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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 MrK-edge measurements of LgCaMnO;. 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 LDA+U 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 the
andey states are also determined. We find that the occupjgdrbitals are always ordered with lobes near 45°
to the local Mn-O directions. The MiK-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.
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I. INTRODUCTION occupancies of the bands in these highly covalent materials.
The importance of the oxygen hole contribution to the mag-

Mn K-edge x-ray absorption spectXAS) and x-ray netic moment is seen both in the experimental results and the
emission spectra have been shown to be valuable in probingandstructure computations.
the valence and local structure about the Mn sites in
manganites-* Recently, changes have been observed in the
pre-edge spectra with temperature on crossing a magnetiq. EXPERIMENTAL AND COMPUTATIONAL METHODS
ordering temperature® In addition, a connection between
Mn K-edge pre-edge spectra and the Mhtsand was noted Samples of La_,CaMnO; were prepared as described in
in band structure computations by Elfimetal’ Building  Ref. 1. Measurement samples were prepared by finely grind-
on this previous work, we recently developed a model thafng the materials and brushing the powder onto adhesive
connects the.se changes in temperature with change in tI@gpe.
local magnetic ordering. The Mn SPXANES measurements were performed at the

Spin-polarized x-ray absorption near edge spectroscopy,tional S ; :
; : ) ynchrotron Light SourcedNSLS) 27-pole wig-
(SPXANES gives a direct approach to resolve the spin de'gler beamline X21A. Data were collected by monitoring the

pendence of x-ray absorption near-edge spec¢XANES) . : 2 .

. . : K fluorescence yield at two energigspecific to spin up
features. This approach is based on energy resolving phe 3(the satellite lin&29 and spin dowr(0.5 eV above the main
to 1s transition K, emission and measuring the emission N P L o

emission line for each Mn valendewhile the incident en-

from the main or satellite lines as a function of incident x-ray d th d on. M ;
energy. The first measurements were performed by HaS'9y Was Scannedacross the near eage region. vieasurements

méainen et al® on MnO and Mnk. Although the statistics Were performed fox=0, 0.3, 0.5, and 1 at 15 and 300 K.
were not ideal, these experiments paved the way to measurPectra forx=0.7 and additional Mn systems were recorded

open-shell 8 elements systenfs)? only at 300 K. Fluorescent backgrounds and Raman effects
In this work we expand on the model presented in outVere removetf and the spectra were normalized to unit area.
previous lettet on La,_,CaMnO; by including additional To access the importance of correlational effects for Mn

doping samplesx=0.7) and the details of the main edge 3d electrons, we used both local density approximation
spin splitting. The change in magnetic ordering across théLDA) and LDA+U methods$® in our electronic structure
entire doping range is thus illustrated and discussed in term@mputations. The latter is seen as a static limit of the dy-
of our transition mode(Sec. Ill A). To complete this work, namical mean field approathand has been found to work
we performed comparative band structure computationsvell for many system$> We use the on-site Coulomb param-
(Sec. 1l B). Using these results we confirm that the pre-edgesterU =6 eV and exchange parameger 0.88 eV in our cal-
can be used to predict changes in the local magnetic orderingulations as implemented in the previous studi¥sA full

in the manganites. In addition, comparison of the experimenpotential linear muffin-tin orbitalFP-LMTO) method of

tal results with bandstructure models gives insight on theRef. 17 is used in solving the Kohn-Sham equations where
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FIG. 1. The distorted®nmacrystal structure of LaMng, giving
the cell used in the LDA/LDA- U calculations which contains four
units of LaMnQ,. In decreasing sphere size the La, Mn, and O 20 F Mn* K. simulation
atoms are shown as illustrations. [ spin up (b)
RS, Spin dOWn
no shape approximations are made either for the charge der 1.5 | Total
: : o W, =0.5eV, W =2eV
sity or the potential. All relevant quantities are expanded as G L
spherical harmonics inside muffin-tin spheres and as plane
waves in the interstitial region. Crystal structural data corre- « ., ,
sponding to four formula unit&0 atom$ with antiferromag- p
netic spin alignment were taken from Refs. 18 and 19 for 2
LaMnO; [A-type antiferromagneti€AF)] and CaMnQ (G-
type AP, respectively. A diagram of the structure of 05
LaMnQ; is given in Fig. 1. The muffin-tin sphere radii were
RLa:2879 a.u.,RMn:2.016 a.u.,R01= 1702 a.u., an(ﬂzoz
=1.584 a.u., and the 1 kappa LMTO basis includss 4p, 0.0
and 4 orbitals at the La site,§ 3p, and 3 orbitals at the , . , .

