatively, it is found that the energy splitting b
tween the main line and satellite is given byDEsm5J(2S
11), while the intensity ratio of the satellite to the ma
peak is given byI s /I m5S/(S11), whereS is the total spin
of the unpaired electrons in the 3d shell andJ is the ex-
change integral.23

Figure 2~b! gives a simulation for an Mn31 ion ~such as
Mn in LaMnO3). From the measurement@Fig. 2~a!# and the
simulation, we can see clearly that the spin-up and sp
down lines are well separated. The sum gives excel
agreement with the experiment spectrum in Fig. 2~a!. The
K-edge SPXANES were obtained by focusing the analy
on these two different channels~emission energies! sepa-
rately and then scanning the incident x-ray energy across
K edge. The arrows in Fig. 2~a! show the monitor points-one
set on the high energy shoulder on the main peak to avoid
tail of the spin up channel.

2. Observed temperature dependent K-edge SPXANES
in La1ÀxCaxMnO3

Figure 3 shows the temperature dependence of the
K-edge SPXANES of La12xCaxMnO3. A clear splitting be-
tween the spin up and spin down channels is seen. The
change interaction of the photoelectron with the spin up

FIG. 3. Spin and temperature dependent XANES spectra
La12xCaxMnO3 . The solid line corresponds to a spin-up electr
excited from the 1s state measured at 15 K while the dotted line
used for the 300-K spin-up spectrum. The dashed line corresp
to spin-down electrons excited from 1s at 15 K, while the dash-
dotted line is used for the 300-K spin-down channel.
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spin down densities of states due to the unpaired spin on
Mn sites (3d electrons! produces this splitting. Both region
are expanded in Fig. 4.

Figure 4~a! gives the pre-edge region~labeleda in Fig. 3!
of the SPXANES spectra. Significant temperature and s
dependence of the pre-edge spectra are seen. Due to
low 1s to 3d quadrupole transition intensities,24 the pre-edge
features are expected to have other origins. In our previ
work,8 we developed a model in which these feature
primarily from on site Mn 4p overlap with neighboring Mn
3d. In that simple physical picture, the Mn 1s electron can
undergo a transition to final states formed by this hybridi
tion and the intensity are sensitive to the local magne
ordering.

The connection of the pre-edge region of MnK-edge
spectrum and thed density of states was put on a solid fou
dation by the LDA1U band structure calculations of Elfi
mov et al.7 In this work, they computed the partial Mn 3d
partial density of states~DOS! and showed that in the low
energy region of the 4p partial DOS there was a feature th
had the same spin polarization, occurred in the same en
range and had the same distribution as the Mn 3d partial
DOS. Further embedded cluster computations have sh
explicitly that the pre-edge feature is the result of a transit
from 1s to a 4p state hybridized with the neighboring M
3d state.25

In our model, we make the further assumption that thes
to t2g transition intensity vanishes. Since the syste
La12xCaxMnO3, exhibits orbital ordering over a broad rang
of x,26 the eg (dx2 2r 2,dy22z2) always align along MnuO
bond directions while thet2g orbitals (dxy , dxz , dyz) are off
axis. As seen below, the theoretical map of the spin den
supports this assumption. This means that thet2g orbitals can
not contribute to the pre-edge feature. Indeed both embed
cluster calculations25 and LDA calculations27 predict not2g

of

ds

FIG. 4. ~a! The expansion of the pre-edge region featurea of
Fig. 3. The three straight lines indicate thea1, a2, anda3 features.
~b! The expansion of the main edge region of Fig. 3 is shown.
9-3
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QIAN, TYSON, SAVRASSOV, KAO, AND CROFT PHYSICAL REVIEW B68, 014429 ~2003!
contribution to the MnK-edge XAS. LDA computations pre
dict orbital ordering even in the CaMnO3 end member.28

This will be seen more clearly in band structure compu
tions ~Fig. 12!.

