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Orbital ordering, Jahn-Teller distortion, and resonant x-ray scattering in KCuF 3
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The orbital, lattice, and spin ordering phenomena in K{aFe investigated by means of local-density-
approximation plus onsite-Coulomb interactidrDA+U) calculations, based oab initio pseudopotentials.
We examine the Cuorbital ordering and the associated Jahn-Teller distortion in several different spin-
ordered structures of KC4FThe ground state is correctly predicted to be an A-type antiferromagnetic struc-
ture, and the calculated Jahn-Teller distortion agrees also well with experiment. Concerning the orbital order-
ing, we find that even for a highly ionic compound such as Kgtie orbital-order parameter is significantly
reduced with respect to its nominal value due tq3&—F(2p) hybridization. We also calculate the Guedge
resonant x-ray scattering spectra for Bragg reflections associated with orbital order. Consistent with previous
studies, we find that the resonant signal is dominated by the structural anisotropy in the distribution of the F
neighbors of the resonant Cu atom, and that the Gwidital ordering has only a minor influence on the
spectra. Our LDA+U results, however, also indicate that a change in the magnetic structure has a small
influence on the Jahn-Teller distortion, and hence on the resonant spectrum, in the convérdmmal
temperaturg crystallographic structure of KCyFThis may indicate that the large change observed experi-
mentally in the resonant signal near the Néel temperature is related to a low-temperature structural transfor-
mation in KCuk.
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I. INTRODUCTION such as LaMn@ the K edge excitation is the only possible

The pseudocubic perovskite KCys a magnetic insula- core-level excitation for which resonant photons have a suf-
tor that has attracted significant interest since the 1960s, asf@entlydlar%(_e vnave (\j/ect(c)jr lo access alr:rzgg vector of the
prototype material for orbital ordering, cooperative Jahn-targeted orbitally ordere structu;}a. Theedge §catt?r|ng
Teller distortion, and low-dimensional magneti$AKCuF,  Process in manganites and KGufowever, derives from

is also structurally related to highs superconducting virtual electric dipole excitations to empty transition-metal

cuprates and colossal-magnetoresistance manganites. In {82 States. The resuling RXS amplitude is thus not directly
P g g lated to the 8 states that exhibit orbital ordering, but to the

cent years, renewed attention has been given to the probleanisotropy induced in the surrounding 4tates. Although
g/]:/eoergltgrlbci{[gerrlr?zg ﬁggctoa;r:je;:ﬂgt{jg g‘r%e'?ifrﬁztlggznb?the latter is due, in principle, to the orbital ordering and/or

lated H’t g't' ’ al d t'g lated 9Wassociated Jahn-Teller distortion, this indirect dependence
correfated - S-transition-metal compounds,  stimulated 'In o4y yjicates the interpretation Ktedge RXS data. In fact, it
large part by the interest in colossal-magnetoresistanc

: , fias been first proposed that the measured anisotropy is de-
manganites.In the latter systems, the interplay between or-termined by the 8 orbital polarization via onsite®4p Cou-
bital, charge, spin, and lattice degrees of freedom is knowfymp interactiont® However, subsequent local-density-

to play an essential role in establishing the observed physicalpproximation (LDA) calculations and LDA plus onsite-
properties. Contrary to the case of charge, spin, and latticeoulomb interactiofflLDA+U) calculations, performed for a
ordering, however, which can be investigated by convennumber of manganitéé—:wand also for KCuE,SJB have pro-
tional x-ray, neutron, and electron diffraction techniques, di-ided rather strong evidence that tKeedge scattering am-
rect experimental observation of orbital ordering has been—plitude in these systems is mostly sensitive to the Jahn-Teller
and remains in most cases—a challenge. distortion that accompanies the orbital ordering, rather than
Recently, resonant elastic x-ray scatteriiRgXS) tech-  to the orbital ordering itself.