Mn site and 3 and 2o orbitals at the O site with tail energy 6460 6470 6480 6490 6500 6510
K2=—0.1 Rv. Note that for the projected density of states
our coordinate system was rotated by 45° aboubthgis, as
done by Elimovet al. FIG. 2. (@ The measured LaMnQOK ; emission spectrum and
The computations for the MIK 4 fluorescence spectra (b) its simulation from a crystal field multiplet calculation. A Lo-
[Fig. 2(b)] are based on atomic and crystal field theories. Infeénz broadening of 2 eV is included and an experimental Gaussian
this model, we take account of the effective exchange splitwidth of 0.5 eV was also incorporated.
ting as well as all possible couplings of the angular moment
(orbital and spin of all electrons outside of closed shells or
holes in filled shells. Additional energy splittings from a cu- A. X-ray emission measurements
bic crystal field and from @ spin-orbit coupling are also
considered in our calculation. Similar calculation methods
have been reported by Pergal,?° Wang et al,?! and de To address the spectral shape of the Mp emission
Grootet al??2 The parameters used in the calculation are thespectra presented here, consider the photoionization excita-
3p-3d and 3-3d Slater integrals, and thep3as well as 3 tion of a Mn atom in a solid by a x-ray photon. Since dipole
spin-orbit couplings. The atomic values for Slater integralsohotoexcitation is spin invariant, the creation of a core hole
were obtained from Hartree-Fock computations. These valof spin-up or spin-down symmetryrelative to the total
ues were scaled by a factor of 60% to account for the effect8d-band spin are equally likely. In the B—1s decay pro-
of covalency’ The calculated spectral lines were convolutedcess Kz emission, the coupling between thepdnole (or 3p
with a Lorentzian which reflects lifetime broadening andelectron spin now left unpairedand the 8 electrons pro-
with a Gaussian which accounts for experimental broadenduce two possible final states of different energies. One ob-
ing. Absolute energy positions cannot be obtained from thesserves(in Mn3* for example differences in the energy of
calculations. the coupled spin-down 8 hole [¥(3p(1)3d%)] state and

Energy(eV)

IIl. EXPERIMENTAL RESULTS

1. Introduction to Kz x-ray emission spectroscopy
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FIG. 3. Spin and temperature dependent XANES spectra o%b) e expansion of the main edge region of Fig. 3 is shown

La,_,CaMnO;. The solid line corresponds to a spin-up electron iy 6,y densities of states due to the unpaired spin on the
excited from the & stat_e measured at 15 K while the_ dotted line Isclvm sites (31 electrong produces this splitting. Both regions
used for the 300-K spin-up spectrum. The dashed line corresponds -
. ; . are expanded in Fig. 4.
to spln-_dovyn electrons excited frorr_'sht 15 K, while the dash- Figure 4a) gives the pre-edge regidtabeleda in Fig. 3)
dotted fine is used for the 300-K spin-down channel. of the SPXANES spectra. Significant temperature and spin
dependence of the pre-edge spectra are seen. Due to quite
spin-up hole state¥ (3p(|)3d*). For a fixed incident pho- |ow 1s to 3d quadrupole transition intensitiéthe pre-edge
ton energyhw above the MrK edge, theK ; emission spec- features are expected to have other origins. In our previous
trum of photons#() can be resolved into these two work® we developed a model in which these feature are
components- a main linen{) and a satellite lineg) [Fig.  primarily from on site Mn 4 overlap with neighboring Mn
2(a)]. Qualitatively, it is found that the energy splitting be- 3d. In that simple physical picture, the MrsZklectron can
tween the main line and satellite is given WE,,,=J(2S  undergo a transition to final states formed by this hybridiza-
+1), while the intensity ratio of the satellite to the main tion and the intensity are sensitive to the local magnetic
peak is given byl /I ,=S/(S+1), whereSis the total spin ordering.

