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Magnetic resonant x-ray scattering in KCuF3
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We study the magnetic resonant x-ray scattering~RXS! spectra around theK edge of Cu in KCuF3 on the
basis of anab initio calculation. We use the full-potential linearlized augmented plane wave method in the local
density approximation (LDA)1U scheme, and introduce the lattice distortion as inputs of the calculation. We
obtain finite intensity on magnetic superlattice spots by taking account of the spin-orbit interaction~SOI!. No
intensity appears without the SOI, indicating that the intensity arises not from the spin polarization but from the
orbital polarization concerning complex wave functions in 4p states. The present calculation reproduces well
the experimental spectra as functions of photon energy and of azimuthal angle. We also calculate the RXS
intensity on orbital superlattice spots. It is found that the intensity increases with increasing Jahn-Teller
distortion. The spectra arise from the orbital polarization concerning real wave functionspx , py , andpz . They
remain nearly the same in the nonmagnetic state given by the simple LDA, in which the orbital order con-
structed in the 3d states is much smaller. This strongly suggests that the intensity on orbital spots is mainly
controlled by the lattice distortion, not by the 3d orbital order itself.

DOI: 10.1103/PhysRevB.67.064425 PACS number~s!: 78.70.Ck, 71.28.1d, 71.20.2b
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I. INTRODUCTION

Resonant x-ray scattering~RXS! has attracted much atten
tion, since the orbital order can be directly probed by
RXS signals on the orbital superlattice spots. Several R
experiments have been carried out on typical perovs
compounds,1–7 in which an orbitally ordered state may b
stabilized below a critical temperature.8,9 For theK edge in
transition-metal compounds, RXS intensities arise from
modulation of 4p states in the intermediate states of the re
nant process. Since 4p states are not the states of orbit
ordering, this causes complications on the interpretation
RXS intensities.

A mechanism was proposed that the modulation ofp
states comes from orbitally polarized 3d states on the Mn31

ion through the anisotropic terms of the 3d-4p Coulomb
interaction in LaMnO3,10,11 and thereby it was argued tha
the RXS intensities on the superlattice spots are a direc
flection of orbital order. On the other hand, subsequent s
ies based on band structure calculations12–14 have revealed
that 4p states of Mn31 ion are so extended in space that th
are considerably modified by neighboring electronic sta
through the Jahn-Teller distortion~JTD!. It has been con-
cluded that the effect of the JTD on the RXS spectra is m
larger than that of the 3d-4p Coulomb interaction.

RXS experiments were carried out also on YVO3 ~Ref. 6!
and YTiO3.7 Since the JTD is considerably smaller in the
materials than in LaMnO3, one may think the effect of the
Coulomb interaction important. This is not the case, thou
ab initio calculations indicated that the effect of lattice d
tortion on RXS intensities is much larger than that of t
3d-4p Coulomb interaction even in these materials.15,16The
calculation was carried out within the muffin-tin~MT! ap-
proximation on the lattice parameters determined from
experiment. Since the MT approximation averages the po
0163-1829/2003/67~6!/064425~7!/$20.00 67 0644
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tial coming from orbitally polarized 3d states, it works to
eliminate the effect of the anisotropic terms of the 3d-4p
Coulomb interaction on the 4p states. We found that the
spectra consist of several peaks, to which the GdFeO3-type
distortion and the JTD contribute differently, in good agre
ment with the experiment. Note that the terms ‘‘orbital o
der’’ and ‘‘orbital polarization’’ are concerned with the state
of real wave functions.

Recently, an RXS experiment has been carried out
KCuF3, in which the intensities on the magnetic and orbi
superlattice spots have been reported.17,18The magnetic RXS
experiments were already carried out for typical materi
such as CoO~Ref. 19! and NiO.20 However, the analyses o
the experimental data have been limited to mo
calculations.21,22 As regards the intensities on the orbit
spots, they increase with going down through the Nee´l tem-
perature in the experiment, and are interpreted as a co
quence of the increase of the 3d orbital order parameter in
the magnetic phase.17 This interpretation seems obscure u
less it is clarified how the 3d orbital order controls the RXS
spectra. The purpose of this paper is to elucidate the me
nism of the RXS spectra on the orbital and magnetic sup
lattice spots throughab initio calculations. We use the full
potential linearlized augmented plane wave~FLAPW!
method in the local density approximation (LDA)1U
scheme, where the local 3d–3d Coulomb interaction is in-
troduced on Cu sites.23