nigues have been developed to probe orbital ordering. RXS In KCuF;, an interesting feature has been observed con-
has been applied to a number of orbitally ordered com<€erning the temperature dependence ofKhedge RXS in-
pounds, including various manganit€sand KCuR.”® Ex-  tensity for orbital Bragg peaks® The measured scattering
cept for very recent measurements carried out on layereditensity shows a substantial and sudden incregasthin
doped manganites at the Mo, ; edges; 2 most of the 4 to 5 K), with decreasing temperature, when approaching
experiments performed to date have used excitations frorthe Néel temperature. A somewhat similar phenomenon has
the transition-metal dcore level, i.e.K-edge excitations. In been observed also in LaMpCat the K edgé and in

the case of KCuf-and for related perovskite manganites LagsSr; sMnO, at the L, 3 edges'® for temperatures ap-
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Typed

proaching the Néel temperature, but in these systems the
changes in the orbital scattering intensity take place over a
much wider temperature range, i.e., one to two orders of
magnitude wider. These phenomena are therefore not neces-
sarily related, but they are all very puzzling because they
take place in a temperature region where both the orbital-
order parameter and the Jahn-Teller distortion are expected
to be saturated. In all of these systems, the origin of the
changes in the scattering intensity is an unresolved issue.
For KCuF;, two different interpretations have been pro-

posed. On one hand, the change in RXS intensity has been z
ascribed to a change in the orbital order parameter, and in- Y *Cu OF ® X

terpreted as indicative of a strong coupling between spin and
orbital degrees of freedofif: On the other hand, based on  Fig. 1. (Color onling Schematic views of the atomic structure
the results of LDA+U calculations showing a dominant in- anq of the ordering of the Cuthole orbitals in thea- (left) andd-
fluence of the Jahn-Teller distortion on the RXS spectra, theright) polytypes of KCuE.

jump in intensity has been attributed to an increase of the
Jahn-Teller distortion in the low-temperature magnetic

phase'® These interpretations are also not necessarily mutu: Below the Néel temperatur@8 K for polytypea, 22 K

ally exclusive; a change in the magnetic structure may inir Polytyped), the spins arrange in an A-type antiferromag-

duce a change in the orbital-order parameter, which in turf€tic (AF) structure, with strong AF superexchange interac-
may modify the Jahn-Teller distortion. In principle, first- tion between adjacent Cu atoms along thaxis, and weak
principle calculations could help discriminating betweenferromagnetic(FM) superexchange coupling between Cu
these various possibilities by providing quantitative informa-nearest neighbors within thab plane®2° This magnetic
tion on the influence of the magnetic structure on both thestructure is consistent with the predictions of the
Jahn-Teller distortion and the orbital-order parameter. As yetGoodenough-Kanamori-Andersonules for the superex-
however, to our knowledge these issues have not been adhange interactions associated with the orbital-ordered con-
dressed by such calculations for KGUF figurations displayed in Fig. 1. Such orbital configurations
In the present work, we use state-of-the-art LDA+U cal-have been confirmed by previous LDA+U and Hartree-Fock
culations, based oab initio pseudopotentials, to investigate calculations for KCug81821-23Previous calculations have
the electronic, structural, and magnetic properties of KLCUF also shown that the LDA approach fails to correctly predict
Our main targets are the orbital ordering and Jahn-Teller disthe stable orbitally ordered AF insulating structure of KGuF
tortion, and we address the influence of the magnetic struGyhile the LDA+U corrects this featurd.
ture on these properties. We also evaluate thekGedge In this paper, we concentrate on taetype structure of

RXS spectrum, and investiggte the influence (_)f the magnetiRCqu' which has been the focus of the experimental RXS
structure and Jahn-Teller distortion on the simulated specs

. . . Studies’® The work is organized as follows: In Sec. I, we
trum. Unlike other density-functional-related approaches, th%riefly present the calculation method. In Sec. Il we address

LDA+U method has not been extensively used to eXamMiN§he structural properties of the low-temperature A-AF struc-

structural properties. In this study we therefore also firs . ; . ) .
demonstrate the ability of LDA+U pseudopotential calcula—ttur.e' the correspondl_ng orbital orgering and e_lectror_nc prop
erties are examined in Sec. IV. In Sec. V we investigate the

tions to provide a realistic description of the ground-state . ) .
properties of KCuk; when full structural optimization is per- energetics and §uperexchange couplmgs' of several different
formed. (metg-stable spin structures of KCyFThe influence of the
KCUF,; crystallizes in a perovskite structure which is tet- magne_nc _structure on _the orbital ordering and Jahn-Teller
ragonally distorted by a collective Jahn-Teller distortion ofdistortion is addressed in Sec. VI. In Sec. VIl we present our
the Cuk; octahedra. Two different polytypes have been iden_r(_asults_ for the RXS spectra, and we summarize our conclu-
tified experimentally at room temperature, which differ in SIONS in Sec. VIIl.
their atomic-plane stacking along tleeaxis (Fig. 1).° The