3. Proposed transition model of magnetic ordering

We now expand on the description of model developed
our previous paper,8 which is based on these assumption
which followed the rule of spin conservation~without t2g
final states!. To explain the pre-edge feature, we start w
LaMnO3 which is anA-type antiferromagnet~AF! ~see Refs.
29 and 30 for magnetic ordering! below TN;130 K.26 Be-
low TN , each Mn ion is surrounded by four Mn ion
~through the oxygen! with majority spin parallel and two Mn
atoms with majority spin anti-parallel to the central Mn m
jority spin, as shown in Fig. 5~b!. Above TN , each Mn has
six Mn neighbors with randomly distributed majority sp
direction.

Before moving to a discussion of the details of the p
edge transitions we point out the ordering of thed levels.31

FIG. 5. ~a! A model for Mn 4p hybridized with neighboring Mn
3d eg orbitals.~b! Local view of Mn majority spin arrangements fo
four magnetic orderings~FM, A-AF, C-AF, and G-AF! in a
La12xCaxMnO3 system belowTc or TN . The arrows show each Mn
majority spin direction. The O atoms have been left out for clar
01442
-

n
,

-

Considering the spin-up channel, the fivefold degener
atomic 3d(↑) states are split intot2g(↑) andeg(↑) states by
the octahedral symmetry crystal field—with thet2g states
occurring at lower energy. Furthermore, the Mn31 ion
(LaMnO3) with a single electron in theeg(↑) state under-
goes a Jahn-Teller distortion splitting theeg(↑) levels. The
eg(↑) and t2g(↑) are further broadened into bands by com
bining the atoms to form a solid. Consequently, the first co
pletely emptyd state will be aneg(↑) state. This state will be
followed byt2g(↓) andeg(↓) states. LDA1U band structure
computations below show that O 2p(↑) states occur near th
eg(↑) bands. These ideas are used to construct the trans
diagram for the pre-edge features.

Figure 6 shows the transition model for pre-edge featu
which is based on dipole transitions~Mn 4p hybridized with
neighbor Mneg). Three boxes are defined by dashed lin
the central absorbing Mn site is represented as the lower
defined as majority spin-up~↑!. The upper left box corre-
sponds to a neighboring Mn site with majority spin-up~↑!.
We marked the upper right box as a neighboring Mn s
with majority spin-down~↓! since its spin is antiparallel to
absorber’s. Here, we assume that the energy levels are
same for both neighbors. From the lower box, Mn 1s(↑) an
electron can make a transition to aneg(↑) orbital of the
neighbor Mn~↑! ~in left upper box! with the same spin align-
ment, ~density of states computations shown below rev
holes in the majorityeg

1 band due to covalency!, and also it
can be excited to a local minority spin orbitalseg(↑) of the
neighboring Mn~↓! ~in right upper box! according to spin
conversation. Notice in the case of the Mn~↓! neighbor, the
local majority spineg orbital is labeled aseg(↓), as shown in
the right upper box in Fig. 6. Evidence of O 2p holes in
LaMnO3 was found in optical measurements by Juet al.32 as

.

FIG. 6. A schematic diagram showing the transitions in the p
edge for spin polarized absorption in the magnetically ordered s
of A-type AF LaMnO3 . It shows two possible neighbor transition
due to 4p-3d hybridization which allow transitions to thed final
state of a neighbor in same spin polarization as the absorber~upper
left! as well as the case where the spin polarizations are rev
~upper right!.
9-4
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ELECTRONIC STRUCTURE OF La12xCaxMnO3 . . . PHYSICAL REVIEW B68, 014429 ~2003!
well as in our LDA calculation. That is why we need
include O 2p spin-up channel transition in Fig. 6, in which
O 2p is hybridized with the Mn 4p states. This assumptio
also matched our pre-edge feature for later discussion
Fig. 6, note that the labelsa1, a2, anda3 refer to pre-edgea
features in Fig. 4~a!, long solid arrows correspond to th
spin-up transition channels, while dashed ones give the s
down transition channels.

4. Application of the transition model of magnetic ordering
to La1ÀxCaxMnO3

Now let us turn to the temperature dependence of
pre-edge SPXANES. For comparison with bandstruct
computations and to illustrate the use of the model, we g
a more complete discussion and cover a broader rang
samples.