We obtain the RXS intensity on magnetic spots by tak
account of the spin-orbit interaction~SOI!. Highly accurate
calculations are required, since the intensities are m
smaller than those on orbital spots. This seems to be the
case to have evaluated the magnetic RXS spectra in thab
initio level. We reproduce well the experimental spectra
functions of photon energy and of azimuthal angle. No
tensity appears without the SOI, indicating that the intens
©2003 The American Physical Society25-1
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arises not from the spin polarization in the 4p states, but
from the orbital polarization concerning complex wave fun
tions which give rise to orbital moments. On the other ha
the spectra change little with turning off the SOI on thed
states. Since the 3d orbital moment disappears in this cond
tion, the 3d orbital moment plays little role in inducing th
above-mentioned type of orbital polarization in 4p states.

We also calculate the RXS spectra on the orbital supe
tice spots. A similar calculation has already been carr
out.18 We come to the same conclusion that the RXS int
sity is mainly controlled by lattice distortion. We add seve
aspects of making clear the mechanism, by calculating
spectra with changing magnitude of the JTD and in vario
magnetic phases. We explicitly show that the magnetic or
itself has little influence on the intensity and that the inte
sity increases with increasing JTD strength. In this resp
the increase of the intensity with passing through the N´l
temperature has to accompany a considerable increase o
JTD strength in the magnetic phase. We also predict an
muthal angle dependence different from the previously
sumed one but consistent with the experiment.18

In Sec. II, we study electronic structures in various pha
with the FLAPW method in the LDA1U scheme. In Sec
III, the absorption spectra and the RXS spectra are prese
in comparison with the experiment. Section IV is devoted
concluding remarks.

II. ELECTRONIC STRUCTURES

KCuF3 has a typical perovskite structure with a stro
JTD, which is stable in a wide temperature range and acc
panies the antiferro-orbital long-range order with an order
vector Qorb5(p/a,p/b,p/c). Figure 1 schematically de
picts the ordering pattern. It is tetragonal witha5b
54.141 Å andc53.924 Å at room temperature; three di
ferent bond lengths are given byl 52.253 Å, s51.888 Å,
and m51.962 Å.24,25 Since the lattice parameters are n
known at low temperatures, we use these values in the
lowing calculation. Note that we assume a type-(a) crystal

FIG. 1. Sketch of the ordering pattern of KCuF3. Orbitalswx2-z2

and wy2-z2 are antiferro-orbitally ordered with the ordering vect
Qorb5(p/a,p/b,p/c). Arrows represent the direction of magnet
moments with the ordering vectorQmag5(0,0,p/c). Small solid
spheres represent F atoms. K atoms are omitted in the figure.
06442
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structure.26,27 There are two inequivalent Cu sites in a un
cell, which will be calledA andB sites. With further decreas
ing temperatures, an antiferromagnetic~AFM! long-range or-
der develops below 38 K with the ordering vectorQmag

5(0,0,p/c). Therefore, four inequivalent Cu sitesA1 , A2 ,
B1 , andB2 exist. The local magnetic moment is pointing

either the (110) or (11̄0) direction with the value 0.48mB .25

The recent magnetic scattering experiment gives the rati
the orbital angular momentum~L! to the spin angular mo-
mentum~S! asL/S50.29.18

We carry out the band structure calculation in the LD
1U scheme taking account of the SOI to deal with the
bital moment. We set the parameters of the intraatomic C
lomb interaction between 3d orbitals such thatU53.0 eV
and J51.0 eV. First assuming the AFM long-range orde
we obtain an orbital long-range order with the ordering ve
tor Qorb; the hole numbers inside the Cu MT sphere in th
3d stateswx2-z2 (wy2-z2) and w3y2-r 2 (w3x2-r 2) are given by
nx2-z2(ny2-z2)50.65n3y2-r 2(n3x2-r 2)50.08 inA6 (B6) sites,
respectively. In addition, since we have introduced the SO
small orbital moment, which is concerned with the 3d com-
plex wave functions, is induced. The local magnetic mom
is obtained as 0.79mB with S50.34,L50.11~in units of\),
L/S50.33, which is somewhat larger than the experimen
one. For a larger value ofU2J, the spin and orbital mo-
ments become too large; we obtain the total moment 1.02mB