Cu ions in KCuk are nominally in a C2 (d® configuration, Il. METHODOLOGY
with completely filled 3i-t,4 orbitals and one hole in one of ) o
the cubic degenerateda, orbitals (3d_, 3ds22). The The calculations are performed within the LDA+U

cubic degeneracy of the, states is lifted in the paramagnetic Scheme using the pseudopotential plane-wave method. We
phase, well above room temperature, by an orbital polariza€MPIoy ;[1“295 rotational invariaft LDA+U  energy
tion and Jahn-Teller instability. The octahedra elongate alon§nctional™

the a or b principal axes, with an alternate order on neigh- ELOA*U[ T ol {nli1 fnl)]
boring Cu A and B sites in thab plane(see Fig. 1L The T
distortion corresponds to an alternate distribution d£2.32 u-J

=Epl,p']+

> na-m9, (L)

and 31,22 hole orbitals on Cu A and B sitésAlong thec N

axis, the stacking of the planes may be antiferromagneticlike _ _
(type a) or ferromagneticliketype d), giving rise to the two ~ Where E-PA[p!,p!] is the standard LDA energy functional,
different polytypes. p” is the electron spin density with spin polarizatienU (J)
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is the onsite Coulomlgexchangg interaction parameter for
the localized electrons, the Cu 2lectrons, anah)“ are the
occupation numbers of the localized orbitalsand \ are

indexes for atomic sites and orbitals, respectively. The occu=

pation numbersm'x" are the eigenvalues of the density matri-
ces:

l,o
m,m’

ner =2 fe o[ Xl eny, (2)
ki
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TABLE |. Calculated values of the equilibrium lattice constant,
a, tetragonal lattice ratiog/a internal structural parameterg xand
bulk modulus,By, of KCuF;.

a(A) cla Xe B, (GPa
LDA+U 4.03 0.955 0.2320 75
Expt (10 K) 4.126 0.9486
EX[:)Ib (298 K) 4.141 0.9476 0.2280

3Reference 20

whereg|’(r) are the rotational-degenerate atomic orbitals ofogeference 5

the localizedd-electron shellm stands for the angular quan-
tum numbergy;(r) are the crystal Bloch states, afii are
the corresponding occupation humbers.

differences, in general, for results concerning the electronic-
structure properties. For the structural properties, the Vander-

In our pseudopotential calculations, the crystal Bloch
sftates,tpgi(r), are represented by, Bloch pseudo-wave funC"I’eller distortion, and a smaller equilibrium volum@%
tions, and the matrix elementgey’[ ;). in Eq. (2), are smalley than the Troullier-Martins pseudopotential. This is
evaluated by projecting the crystal pseudo-wave functions ofe|ated to a higher degree of localization within the core
atomic pseudo-wave functiod$.We employ the Perdew- region of the Cu @ pseudo-charge density obtained with the
Zunger parameterization of the LDA exchange-correlationyanderbilt compared to the Troullier-Martins pseudopoten-
potential?” For the effective onsite Coulomb interaction pa- tja|. The structural trends, however, and in particular the de-
rameter,Us;=U—J, we use a value of 6.6 eV. This value pendence on the magnetic state, are the same with the two
corresponds to the calculated values=7.5eV andJ  types of pseudopotentials. The effect of the I§ and 3
=0.9 eV obtained by constrained LDA computations forsemicore electrons has also been investigated. Potassium is

bilt pseudopotential yields a larggr-15% largey Jahn-

KCuF; in Ref. 21.
We employ a Vanderb ultrasoft pseudopotential for Cu
and norm-conserving Troullier-Martifs pseudopotentials

known to have semicore states which are rather polarizable.
We have therefore performed test calculations treating the K
3p and 3 electrons as valence electrons. They show that the

for K- and F. Some of the calculations have also been pefnclusion of the K semicore electrons has virtually no effect
formed using a Troullier-Martins pseudopotential for €u, on the electronic properties and changes the equilibrium val-

for comparison. The pseudopotentials we use are scalar relges of the structural parameters by less than 1%.
tivistic. The Vanderbilt pseudopotential has been generated

in the nonmagnetic Cud3-*4s’*4p’ atomic configuration,
using for the core-cutoff radiirg=2.1, r,=2.2, andry