of the unpaired electrons in thed3shell andJ is the ex- The connection of the pre-edge region of Miedge
change integrai® spectrum and thd density of states was put on a solid foun-

Figure 2b) gives a simulation for an M ion (such as dation by7the LDNU band structure calculations of Elfi-
Mn in LaMnOs). From the measuremeffig. 2@] and the MOV et al. Ilj this work, they computed the par_tlal Mnd3
simulation, we can see clearly that the spin-up and spinPartial density of state€DOS) and showed that in the low
down lines are well separated. The sum gives exceller@nergy region of the g partial DOS there was a feature that
agreement with the experiment spectrum in Figg)2The  had the same spin polarization, occurred in the same energy
K-edge SPXANES were obtained by focusing the analyzefange and had the same distribution as the Mhartial
on these two different channelgmission energigssepa- DOS. Further embedded cluster computations have shown
rately and then scanning the incident x-ray energy across tHexplicitly that the pre-edge feature is the result of a transition
K edge. The arrows in Fig.(& show the monitor points-one from 1s to a 4p state hybridized with the neighboring Mn

set on the high energy shoulder on the main peak to avoid thad State?® .
tail of the spin up channel. In our model, we make the further assumption that the 1

to tyy transition intensity vanishes. Since the system,
2. Observed tem.perature dependent K-edge SPXANES I(;? l); %é: %2/' ggofaxix_h:z I(;izcirzlz;taglcv)vrg;s”r;?igxeglgnbgrolai-rgnge
in La;-Ca,Mn0O, bond directions while thé,4 orbitals @y, dy,, d,,) are off
Figure 3 shows the temperature dependence of the fulixis. As seen below, the theoretical map of the spin density
K-edge SPXANES of La ,CaMnOs;. A clear splitting be-  supports this assumption. This means that fherbitals can
tween the spin up and spin down channels is seen. The exot contribute to the pre-edge feature. Indeed both embedded
change interaction of the photoelectron with the spin up anluster calculatior’s and LDA calculation&’ predict noty,
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FIG. 6. A schematic diagram showing the transitions in the pre-
FM A-Type AF edge for spin polarized absorption in the magnetically ordered state
of A-type AF LaMnG;. It shows two possible neighbor transitions
due to $-3d hybridization which allow transitions to the final
state of a neighbor in same spin polarization as the absupper
left) as well as the case where the spin polarizations are reverse
Mno MnoV (upper righ}.

Considering the spin-up channel, the fivefold degenerate

Ntno /an4 ;:n M*: /an4 ;’Zn atomic 3(T) states are split intb,(1) andey(T) states by

the octahedral symmetry crystal field—with thg, states
¥ occurring at lower energy. Furthermore, the Mnion
Mn Mn (LaMnG;) with a single electron in they(T) state under-
goes a Jahn-Teller distortion splitting teg(1) levels. The
€y(T) andt,,(1) are further broadened into bands by com-

FIG. 5. () A model for Mn 4p hybridized with neighboring Mn bining the atoms to for_m a solid. Consequen_tly, the fir_st com-
3d e, orbitals.(b) Local view of Mn majority spin arrangements for pletely emptyd state will be arey(1) state. This state will be
four magnetic orderingsFM, A-AF, C-AF, and G-AF) in a  followed bytyq(]) andey(|) states. LDA-U band structure
La,,CaMnO; system below, or Ty . The arrows show each Mn  computations below show that p@[) states occur near the
majority spin direction. The O atoms have been left out for clarity.€q4(1) bands. These ideas are used to construct the transition

diagram for the pre-edge features.
contribution to the MrK-edge XAS. LDA computations pre- Figure 6 shows the transition model for pre-edge feature,
dict orbital ordering even in the CaMnCend membef®  which is based on dipole transitiosIin 4p hybridized with
This will be seen more clearly in band structure computaneighbor Mney). Three boxes are defined by dashed lines,
tions (Fig. 12. the central absorbing Mn site is represented as the lower one,
defined as majority spin-upl). The upper left box corre-
sponds to a neighboring Mn site with majority spin-(ip.