with S50.413,L50.195 forU57.5 eV, andJ50.9 eV. In
this respect, usingU53.0 eV andJ51.0 eV seems better. In
order to see the effect of the magnetic order on the 3d orbital
order, we carry out the same LDA1U calculation in the
presence of the ferromagnetic~FM! long-range order. We
obtain the same type of orbital order, in whic
nx2-z2(ny2-z2)50.66 n3y2-r 2(n3x2-r 2)50.10 in A ~B! sites, re-
spectively. Since each hole number is similar to that of
AFM state, we conclude that the magnetic order has li
influence on the orbital order parameter. On the other ha
the 3d orbital order is rather sensitive to the intraatom
Coulomb interaction. The simple LDA (U50) gives the 3d
orbital polarization much smaller than the values mention
above, that is, nx2-z2(ny2-z2)50.26 and n3y2-r 2(n3x2-r 2)
50.11 per spin in theA ~B! sites in the nonmagnetic~NM!
phase. As shown later, inspite of such a small orbital ord
the intensities on the orbital superlattice spots remain sim
to those in a large orbital order.

Figure 2 shows the calculated density of states~DOS!
projected on thed andp symmetric states of a Cu site, whic
is defined inside the MT sphere, in the AF phase given by
LDA1U method (U53.0 eV, J51.0 eV). The origin of
the energy is the bottom of the conduction band. The D
projected onto thed symmetric states is almost concentrat
in the region of energy less than 2 eV. It has a finite g
;0.82 eV. Although it is not shown in the figure, the 3d
DOS changes considerably with a large energy gap 3.1 e
we use valuesU57.5 eV andJ50.9 eV. Nevertheless, the
DOS projected onto thep symmetric states remains simila
The left part of the DOS is shown in a 20 times magnifi
scale. The magnitude of the DOS projected onto thep sym-
5-2
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metric state is much smaller than the 3d DOS, since the mos
part of probability is distributed over the interstitial region
on neighboring MT spheres. We may be allowed to refer
the p symmetric states as 4p states, because the wave fun
tions are quite close to the atomic 4p wave functions within
the MT sphere. Of course the ‘‘4p’’ states lose the atomic
character outside the MT sphere, forming an energy b
with its width being as large as 30 eV. The exchange sp
ting in the 4p DOS is invisibly small in spite of the magneti
ground state, indicating that the effect of the 3d states is very
small. As shown later, the intensity on magnetic superlat
spots arises from the magnetic orbital polarization indu
by such tiny exchange splitting in thep symmetric states
through the SOI.

III. ABSORPTION COEFFICIENT AND RXS SPECTRA

We define the 1s-4p dipole transition density matrix
tmm8

( j ) («), assigned to each Cu site as

tmm8
( j )

~«!5(
n,k

E r 2dr r 82dr8@Rj 1s* ~r !rP m
( j )fn,k~r !#*

3@Rj 1s* ~r 8!r 8P m8
( j )fn,k~r 8!#d~«2«n,k!, ~3.1!

where j stands for sublatticesA6 or B6 . Suffixes m, m8
represent thex, y, andz axes, which are chosen to be paral
to thea, b, andc axes, respectively~see Fig. 1!. fn,k repre-
sents the wave function with the band indexn, wave vector
k, and energy«n,k which is larger than the Fermi energ
OperatorP m

( j ) projects the wave functionfn,k on them (m
Px,y,z) component of thep symmetric part on the Cuj site.
TheRj 1s represents the Cu 1s wave function on the Cuj site.
We evaluate this density matrix using the FLAPW wa
function.

A. Absorption coefficient

We first discuss the absorption coefficientA(v) around
the K edge. Neglecting the core-hole potential working

FIG. 2. Density of states projected on thes, p andd symmetric
states inside the Cu muffin-tin sphere, calculated in the AFM ph
of the LDA1U scheme (U53.0 eV, J51.0 eV). The origin of
energy is the bottom of the conduction band.
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the 4p states in the final state of the absorption process,
have the expression forA(v),

A~v!}(
n,k

U E r 2drR1s* ~r !rPmfn,k~r !U2

d~v2«n,k2«1s!