Ill. STRUCTURAL PROPERTIES

=2.0 a.u. The Troullier-Martins pseudopotentials have been In Table | we show our results for the equilibrium lattice
generated in the ground-state configuration of the non-spinconstant,a, tetragonal lattice rati@/a, fluorine coordinate

polarized atom, with the cutoff rad{in a.u): r4s=3.50,14,
=r3g=3.75 for K andry,s=r,,=1.40 for F. The Troullier-
Martins pseudopotentials have been cast into
Kleinmann-Bylande¥ nonlocal form using the component

Xg, and bulk modulu®, of the low-temperature A-AF struc-
ture of KCuk. The theoretical values of the structural pa-

theameters are compared to experimental values at low

temperature—when available—and at room temperature.

as a local part. For Cu and K we have included the nonlineafhe theoretical equilibrium lattice constaatis about 2%

core correctioft to the exchange-correlation potential to ac-

smaller than the measured low-temperature value. This is

count for the overlap between the valence and core chargepmparable to LDA results for related perovskite materials,
for fluorine this is not necessary, since we treat thesF 2 such as the ferroelectric oxides studied in Ref. 34, for which

semicore electrons as valence electrons.

the LDA underestimation of the lattice constant is typically

All calculations are carried out in a 20-atom tetragonal~1 to 2%.

unit cell. We use a kinetic-energy cutoff of 80 Ry for the

Our LDA+U values forc/a and xg agree well with ex-

plane-wave expansion of the electronic states. The integraeriment, i.e., to within 1 and 2%, respectively. The calcu-

tions in reciprocal space are performed using(4g4,2
Monkhorst-Pack® k-point grid for all structures, except the
nonmagnetic structure of KCyRwhich is metallic. For the
latter structure we employ €6,6,4 Monkhorst-Pack grid
together with a Gaussian electronic-level
schemé? with a full width at half maximum of 0.01 Ry.

lated relaxed bond lengths for the three inequivalent Cu-F
bonds along the&, y andz directions(at a Cu A sitg¢ are 1.87,
2.16, and 1.92 A, respectively, versus 1.88, 2.25, and 1.96 A
in the experiment® The in-plane quadrupolar distortion

broadeningAX=(0.25-x¢)2a, associated with the Jahn-Teller distortion

of the CuF; octahedra, is 3.6% a&f, compared to the experi-

With the above parameters, the estimated convergence on theental value of 4.49%° Hartree-Fock calculatioR% per-
relative energies of the various magnetic structures considormed for the d-type structure yield a distortiod\X/a

ered in this work is~1 meV per formula unit.

of 2.6%; the same Hartree-Fock calculations corrected

Concerning the pseudopotentials, we have performed posterioriusing a gradient-corrected correlation functional
some comparative studies using the Troullier-Martins andjive a distortion of 3.4%, closer to our calculated value.
Vanderbilt pseudopotential for Cu. They indicate negligibleEarlier LDA+U calculations, based on the full-potential
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TABLE II. Calculated equilibrium values of the tetragonal lat-
tice ratioc/a and internal structural parameter of KCuF; at dif-
ferent volumes.

V (A3

cla

67.03
63.68
60.39
57.24

0.937
0.951
0.961
0.968

0.2257
0.2305
0.2343
0.2371

KCuF; evaluated at the reference experimental values of the
structural parameters. We note that using the theoretical val-
ues of the structural parameters would not change signifi-
cantly the results, i.e., produce negligible changes in the
orbital-order parameters, variations 0.01ug in the mag-
netic moments, and changes of the order of 0.1 eV in the
relative energies of the electronic states.