LaMnO3 is anA-type AF at 15 K, and is paramagnetic
300 K. On crossingTN , from low temperature to high tem
perature, the Mn majority spins alignment will change to
random distribution-meaning that the number of ferrom
netically aligned Mn neighbors changes from four to an
erage of three. This must enhance the transitions in the a
parallel channel shown in Fig. 6~upper right! and reduce
those in parallel channel of Fig. 6~upper left!. Then, thea1
and a2 intensities should decrease, while thea3 intensity
should increase in the spin-up absorption channel, where
level of the locally spin downeg minority is higher than that
of the spin-up majority~see theoretical calculations below!.
The temperature dependence of the spin down chann
expected to be reversed since the process is reversed. T
exactly what we had seen in Fig. 4~a!, despite the broadnes
of the a3 feature in high background. Note there is a sh
between the spin up and spin down spectra in all pre-e
spectra. This shift may come from the difference between
1s excitation energies for spin up and spin down. From o
calculations below, the largea1 feature forx50 in the spin
up channel is due to transitions to O 2p ~near the Fermi
energy!. The suppression of the temperature difference in
spin upa1 region is due to an increase in holes on the Op
band due to increased covalency at low temperature.6

For x50.3, the system is ferromagnetic at low tempe
ture @TC;250 K ~Ref. 26!#. It is expected to have simila
trends to the parent LaMnO3 which is locally partially ferro-
magnetic~four spins up and two down with respect to th
central Mn site! at low temperature. But due to its metall
property, there is delocalization (eg

1 becomes accessible fo
transition! of the majority spineg

1 electron~seen as an in-
crease in conductivity!—thea1 feature increases at low tem
perature. Also, an increase of O 2p holes due to increase
covalency at low temperature6 further enhances thisa1 fea-
ture. For the spin down channel,a1 and a2 features are
expected to decrease at low temperature. However, no st
reduction is seen. This observation is not easy to recon
with the results of neutron diffraction refinements. But d
fraction provides a picture of the long range ferromagne
ordering, while our measurements give a local picture. Th
spin down intensity features at low temperature which
due to antiparallel neighbors existing belowTc possibly due
01442
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to the FM and AF phase separation suggested initially
Wollan and Koehler33 and more recently by Moreoet al.34

In x50.5 system at low temperature, each Mn ion h
four neighboring Mn ions with antiparallel spin and tw
neighbors with parallel spin exhibits. It belongs toC-type AF
order @below TN;150 K ~Ref. 26!#. From our model, it is
expected that the temperature dependence should be rev
compared to thex50 system. At low temperature@below
Tco;150 K5TN ~Ref. 26!#, O 2p holes are delocalized du
to reduced covalency at low temperature.6 On the other hand,
the majority spineg

1 electrons are localized as seen from t
observed increase in resistivity at low temperature.35 Hence,
at low temperature, thea1 feature is reduced as observed
accordance with our model. The similarity of the 300-
spectra of thex50.5 and 0.7 systems are due to the equi
lent random ordering of the Mn moments.

The end member system CaMnO3 is thought to be a
G-type AF at low temperature@TN;125 K ~Ref. 26!#, where
each Mn ion has six antiparallel Mn neighbors. The largea1
spin up peak is from transitions to unoccupied O 2p(↑)
states. Ferromagnetic ordering of CaMnO3 produces a split
O 2p band near the Fermi level which will be shown belo
It is possible that CaMnO3 is a two-phase material compose
of FM andG-AF ~domains! regions. Indeed it is known tha
CaMnO3 has a small net magnetization,36 which has previ-
ously been attributed to defects. In thea1 peak at 15 K the
low intensity is due to a reduction in the covalency
CaMnO3 below TN .6 No transition to O 2p(↓) is observed
in the a1 region in spin down spectra consistent with o
band structure calculation~which shows no O 2p(↓) density
just above Fermi level!. The low temperaturea2 peak in the
spin up spectrum can be explained as the result of Mn s
within the FM ordered regions~discussed above!. The tem-
perature dependent behavior of CaMnO3 with the exception
of the a1 feature is expected to be similar to that ofx50.5
system and this is what is observed.