We now expand on the description of model developed inVe marked the upper right box as a neighboring Mn site
our previous papét,which is based on these assumptions,with majority spin-down(|) since its spin is antiparallel to
which followed the rule of spin conservatidwithout t,, ~ @bsorber's. Here, we assume that the energy levels are the
final states To explain the pre-edge feature, we start “withsame for both neighbors. From the lower box, Ms(1l) an
LaMnO; which is anA-type antiferromagnefAF) (see Refs. electron can make a transition to @&g(T) orbital of the
29 and 30 for magnetic orderingpelow Ty~130 K.*® Be-  neighbor MriT) (in left upper box with the same spin align-
low Ty, each Mn ion is surrounded by four Mn ions ment, (density of states computations shown below reveal
(through the oxygerwith majority spin parallel and two Mn holes in the majorlt)eg band due to covalengyand also it
atoms with majority spin anti-parallel to the central Mn ma- can be excited to a local minority spin orbitag(T) of the
jority spin, as shown in Fig. (). Above Ty, each Mn has neighboring Mr|) (in right upper box according to spin
six Mn neighbors with randomly distributed majority spin conversation. Notice in the case of the (hneighbor, the
direction. local majority spirey orbital is labeled agy(|), as shown in

Before moving to a discussion of the details of the pre-the right upper box in Fig. 6. Evidence of Qpzholes in

edge transitions we point out the ordering of théevels®*  LaMnO; was found in optical measurements byehal>* as

C-Type AF G-Type AF

3. Proposed transition model of magnetic ordering
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well as in our LDA calculation. That is why we need to to the FM and AF phase separation suggested initially by
include O 2 spin-up channel transition in Fig. 6, in which, Wollan and Koehlef and more recently by Moreet al3*
O 2p is hybridized with the Mn 4 states. This assumption In x=0.5 system at low temperature, each Mn ion has
also matched our pre-edge feature for later discussion. Ifour neighboring Mn ions with antiparallel spin and two
Fig. 6, note that the labebsl, a2, anda3 refer to pre-edga  neighbors with parallel spin exhibits. It belongsGeype AF
features in Fig. @), long solid arrows correspond to the order[below Ty~150 K (Ref. 26]. From our model, it is
spin-up transition channels, while dashed ones give the spirexpected that the temperature dependence should be reversed
down transition channels. compared to thex=0 system. At low temperaturgbelow
T.o~150 K=Ty (Ref. 26], O 2p holes are delocalized due
to reduced covalency at low temperatfi@n the other hand,
the majority spineé electrons are localized as seen from the
observed increase in resistivity at low temperatiirelence,
Now let us turn to the temperature dependence of oupt Jow temperature, thal feature is reduced as observed in
pre-edge_ SPXANES. For comparison with bandstructqr%ccordance with our model. The similarity of the 300-K
computations and to illustrate the use of the model, we givgpectra of thex=0.5 and 0.7 systems are due to the equiva-
a more complete discussion and cover a broader range @nt random ordering of the Mn moments.
samples. _ _ The end member system CaMp@s thought to be a
LaMnGO; is anA—type AF at 15 K, and is parama}gnetlc at G-type AF at low temperatureT y~ 125 K (Ref. 26], where
300 K. On crossing'y, from low temperature to high tem- gach Mn ion has six antiparallel Mn neighbors. The lage
perature, the Mn majority spins alignment will change to agpin up peak is from transitions to unoccupied @(2)
random distribution-meaning that the number of ferromagistes. Ferromagnetic ordering of CaMp@roduces a split
netically aligned Mn neighbors changes from four to an av-g 2 hand near the Fermi level which will be shown below.
erage of three. This must enhance the transitions in the antjs ;¢ possible that CaMngis a two-phase material composed
parallel channel shown in Fig. @ipper right and reduce ot g\ and G-AF (domaing regions. Indeed it is known that
those in parallel channel of Fig. @pper lefi. Then, theal CaMnQ; has a small net magnetizatidhyhich has previ-
and a2 intensities should decrease, while ta8 intensity ously been attributed to defects. In thé peak at 15 K the
should increase in the spin-up absorption channel, where thg,,, intensity is due to a reduction in the covalency of