IV. ELECTRONIC STRUCTURE AND ORBITAL
ORDERING

In Fig. 3 we present the KCuyFifferential charge density
for the A-AF structure, i.e., the difference between the crys-
tal electronic charge density and the superposition of spheri-

FIG. 2. Calculated quadrupolar distortidiX=(0.25-xg)2a as a
function of the cell-shape ratic/ a for different volumes of KCuk:
The arrows indicate the equilibrium values under hydrostatic
conditions.

linear-muffin-tin-orbital method and performed using the ex-
perimental values of lattice constants, reported a smaller qua-
drupolar distortion of 2.5% for the-type structuré! To our
knowledge, no experimental value is available for the bulk
modulus of KCuk. Our value of 75 GPa, however, is in
reasonable agreement with tBg value of 84 GPa derived
from semiempirical pair-interaction-model calculations for
the elastic constants of KCyf®

The structural optimization needed to determine the pa-
rameter values in Table | was carried out considering several
different unit-cell volumes, and for each volume several dif-
ferentc/a ratios, and by fully relaxing in each case the F
internal coordinates. As a by-product, we have therefore ac-
cess to the dependence of the quadrupolar distortion on te-
tragonal strain and also to the hydrostatic-pressure depen-
dence ofc/a and xg. In Fig. 2 we display the calculated
equilibrium quadrupolar distortiodX as a function of the
c/a ratio, for three different volumeg@ncluding the experi-
mental ong Consistent with semiempirical model
descriptiong, an increase i\ X decreases/a; the results in
Fig. 2 indicate that a 10% increase &X decreases/a by
~5%. In Table Il we also reported the equilibrium values of

D@@@(
]@@@@(

@%@@@

D@O {

2¢

cal atomic charge densities of neutral atoms. The differential
density provides information on the electronic charge rear-

FIG. 3. Difference between the crystal electronic charge density

X andc/a at different volumes. Decreasing the volume de-anq the superposition of spherical atomic charge densities of neutral

creases the quadrupolar distortion and increases/thea-

atoms in a001) (panel a and a(010 (panel h CuF atomic plane

tio. The latter trend is not inconsistent with the increase inof KCuF,. The positions of the C(F) atoms are indicated by small
the experimentat/a ratio observed with decreasing tem- (large) dark disks. Regions of electron accumulatidepletior) are
perature(and volume in Table I.

In the following sections we report our results for the 0.03e|/boh; negative electron densities are truncated below
electronic properties, magnetic structure, and RXS spectra 6f0.15¢e//boh® (near the Cu atoms

shown in gray (white). Contour lines are separated by
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A-AF  KCuF,

DOS (eV1Vh
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|
!

E (eV)

FIG. 4. Electronic density of states of A-AF KCyF he zero of
energy corresponds to the valence band maximum.

Projected DOS (arb. units)

rangements involved in the crystal formation, including
charge transfers associated with bond formation and orbital
ordering. The differential charge is displayed both in a
CuFO00)) [Fig. 3a)] and in a CuF010 [Fig. 3(b)] atomic
plane of KCuk.

The differential density is clearly partitioned into F-
related/CuK)-related electron accumulation/depletion re-
gions, consistent with the ionic nature of KGufFhe Cu 3l
orbital ordering shows up quite strikingly in the maps, i.e., in
the alternate sequence of depletbd .- and d,2_-like or- - 1
bital densities on neighboring Cu A and B sites in Figa) 3 . ' - | :
and 3b). We notice a slight asymmetry in thi_.-like i ’
(d2_y2-like) orbital density related to the tetragonal distortion

of the Iattipe, ie., s'tronger depletions for the Iobes. alongthe g 5 Projected Cu®and F D atomic densities of states in

X (respectivelyy) axis th_an for the_ lobes along tlze_aX|s. Wg KCuF. Density of states projected ont@) the Cu & ¢, (dashed
also observe a I_ocal increase in the_electr_omc d_ensny qfne) and t,q (solid ling) orbitals, (b) the F, and (c) the F» 2p,
some of the nominally “filled” Cu 8 orbitals—in particular  (gashed lingand 2., (solid line) orbitals. In each panel, the upper
the dsy2 2 (dsee-r2) Orbitals—suggesting a slight contraction naif corresponds to the majority spin states and the lower half to the
of the 3 states of the Cu ion in the crystal with respect tominority spin states. The zero of energy corresponds to the valence
those of the isolated atom. We note that the relaxation of theéand maximum.