5txx
( j )~v2«1s!1tyy

( j )~v2«1s!1tzz
( j )~v2«1s!, ~3.2!

where«1s is the energy of the 1s state. The dependence o
sublattices can be neglected.A(v) is nearly proportional to
the 4p DOS. Figure 3 shows the calculated result in co
parison with the experiment, where«1s is adjusted such tha
the position of the main peak coincides with the experim
tal one. It is difficult to determine the absolute value of«1s
within the present status of theab initio calculation, since
several screening processes are neglected. The spectral
is found in good agreement with the experimental curve
the core-hole potential would be taken into account, the
tensities in low frequency region may be further enhance

B. RXS spectra

The conventional RXS geometry is shown in Fig. 4;
photon with frequencyv, momentumqi , and polarizationm

e

FIG. 3. Absorption coefficientA(v) as a function of photon
energy around theK edge of Cu, in comparison with the experime
tal data of fluorescence~Ref. 18!. The core-hole energy is adjuste
such that the calculated peak position coincides with the experim
tal one.

FIG. 4. RXS geometry. Incident photon with wave vectorqi and
polarizations or p is scattered into the state with wave vectorqf

and polarizations8 or p8 at Bragg angleu. The sample crystal is
rotated by azimuthal anglec around the scattering vectorG.
5-3
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(5s or p) is scattered into state with momentumqf and
polarizationm8 (5s8 or p8). The scattering vectorG is
defined byqf2qi . In the dipole approximation, we have th
RXS intensityI (G,v)

I ~G,v!}U(
mm8

Em
outMmm8~G,v!Em8

in U2

, ~3.3!

with

Mmm8~G,v!5
1

AN
(
j ,L

^guxm~ j !uL&^Luxm8 ~ j !ug&
\v2~EL2Eg!1 iG

3exp~2 iG•r j !. ~3.4!

HereEx
in(out) is thex component of polarization vector of th

incident ~scattered! photon. TheN represents the number o
Cu sites, andj runs over them. Theug& represents the groun
state with energyEg . The uL& represents the intermedia
state with energyEL ; it consists of the excited electron o
the 4p states and a hole on the 1s state.G describes the
broadening due to the 1s core-hole lifetime. The RXS spec
tra are rather insensitive with varyingG values; we setG
51 eV. The dipole operatorsxa( j ) at site j are defined as
x1( j )5x, x2( j )5y, x3( j )5z in the coordinate frame fixed
to the crystal axes with the origin located at the center of
j. HereafterG is expressed in unit of (2p/2a,2p/2b,2p/2c).
Just like the absorption coefficient, we neglect the core-h
potential in the intermediate state. Then the amplitu
Mmm8(G,v) is expressed in terms of the density matrices

Mmm8~G,v!5
1

AN
(

j
exp~2 iG•r j !E tmm8

( j )
~«!d«

\v2«1«1s1 iG
.

~3.5!

1. On magnetic superlattice spots

For the magnetic superlattice spotsG5(00m) with m be-
ing odd integers, Eq.~3.5! contains the following combina
tion of density matrices:

t (A1)~«!2t (A2)~«!1t (B1)~«!2t (B2)~«!

5S 0 0 h~«!

0 0 h~«!

2h~«! 2h~«! 0
D . ~3.6!

Only off-diagonal elements, which are purely imaginary, s
vive with an antisymmetric form shown above.21,22The com-
ponenth(«), which originates from theorbital polarization
concerning complex wave functions in the 4p states, van-
ishes without the SOI. From this expression, Eq.~3.5! be-
comes

I ~G,v!}U~Cyz1Czx!E d«
h~«!

v2«1«1s1 iGU
2

, ~3.7!