B. Comparison of experimental SPXANES
with LDA ÕLDA¿U band structure computations

1. Band structure computations

Figure 7 presents the LDA1U and LDA density of states
calculations for Mn 3d band of LaMnO3. In the top panel
the orbitals, spin upeg1 , and eg2 all have intensity above
Ef . Hence the spin upeg1 is not full occupied—unexpected
for an ionic system. Note that the spin downeg orbitals are
5–6 eV higher than the spin up orbitals. We also list thet2g
states in panel~b!, and total 3d band for the LDA1U and
LDA in panels~c! and~d!, respectively, for comparison. It is
clear that the on site Coulomb interactionU makes the spin
up and spin down band splitting much larger. By compa
son, no unoccupied band occurs 4 eV aboveEf in the LDA
computation. In addition, the gap atEf is significantly re-
duced in the LDA computation. The consistency of t
LDA1U with the strong insulating behavior of the materia
shows that LaMnO3 is highly correlated. In Fig. 8 we show
the LDA1U and LDA calculation for type-II O 2p ~in the
a-c plane! partial DOS. We see that in Fig. 8~a! there is a
9-5
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FIG. 7. LDA1U and LDA partial DOS’s of Mn 3d in
LaMnO3 . For a given set of states, the upper panels refer to
majority spin and the lower half refer to the minority spin. In~a! we
give the Mn 3d eg orbitals. The thick line is for theeg1 state while
the thin line gives theeg2 state. In~b! we give the Mn 3d t2g

orbitals while in ~c! and ~d! we show the total LDA1U Mn 3d
band and LDA Mn 3d band, respectively.

FIG. 8. Type-II O 2p DOS of LaMnO3 for ~a! LDA1U and~b!
LDA calculations. The upper half is for majority spin states and
lower half is for minority spin states.
01442
spin-up density 1–2 eV aboveEf in LDA1U, but no spin
down density in this range. These results agree with
model in which we observe transitions to the spin-up Op
channel but not to the spin down channel. In the LDA c
culation in Fig. 8~b!, there are both spin up and spin dow
intensity at 1–2 eV aboveEf , which disagrees with our
experimental results on LaMnO3. We note that the type-II O
is spin polarized and has a net magnetic moment due to
fact that, unlike OI on theb axis, the Mn-O-Mn chain is not
symmetric~both MnuO bonds are not equal!.

In Fig. 9, we show the LDA1U and LDA calculations for
G-type CaMnO3. The difference between the LDA1U and
LDA calculations is the spin up and spin down splitting.
the LDA computation, theeg spin-down state is only 2.5 eV
above theeg spin-up states, which agree witha2-a3 split-
ting in Fig. 4. Figure 10 gives the LDA1U results of the
type-II O 2p DOS of G-AF type CaMnO3. It is seen that
there is density both in the spin up and spin down states
aboveEf . This means that inG-AF there is no spin polar-
ization of the O 2p band. This is inconsistent with our mode
interpretation above, which shows intensity only in the sp
up channel for thea1 feature. Hence, one must consider t
possibility of local FM ordering in CaMnO3. In Fig. 11,
which gives results for FM ordered CaMnO3 in the LDA
1U approximation, we can see the spin-up intensity in
type-II O 2p just aboveEf , but not in the spin-down state
Based on our discussion, we think that CaMnO3 is a G-type

e

e

FIG. 9. Partial DOS of LDA1U and LDA calculations for Mn
3d of CaMnO3 . ~a! Note that there is no difference between theeg1

andeg2 orbitals due to the absence of a Jahn-Teller distortion. In~b!
we give the Mn 3d t2g orbitals, while in~c! and ~d! we show the
total LDA1U Mn 3d band and LDA Mn 3d band, respectively.
9-6
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ELECTRONIC STRUCTURE OF La12xCaxMnO3 . . . PHYSICAL REVIEW B68, 014429 ~2003!
AF mixed with a small component of FM ordered regions
consistent with the observation of a net magnetic momen36

This conclusion is quite consistent with our SPXANES.
In Fig. 12 we show the net spin density~spin-up charge

density minus spin down charge density! of LaMnO3 and
CaMnO3 in thea-c plane~010! for AF ordering as well as for

FIG. 10. Type-II O 2p DOS of CaMnO3 for ~a! LDA1U and
~b! LDA calculations. The upper half is for majority spin states a
the lower half is for minority spin states. Notice the symme
~equivalence! of the high spin and low spin distribution at an ener
1 eV above Fermi level.