three inequivalent Cu—F bonds follows the trend of decreas-

ing bond length with increasing Cud3ocalized-hole charge one. Most of this reduction, however, can be accounted for

on the bond, as expected from electrostatic interaction witrby the decrease in the numbereamole,nhole, relative to one

the F anions. 0 : I
The differential maps indicate a significant interaction(37 %), and derives thus from the delocalization of the 3

hole (due to hybridization on neighboring F orbitals. The

(hybridization between Cu 8 & and F 2, states and a d2 .2 (d2.2) character of the ordered orbitals on the(2)

related non-negligible delocalization of the Cu hole on the —a hole, _hole - :
nearest-neighbor Frg, states. These features, together with®'€S: megsuredoby the rafigs">/n", is instead nearly
the deviation from purelyl,2_2 (d,2_.2) hole orbitals, suggest Ccompletefi.e., 97% of thed,> . (d2-y2) typel.

a somewhat incomplet#-x2/Z2—y? orbital ordering. To be The calculated electronic density of sta(B©S) of A-AF

more quantitative in this statement, we have evaluated, froffCUFs is shown in Fig. 4. KCuf is an insulator in our

the density matrix, the total number ofl Boles per Cu site, Calculations with a gap of 1.54 eV. The valence DOS of

ni9=10-3,, n¢, and the expectation value of the number KCuR; exhibits two main structures: a low-energy structure
of holes in thed,_,» orbital on an A site(or equivalently, (=7 t0 =3.5 eV}, which includes mostly Cudstates, with an

Ahole_5_s A admixture of F P states(mainly 2p, states, and a high-

d,2,2 orbital on a B sitg, nz_ > = 32 22 We note g :
that the occupation numbers we obtain from the density maci . 9Y structure-3.5 10 0 eV, which is dominated by F 2

trix for the t,, orbitals are identically 1.00 per spin, so that states, and includes also a non-negligible contribution
29 . ’ i i
the total number of & holes is identical to the number eé from Cu 3 states. The corresponding projected Glizd

: . neing.
holes in our calculations. The calculated values aj F 2p atomic DOS are displayed in Fig."5.The Cu & local

— phole— —Ahole_ atomic DOS has been split into contributions from the
=ng, =0.63 andn; 2=0.61. Hence, theh0|ceiegree of andey stategFig. Xa)] and the F  local DOS into contri-

9 . . o
—-x2/72-y? orbital ordering, measured byj;"%’ is signifi-  butions from thep, and p., orbitals on each of the two in-
cantly reducedby 39%) with respect to its nominal value of equivalent F sitegFigs. %b) and %c)]. The sharp lowest-

E (V)
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B i e pad) i
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A-AF G-AF C-AF M

) Ay Lo T sy e’ FIG. 7. Magnetic structures considered in this work for
O T v X et AT KCuF,.