level of the Iocally_sp_in dowr, min(_)rity is highgr than that CaMnO; below Ty, .6 No transition to O p(]) is observed
of the spin-up majoritysee theoretical calculations belpw the al region in spin down spectra consistent with our

The temperature dependgnce of the spin.down channell E‘and structure calculatiofwhich shows no O f(|) density
expected to be reversed since the process is reversed. Thi

Rt above Fermi level The low temperatura2 peak in the
exactly what we had seen in Fig(a), despite the broadnessSj B D P

N . > spin up spectrum can be explained as the result of Mn sites
of the a3 feature in high background. Note there is a shift, iihin the EM ordered region@iscussed aboyeThe tem-

between the spin up and spin down spectra in all pre-edgge a1 re dependent behavior of CaMnith the exception
spectra. This shift may come from the difference between th f theal feature is expected to be similar to thabet 0.5

1s exutgtlon energies for spin up and spin dqwn. From Oursystem and this is what is observed.
calculations below, the largel feature forx=0 in the spin
up channel is due to transitions to (o Anear the Fermi

4. Application of the transition model of magnetic ordering
to La;_,Ca,MnO3

energy. The suppression of the temperature difference in the B. Comparison of experimental SPXANES
spin upal region is due to an increase in holes on the(® 2 with LDA /LDA +U band structure computations
band due to increased covalency at low temperature. .

For x=0.3, the system is ferromagnetic at low tempera- 1. Band structure computations

ture [Tc~250 K (Ref. 26]. It is expected to have similar  Figure 7 presents the LDAU and LDA density of states
trends to the parent LaMnQwhich is locally partially ferro-  calculations for Mn @ band of LaMnQ. In the top panel
magnetic(four spins up and two down with respect to the the orbitals, spin Uy, andeg, all have intensity above
central Mn sit¢ at low temperature. But due to its metallic E;. Hence the spin Upg: is not full occupied—unexpected
property, there is delocalizatioreg becomes accessible for for an ionic system. Note that the spin dowp orbitals are
transition of the majority spineé electron(seen as an in- 5-6 eV higher than the spin up orbitals. We also listthe
crease in conductivijy—theal feature increases at low tem- states in pane(b), and total 3 band for the LDA+U and
perature. Also, an increase of (o holes due to increased LDA in panels(c) and(d), respectively, for comparison. It is
covalency at low temperatifréurther enhances thial fea-  clear that the on site Coulomb interactibhmakes the spin
ture. For the spin down channell anda2 features are up and spin down band splitting much larger. By compari-
expected to decrease at low temperature. However, no strorspn, no unoccupied band occurs 4 eV ab&yen the LDA
reduction is seen. This observation is not easy to reconcileomputation. In addition, the gap &; is significantly re-
with the results of neutron diffraction refinements. But dif- duced in the LDA computation. The consistency of the
fraction provides a picture of the long range ferromagnetid-DA + U with the strong insulating behavior of the materials
ordering, while our measurements give a local picture. Thesshows that LaMn@is highly correlated. In Fig. 8 we show
spin down intensity features at low temperature which arghe LDA+U and LDA calculation for type-Il O B (in the
due to antiparallel neighbors existing beldy possibly due a-c plane partial DOS. We see that in Fig(a there is a
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Energy, eV FIG. 9. Partial DOS of LDA-U and LDA calculations for Mn