FIG. 11. DOS of FM CaMnO3 for the Mn 3d band and type-II
O 2p band in a LDA1U calculation. We show the~a! eg band,~b!
t2g band and~c! type-II O 2p band. The upper half corresponds
majority spin states and the lower half to minority spin states.
01442
FM ordering. Note that in all figures there is cleart2g order-
ing at ;45° to the local MnuO bond directions. For
LaMnO3 @Figs. 12~b! and 12~d!#, note the net spin on the O
II site between the Mn ions. In the case of CaMnO3, it is
observed that only in the FM case is there a net spin den
on the O II site. Theeg states in LaMnO3 are ordered in both
the AF state and FM states. This suggests that an orbit
(eg) ordered and insulating FM state exists for LaMnO3 as in
the case of BiMnO3.37 The point to note here is that in
LaMnO3 and possibly La12xCaxMnO3 the net magnetic mo-
ment observed is not entirely due to the Mn site but there
a significant contribution from the O II sites. In the ban
structure computation we have found a contribution of a
proximately;0.1mB per O II site ~there are two O II per
Mn!. We note that in a cubic lattice LaMnO3 looses the
ordering of theeg electrons making possible a metallic sta

Figure 13 shows the Mn 4p density of states based o
LDA1U and LDA calculations for LaMnO3. Roughly
speaking, there is not much difference in the shape of
features between these two calculations except for the a
lute energy positions. But in detail, it suggests that the spa
and spin-polarized spectral splittings are a little differe
The LDA1U splitting is larger than the LDA splitting. The
most important feature in common is that the majority sp
DOS is at lower energy~;2 eV! in comparison with the
minority spin DOS due to exchange potential. In addition t
DOS spatially polarized along the short bond direction h
the highest energy while that polarized along the long bo

FIG. 12. The net spin density in the~010! a-c plane for CaMnO3
and LaMnO3 for LDA1U calculations. The Mn site is at the
middle of each of the four edges in the panel. Oxygen atoms re
between the Mn sites. Here Mn1 and Mn2 represent two opposite
majority spin states, respectively.~a! G-AF CaMnO3 : the o marks
O II positions, which have no spin contribution.~b! A-AF LaMnO3 ,
~c! FM CaMnO3 and~d! FM LaMnO3 . Notice that there is an O II
contribution between close Mn ions in panels~b!, ~c! and ~d!. Ob-
serve that in~a! we can clearly see thet2g lobes at;45° to the
MnuO bonds. In~b! one can clearly see orderedeg lobes~pointing
along the MnuO bond direction! as shaded region between thet2g

lobes. For all magnetic orderings thet2g states are always ordered
9-7



r

te

b-

,
a-

DA

s

n

and
ain
dent

plit-
s a

ion

ha

f

m-
dge

-
All

QIAN, TYSON, SAVRASSOV, KAO, AND CROFT PHYSICAL REVIEW B68, 014429 ~2003!
direction has the lowest energy. The LDA simulations a
consistent with spatially polarized XANES calculations.38

In Fig. 14 we show the partial DOS of the Mn 4p band of
CaMnO3 in the LDA1U and LDA simulations. The main
result is a spin-up feature at low energy. That is consis

FIG. 13. Mn 4p DOS for ~a! LDA1U and ~b! LDA calcula-
tions. Again, the upper half gives majority spin states and lower
gives minority spin states.