with Ci j 5Ei
outEj

in2Ej
outEi

in . Since the polarization depen
dent partCyz1Czx is factored out, the photon energy depe
dence is independent of the polarization.
06442
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The actual calculation in the LDA1U scheme is rather
heavy, since the number of atoms in the unit cell become
large as 20 in the AFM phase. Highly accurate calculatio
are required, since the intensity is much smaller than that
the orbital superlattice spots. It is not easy to sum up m
k-points in evaluatingh(«), though. Fortunately, summing
83838 k points in the first Brillouin zone seems sufficie
in comparison with the result for summing 63636 k points.
Figure 5 shows the calculated spectra forG5(001) as a
function of photon energy in comparison with th
experiment.18 It is for the s→p8 channel~the one in thes
→s8 channel vanishes as shown below!. The solid and bro-
ken lines represent the calculated intensities forU
53.0 eV, J51.0 eV, and forU57.5 eV, J50.9 eV, re-
spectively. We obtain the spectral shape consisting of sev
peaks. The highest and next highest peaks correspond w
peaksa and b, although their energies are slightly shifte
Note that the core-hole energy has already been adju
such that the calculated absorption peak coincides with
experimental one. The spectral shape is little changed f
larger value ofU2J. The intensity becomes slightly larg
for a large value ofU2J, probably due to the increase of th
3d spin and orbital moment. In addition we have found th
the spectra change little with turning off the SOI on the 3d
states, suggesting that the 3d spin moment is more importan
than 3d orbital moment on inducing the 4p orbital polariza-
tion.

From Eq.~3.7!, we derive explicitly the azimuthal angl
dependence,

I ~G,v!}0 for s→s8}ucosu coscu2 for s→p8,
~3.8!

where sinu50.088 for the (001) spot and sinu50.439 for
the (005) spot. Here the azimuthal anglec50 is defined
such that the (1̄10) axis is contained in the scattering plan
Figure 6 shows the peak intensity on (005) as a function
c, in comparison with the experiment. The dependen
agrees with the experiment.

FIG. 5. RXS spectra on a magnetic superlattice spot (001)
the s→p8 channel. The solid and broken lines are the calcula
results forU53.0 eV, J51.0 eV, and forU57.5 eV, J50.9 eV,
respectively. The dotted line represents the experimental curve~Ref.
18!. The core-hole energy is set the same as in the case of ab
tion coefficient~Fig. 3!.
5-4
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2. On orbital superlattice spots

For the orbital superlattice spotsG5(hlm) with h, l, and
m being odd integers, Eq.~3.5! contains the combination o
density matrices,t (A1)(«)1t (A2)(«)2t (B1)(«)2t (B2)(«).
It takes a form

S a~«! 0 g~«!

0 2a~«! d~«!

2g~«! 2d~«! 0
D , ~3.9!

where off-diagonal elements are more than two orders
magnitude smaller than the diagonal terms. Neglecting s
terms, we obtain

I ~G,v!}UCx22y2E d«
a~«!

v2«1«1s1 iGU
2

, ~3.10!

with

Cx22y25Ex
outEx

in2Ey
outEy

in . ~3.11!

Just like Eq.~3.7!, the polarization dependent partCx22y2 is
factored out, so that the photon energy dependence beco
independent of polarization.

Figure 7 shows the calculated spectrum forG5(331), as
a function of the photon energy, in comparison with the e
periment. The calculation is carried out on both the AFM a
FM phases in the LDA1U scheme, and on the NM phase
the simple LDA scheme. All three cases of calculation g
nearly the same result, indicating that the 4p states are little
influenced by the details of the 3d states, in agreemen

FIG. 6. Azimuthal angle dependence of the peak intensity
8993 eV on a magnetic superlattice spot (005) and on an or
superlattice spot (331), in comparison with the experimental da
8992 eV~Ref. 18!. Both are for thes→p8 channel. The experi-
mental data are adjusted so that the maximum intensities bec
close to the calculated ones.
06442
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of the previous calculation of the same kind.18 In particular,
the fact that the last case gives the similar result in spite
considerably smaller 3d orbital order gives a strong suppo
to the mechanism that the RXS intensity is mainly control
by the lattice distortion. This finding is consistent with pr
vious studies on other transition-metal compounds.12–14Note
that the above statement is applied to only the ‘‘main’’ pe
at theK edge. A ‘‘pre-edge’’ peak, which has sometimes be
observed in other materials, may have close relations to
3d orbital order. The effect of the SOI is negligibly small fo
these cases. The present calculation reproduce well the s
tra consisting of three peaks, although peaksc and e are
much smaller than the experimental ones.