3d of CaMnQ;. (a) Note that there is no difference between #e
FIG. 7. LDA+U and LDA partial DOS’s of Mn 8 in andeg, orbitals due to the absence of a Jahn-Teller distortio)in
LaMnO,. For a given set of states, the upper panels refer to theve give the Mn 3l t,4 orbitals, while in(c) and (d) we show the
majority spin and the lower half refer to the minority spin(@we  total LDA+U Mn 3d band and LDA Mn @ band, respectively.
give the Mn 31 g, orbitals. The thick line is for they; state while
the thin line gives theey, state. In(b) we give the Mn & t;  gpin-up density 1-2 eV abovg; in LDA+U, but no spin
orbitals while in(c) and (d) we show the total LDAU Mn 3d 46,0 density in this range. These results agree with our
band and LDA Mn &l band, respectively. model in which we observe transitions to the spin-up © 2
channel but not to the spin down channel. In the LDA cal-
culation in Fig. 8b), there are both spin up and spin down
intensity at 1-2 eV abové&;, which disagrees with our
experimental results on LaMryOWe note that the type-11 O

2 is spin polarized and has a net magnetic moment due to the
. EF LaMnos oA (5 fact that, unlike O on theb axis, the Mn-O-Mn chain is not
1"_ NWMM ’ symmetric(both Mn—O bonds are not equal
0 LA\ Ot I In Fig. 9, we show th_e LDA-U and LDA calculations for
— . ' G-type CaMnQ. The difference between the LDAU and
g -1 LDA calculations is the spin up and spin down splitting. In
% 2 i the LDA computation, they spin-down state is only 2.5 eV
S i LabnO3 LDA (1) above theey spin-up states, which agree wig?-a3 split-
(‘,”5 14 JR Oz ting in Fig. 4. Figure 10 gives the LDAU results of the
o /VA WMW/N\ . type-1l O 2p DOS of G-AF type CaMnQ. It is seen that
8 044 . o2, Y SO : ; - : ; ;
IRREYI i T there is dens!ty both in the spin up and spin dowr_1 states just
1 e Jw;'« aboveE;. This means that its-AF there is no spin polar-
. ' ization of the O P band. This is inconsistent with our model
211171 — T T interpretation above, which shows intensity only in the spin
8 6 -4 -2 0 2 4 6 8 up channel for the@l feature. Hence, one must consider the
Energy, eV possibility of local FM ordering in CaMng In Fig. 11,

which gives results for FM ordered CaMg@n the LDA

FIG. 8. Type-Il O 2 DOS of LaMnG, for (a) LDA +U and(b) +U approximation, we can see the spin-up intensity in the
LDA calculations. The upper half is for majority spin states and thetype-ll O 2p just aboveE;, but not in the spin-down state.
lower half is for minority spin states. Based on our discussion, we think that CaMri®a G-type
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(b) LDA calculations. The upper half is for majority spin states and

the lower half is for minority spin states. Notice the symmetry
(equivalencgof the high spin and low spin distribution at an energy

1 eV above Fermi level.

AF mixed with a small component of FM ordered regions—
consistent with the observation of a net magnetic morifent.
This conclusion is quite consistent with our SPXANES.

In Fig. 12 we show the net spin densitypin-up charge
density minus spin down charge dengigf LaMnO; and
CaMnG; in thea-c plane(010) for AF ordering as well as for

DOS, st./[eV*cell]

FIG. 11. DOS of FM CaMn@for the Mn 3 band and type-I|
O 2p band in a LDA+ U calculation. We show thé) ey band, (b)

EF CaMnO3 FM
7 Eg (a)
4
E q
yﬂ\y’ . Aol P SN
W \,W\m
4 CaMnO3 FM (b)
B m‘ T2g
] i
] b
B CaMnO3 FM (c)
| O 2p
Vs PP N
VNN T
g : \ iw’ - ",\; M\/
: A
T T — T T
-8 -6 -4 -2 0 2 4 6 8

Energy, eV

FIG. 12. The net spin density in @10 a-c plane for CaMnQ@
and LaMnQ for LDA+U calculations. The Mn site is at the
middle of each of the four edges in the panel. Oxygen atoms reside
between the Mn sites. Here Mrand Mn~ represent two opposite
majority spin states, respectivelyp) G-AF CaMnQ;: the o marks
O Il positions, which have no spin contributidiv) A-AF LaMnOs,

(c) FM CaMnGQ; and(d) FM LaMnO;. Notice that there is an O |l
contribution between close Mn ions in panég, (c) and(d). Ob-
serve that in(@ we can clearly see thi lobes at~45° to the
Mn—O bonds. In(b) one can clearly see ordereg lobes(pointing
along the Mr—O bond direction as shaded region between thg
lobes. For all magnetic orderings thg, states are always ordered.