FIG. 14. Partial DOS of Mn 4p of CaMnO3 with ~a! LDA
1U simulation and~b! LDA simulation. Notice the absence o
spatial splitting in the LDA/LDA1U computation but large spin
dependent splitting in the computations (LDA/LDA1U).
01442
e

nt

with our SPXANES at the main edge in Fig. 4~b!. Due to
lower local distortion, we cannot see the spatial splitting o
served for LaMnO3. ~We note that for LaMnO3 the MnuO
bond distances in the MnO6 octahedra39 are 1.968, 1.907,
and 2.178 Å, while for CaMnO3 the values are 1.895, 1.900
and 1.903 Å.19! The difference between these two simul
tions is that LDA1U gives a large splitting~3 eV! between
the different spin channels compared to the LDA case~2 eV!.
Inspecting the experimental SPXANES, we see that the L
simulation is a little better than the LDA1U simulation,
suggesting that CaMnO3 has weaker electron correlation
than LaMnO3.

C. General trends in SPXANES measurements of Mn systems

We give the SPXANES spectra for a broad range of M
systems measured at room temperature~Fig. 15! to show the
general trends. The solid line is the spin-down channel
dotted line the spin-up channel. The splitting at the m
edge is quite clear as we expected due to the spin depen
exchange potential in Mn systems with unpairedd electrons.
The primary observation above the pre-edge is the spin s
ting of the main line. We note that the spin-up channel ha
larger Lorentz broadening than the spin-down channel,40 and
this accounts for most of the major differences in resolut
in the pre-edge.

lf

FIG. 15. Survey of SPXANES of Mn compounds at room te
perature. Notice the all spectra have spin dependent main e
splitting indicating unpaired Mn 3d electrons. The dotted line cor
responds to majority spin and solid line gives the minority spin.
spectra are area normalized.
9-8
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In Fig. 16 we expand the pre-edge regiona of Fig. 15. It
is interesting to compare the spectra of MnF2 and MnO@both
d5(↑)]. For the spin-down channel a large feature is seen
the pre-edge of MnO compared to a small bump in the Mn2
spectrum. The difference between these Mn21 systems is the
covalency. Both systems have weak quadrupole alloweds
to 3d transitions. But in the case of strongly covalent Mn
there are addition transitions corresponding to the 1s to 4p
~with the 4p hybridized with the neighboring Mneg orbit-
als!. These latter transitions are highly allowed in covale

FIG. 16. Expanded pre-edgea feature from Fig. 15. Note the
1
2 scale factor used for MnO2 . The dotted line corresponds to ma
jority spin and the solid line to minority spin.
V.

ot
an

.

op

01442
in

,

t

systems~based on the hybridization! but are not expected in
ionic systems ~where only weak quadrupole transition
contribute24!. The MnF2 spin up pre-edge is flat@since the
3d(↑) band is full#. The same spectrum for MnO display
broad weak feature due to 1s to 4p (4p hybridized with the
neighboring Mneg orbitals! transitions. Looking at Mn2O3
(Mn31) and MnO2 (Mn41), we note that the spin-up chan
nel becomes accessible due to the reduced 3d(↑) occupancy,
resulting progressively in larger features in this channel. T
enhanced down channel intensity of the pre-edge feature
MnO2 (Mn41), compared to CaMnO3 (Mn41), is mainly
due to the larger covalency of MnO2. Similar trends are seen
in the Mn41 systems SrMn2/3Fe1/3O3 and SrMn1/3Fe2/3O3 .

IV. SUMMARY

A systematic study of spin dependent MnK-edge x-ray
absorption spectra was performed on La12xCaxMnO3 and
other Mn oxide systems. We expanded on this idea of 4p-3d
overlap suggested by Elfimovet al.7 and explored the details
of our recently developed model of spin-polarized XANE
spectra to understand the local magnetic ordering. Par
LDA and LDA1U computations are used to label the sym
metries of the unoccupied bands, to determine the degre
correlation, and to provide a direct comparison with the ba
ordering predicted by the temperature dependent s
polarized measurements. The spin magnetic moment and
dering of thet2g and eg states is also determined. We fin
that the occupiedt2g orbitals are always ordered with lobe
near 45° to the local Mn-O directions. The MnK-edge main
line splitting is discussed in terms of the effective sp
polarized charge density in the spin-up and spin-down ch
nels. We survey the spin-polarized XANES spectra, show
the general trends in the main line spin splitting and pre-e
intensities and their relationships with covalency.
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