The azimuthal angle dependence forG5(331) is explic-
itly evaluated from Eq.~3.11!. It is given by

I ~G,v!}ucosb sin 2cu2 for s→s8

}usinu cosb cos 2c1cosu sinb sincu2

for s→p8, ~3.12!

with sinu50.364 and tanb53A2c/a54.02. The azimuthal
anglec50 is again defined such that the (11̄0) axis is con-
tained in the scattering plane. The intensity has a period
2p, not p, with respect toc. This rather complex behavio
seems reasonable, since the scattering vectorG is not in a
direction of high symmetry. This is obviously different from
the form previously assumed in the analysis of the exp
mental data.18 Figure 6 shows the peak intensity as a fun
tion of c, in comparison with the experiment. The prese
form looks consistent with the experiment, at least with
p,c,2p. There are no available experimental data for
,c,p at present.

So far, all the spectra are calculated with the lattice
rameters at room temperature mentioned before. If the R
intensity arises from lattice distortion, it increases with i
creasing JTD strength. To confirm this, we calculate the
tensity with changing the JTD strength. Figure 8 shows

t
al
at

me

FIG. 7. Calculated RXS spectra on an orbital superlattice s
(331) in comparison with the experiment. The thick solid and b
ken lines show the spectra on the AFM and FM phases in
LDA1U scheme (U53.0 eV, J51.0 eV), respectively. They co
incide with each other. The thin solid line shows the spectra on
NM phase in the LDA scheme. The dotted line shows the exp
mental data~Ref. 18!. The core-hole energy is set the same as in
case of absorption coefficient.
5-5
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intensity of the peak at\v58995 eV as a function ofl 2s
~the values ofm and l 1s are kept to be 1.962 and 4.141 Å
respectively!. Having set out MT sphere nearly touchin
each other, we can hardly increase the distortion more.
intensity monotonically increases with increasing values
l 2s, consistent with the above observation. It has been
served in the experiment that the intensity increases b
factor of 2 with temperature going through the magne
phase transition temperature, and this behavior has bee
terpreted as a consequence of a strong coupling betwee
bital and spin degrees of freedom.17 The result that the spec
tra are mainly controlled by lattice distortion indicates th
the lattice distortion becomes large in the magnetic pha
The direct determination of lattice parameters have not b
carried out yet.

IV. CONCLUDING REMARKS

We have calculated the RXS spectra around theK edge of
Cu in KCuF3 on the basis of theab initio calculation, that is,
the FLAPW method in the LDA1U scheme. The lattice dis
tortion is introduced as inputs of calculation. We have o
tained finite intensities on magnetic superlattice spots by
ing account of the SOI. This seems to be the first resul
have evaluated the magnetic RXS spectra in theab initio

FIG. 8. Peak intensity of RXS spectra on (331) with varyi
JTD strength. The values ofm and l 1s are fixed at 1.962 and
4.141 Å, respectively. The circle indicated by an arrow is the re
for the actual value ofl 2s at room temperature.
d
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.
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level. Since the intensity disappears without the SOI,
present result indicates that the spectra arises not from
spin polarization but from the orbital polarization concerni
complex wave functions in the 4p states. On the other hand
the spectra change little with turning off the SOI from the 3d
states. This indicates that the 3d orbital moment has no role
in inducing the 4p orbital polarization. This situation is dif-
ferent from our previous finding in the study of the magne
RXS in CoO and NiO that the 4p orbital polarization is
induced by the 3d orbital moment through the mixing of th
4p states with the 3d states ofneighboringtransition-metal
ions and the intra-atomic 4p-3d Coulomb interaction.21,22

This difference may come from the fact that the 3d orbital
moment is about one-third of that in NiO and one-tenth
that in CoO. Furthermore, the mixing effect may becom
smaller than in NiO and CoO, since F atoms always int
vene between neighboring Cu sites. Closely related is
phenomenon of the magnetic circular dichroism in t
K-edge absorption in ferromagnetic metals Fe, Co, and N28

In this case, the 4p orbital polarization was found to be
induced by the 3d orbital moment through the 4p mixing
with the 3d states atneighboringsites.29,30

We have also calculated the RXS intensities on orb
superlattice spots. The spectra are independent of whe
the system is in the AFM phase or the FM phase, and of
3d orbital order. We have explicitly shown that the spec
are mainly controlled by the lattice distortion through t
calculation with varying JTD strengths. The present resul
consistent with the previous studies of the RXS on transiti
metal oxides,12–16 but shows contrast with the RXS aroun
the L III edge in the quadrupole ordering phase of the ra
earth compound CeB6, where the spectra seem to be direc
controlled by the quadrupole order.31–33
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