FM ordering. Note that in all figures there is clégy order-
ing at ~45° to the local MR—O bond directions. For
LaMnQ; [Figs. 12b) and 12d)], note the net spin on the O
Il site between the Mn ions. In the case of CaMnQt is
observed that only in the FM case is there a net spin density
on the O Il site. Theey states in LaMn@are ordered in both
the AF state and FM states. This suggests that an orbitally
(eg) ordered and insulating FM state exists for LaMy&3 in
the case of BiMn@.®” The point to note here is that in
LaMnO; and possibly La ,CaMnO; the net magnetic mo-
ment observed is not entirely due to the Mn site but there is
a significant contribution from the O Il sites. In the band-
structure computation we have found a contribution of ap-
proximately ~0.1 ug per O Il site(there are two O Il per
Mn). We note that in a cubic lattice LaMnQooses the
ordering of theg, electrons making possible a metallic state.
Figure 13 shows the Mn pt density of states based on
LDA+U and LDA calculations for LaMn@. Roughly
speaking, there is not much difference in the shape of the
features between these two calculations except for the abso-
lute energy positions. But in detail, it suggests that the spatial
and spin-polarized spectral splittings are a little different.
The LDA+U splitting is larger than the LDA splitting. The
most important feature in common is that the majority spin
DOS is at lower energy~2 eV) in comparison with the
minority spin DOS due to exchange potential. In addition the

t,q band andc) type-Il O 2p band. The upper half corresponds to DOS spatially polarized along the short bond direction has

majority spin states and the lower half to minority spin states.

the highest energy while that polarized along the long bond
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LaMnO3 LDA+U(6eV) ( a)
-1 Mn 4p band

_ LaMnO3 LDA
Mn 4p band

(b)

DOS, st./[eV*cell]
|

Intensity(arb. units)

173%3

SrMn,,Fe, O

17 19 21 23 25 27 29 31 33
Energy, eV

__Stiin,,

Fez/aoa

FIG. 13. Mn 4p DOS for (a) LDA+U and (b) LDA calcula- T S
tions. Again, the upper half gives majority spin states and lower half 6.54 655 656 657 658 6.59 6.60

gives minority spin states. E nergy(KeV)

direction has the lowest energy. The LDA simulations are F!G. 15. Survey of SPXANES of Mn compounds at room tem-
consistent with spatially polarized XANES calculatid8s. perature. Notice the all spectra have spin dependent main edge

In Fig. 14 we show the partial DOS of the Mip4and of splitting indicating unpaired Mn @ electrons. The dotted line cor-
CaMnQ. in the LDA+U and LDA simulations. The main responds to majority spin and solid line gives the minority spin. All
result is a spin-up feature at low energy. That is consistentPecta are area normalized.

with our SPXANES at the main edge in Fig(b} Due to
2 lower local distortion, we cannot see the spatial splitting ob-
- m"ﬂ’l‘)%ghg’“u (a) served for LaMnQ. (We note that for LaMn@the Mn—O
; bond distances in the MnQoctahedr® are 1.968, 1.907,
and 2.178 A, while for CaMn@the values are 1.895, 1.900,
o, and 1.903 A% The difference between these two simula-
1 N tions is that LDA+U gives a large splitting3 eV) between
f/ the different spin channels compared to the LDA o&seV).
_ Inspecting the experimental SPXANES, we see that the LDA
2 simulation is a little better than the LDAU simulation,
J CaMnO; LDA (b) suggesting that CaMnQOhas weaker electron correlations
4 | Mnép band than LaMnQ.

DOS, st./[eV*cell]

0 ﬂ s C. General trends in SPXANES measurements of Mn systems
;J\ We give the SPXANES spectra for a broad range of Mn
systems measured at room temperatéig. 15 to show the
1 general trends. The solid line is the spin-down channel and
2471 1 v 1 T T T T dotted line the spin-up channel. The splitting at the main
25 26 27 28 29 30 31 32 edge is quite clear as we expected due to the spin dependent
exchange potential in Mn systems with unpaiceelectrons.
The primary observation above the pre-edge is the spin split-
FIG. 14. Partial DOS of Mn g of CaMnQ; with (a) LDA ting of the main line. We note that the spin-up channel has a
+U simulation and(b) LDA simulation. Notice the absence of larger Lorentz broadening than the spin-down chafthahd
spatial splitting in the LDA/LDA+-U computation but large spin this accounts for most of the major differences in resolution
dependent splitting in the computations (LDA/LBAJ). in the pre-edge.

Energy, eV
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systemgbased on the hybridizatiprout are not expected in
ionic systems(where only weak quadrupole transitions
contributé?). The MnF, spin up pre-edge is flgsince the
3d(7) band is full. The same spectrum for MnO display a
broad weak feature due tes1o 4p (4p hybridized with the
neighboring Mne, orbitalg transitions. Looking at MO,
(Mn®*) and MnG (Mn“**), we note that the spin-up chan-
nel becomes accessible due to the reduai{d Boccupancy,
resulting progressively in larger features in this channel. The
enhanced down channel intensity of the pre-edge features of
MnO, (Mn*"), compared to CaMn(Mn**), is mainly
due to the larger covalency of MpOSimilar trends are seen

in the Mrf* systems SrMg)sFe; 305 and SrMn,sFe,0;.

IV. SUMMARY

A systematic study of spin dependent Mhedge x-ray
absorption spectra was performed on, L&gCaMnO; and
other Mn oxide systems. We expanded on this ideam i34
overlap suggested by Elfimat al.” and explored the details
of our recently developed model of spin-polarized XANES
S, Fe, .0, spectra to understand the local magnetic ordering. Parallel

e LDA and LDA+U computations are used to label the sym-
metries of the unoccupied bands, to determine the degree of
I SV Fe. 0 correl_ation, anq to provide a direct comparison with the bar_1d
S v ordering predicted by the temperature dependent spin-

R s polarized measurements. The spin magnetic moment and or-
J AN PR B dering of thet,y and e, states is also determined. We find
6.538 6.540 6.542 6544 6.546 6.548 that the occupied, orbitals are always ordered with lobes
Energy(KeV) near 45° to the local Mn-O directions. The Medge main
line splitting is discussed in terms of the effective spin-

FIG. 16. Expanded pre-edgefeature from Fig. 15. Note the polarized charge density in the spin-up and spin-down chan-
1 scale factor used for MnO The dotted line corresponds to ma- nels. We survey the spin-polarized XANES spectra, showing
jority spin and the solid line to minority spin. the general trends in the main line spin splitting and pre-edge
intensities and their relationships with covalency.

Intensity(arb. units)

In Fig. 16 we expand the pre-edge regmof Fig. 15. It
is interesting to compare the spectra of Mr@d MnO[both
d>(1)]. For the spin-down channel a large feature is seen in Data acquisition was performed at Brookhaven National
the pre-edge of MnO compared to a small bump in the MnF Laboratory’s National Synchrotron Light Source which is
spectrum. The difference between these?Msystems is the  funded by the U.S. Department of Energy. This work was
covalency. Both systems have weak quadrupole allonsed 1supported by NSF Career Grant Nos. DMR-9733862 and
to 3d transitions. But in the case of strongly covalent MNO, DMR-0216858. The authors are indebted to M. Greenblatt
there are addition transitions corresponding to tledl 4p and S.-W. Cheong of Rutgers University for sample prepara-
(with the 4p hybridized with the neighboring Mey orbit-  tion. We also thank G. A. Sawatzky of the University of
als). These latter transitions are highly allowed in covalentBritish Columbia for helpful discussions.
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