displayed in Fig. 1, that the favorable Cu superexchange in-
teractions should be antiferromagnetic and strong along the
axis, and weakly ferromagnetic within tlad plane. In order
to probe the magnetic interactions in our system, and also to
address the influence of the magnetic order on the electronic
-0.2 . ' : ' : ' and structural propertig$n the next section we have con-
E(eV) sidered several different possil{ilmetg-stable spin configu-
rations for KCuk, illustrated in Fig. 7. In addition to the
FIG. 6. Density of states projected onto the Gy ésolid line), A-AF structure, we have considered the AF G- and C-type
4p, (dashed ling and 4, (dotted ling orbitals at a Cu A site. configurations, the FM state, and also the nonmagtiii¢)
configuration.
energy conduction-band feature, in Fig. 4, clearly derives In Table Ill we give the relative energies of the various
from the ordered Ce, empty orbitals that have the minority spin structures together with the corresponding values of the
spin on each Cu sitésee Fig. Ba)]. Within the LDA+U  ordered Cu spin momemts, computed as the integrated ab-
scheme, the lowest-energy conduction-band feature may k@lute value of the magnetic moment per Cu atom. In agree-
viewed as the upper Hubbard band associated with the locament with experiment, and consistent with the GKA rules,
ized e, orbitals illustrated in Fig. 1, the corresponding lower the A-AF structure is the most stable configuration. The
Hubbard band being the sharp lowest-energy valence-barggcond-most stable configuration is the G-AF spin structure,
feature in Fig. §a). The existence of a significant hybridiza- Where the AF order is preserved within the Cu chains along
tion between Cug, and Fp, states, in Fig. 5, is apparent the ¢ axis, but FM order has been replaced by AF order
from the energy degeneracies and analogous dispersions fthin theab plane. The structures having, instead, FM order
the related features. Inspection of Fig. 5 also reveals a notwithin the Cuc chains(C-AF and FM in Fig. 7 are ener-
negligible interaction between Gy, and Fp,, states. getically much less competitive. For the latter structures, we
At higher energy, in Fig. 4, one finds a secondnote that AF spin order is more favorable than FM spin order
conduction-band edg@t about 5 eV associated with K ¢  within the ab plane(E[C-AF]<E[FM]). This is contrary to
states, with also a contribution from Cs 4tates. The two the situation observed for the structures having AF spin order
sharp features located at9 and 11 eV, in Fig. 4, originate Within the chains, where FM order is preferred within tie
from K 3d states. We note that the Cip 4tates, which are plane (E[A-AF]<E[G-AF]). With the exception of the
the intermediate states in the Guedge RXS process, con- E[C-AF]<E[FM] case, the energy ordering we find is con-
tribute to the DOS over a large energy region that rangesistent with the trend expected from the GKA rules for half-
from about 8 to 32 e\(at leas}). The corresponding Cupg,  filled orbitals. Concerning théE[C-AF]<E[FM]) anomaly,
4p,, and 4, projected densities of states are represented iwve note that in our system the hole orbital occupation differs
Fig. 6 (for a Cu A sitg. The dominant features of the Cp,4  from the half-filled situation(see also next sectigpnand for
and 4, densities of states exhibit a splitting of about 6 eVthe weak superexchange interaction within the plane,
produced by the F quadrupolar distortidiX. The inward/  such a deviation can change the sign of the superexchange
outward relaxation of the nearest-neighbor F anions alongoupling.
the x/y axis tends to shift thepk/4p, states at higher/lower The energy of the NM structure, in Table Ill, is by f@.2
energy with respect to thep4 states. It should be noted, to 0.3 e\j the largest of all. It should be noted, however, that
concerning the high-energy unoccupied states occurring
above 5 eV, that—unlike the lower-energy unoccupied Cu ) ) ) : .
de_,> states associated with the sharp feature—these stat ents in the various magnetic structures Of. Kgubnsidered in
. o . ) Is work. Energies are given per formula units and measured rela-
are totally insensitive to the effective Hubbard tetdy, in tive to the energy of the A-AF structure
our LDA+U calculations. These states are thus expected to i
suffer from the usual LDA underestimation of the gage.,

-0.1F

Projected DOS (arb. units)

———

TABLE lll. Calculated total energies and ordered Cu spin mo-

. . . . E
to be shifted to lower energy with respect to quasiparticle (meV) m; (up)
energies obtained in GW calculations A-AF 0 0.91
G-AF 10 0.90
V. MAGNETIC STRUCTURES C-AF 58 0.98
FM 70 1.03
The Goodenough-Kanamori-AndersorfiGKA) rules  \u 297 0

predict? for the half-filledd,2_.2/ d,_y2 orbital configurations
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a large fraction of the energy difference between the NM 300 ‘ ‘ ' w

structure and the stable A-AF phase can be accounted for b . é:ﬁ? 1
the energy change of an isolated®Cion when its configu- 2000 o g ¢ g&fF 7
ration is switched from non-spin polarized to spin polarized - Tl o NM

[i.e., +0.24 eV in our LDA atomic calculations for a spin
moment of 0.95uz (see Table Il)]. For the paramagnetic ~
phase, thus with disordered spins on the different Cu sites, ‘g
reasonable energy estimate would béNHE] -0.24 eV =
~0.06 eV, which is intermediate between the energy of the
FM and A-AF phase.

We note that the relative stability of the different struc-
tures, in Table Ill, is reflected in their band gaps. We find that
the band gap changes from 1.54 eV, for the A-AF structure,
to 1.47, 1.00, 0.72, and 0 eV for the G-AF, C-AF, FM, and % ‘ 2 ‘ 3 ‘ 6 ' 3
NM structures, respectively. AX (% of a)

In Table lll, the ordered momemi of a Cu with a given
spin o increases, in the different spin structures, with in-  FIG. 8. Total energy of the various magnetic structures of
creasing number of Cu nearest neighbors alongctleis  KCuF; considered in this work as a function of the quadrupolar
having the same spia. We also observe an increase in the distortion AX.
moment, but significantly smaller, with increasing number of
nearest neighbors having the same spin withinah@lane.  changes in the spin structure induce thus variations in the
These trends are consistent with the expectedFS€Cuspin-  Jahn-Teller distortion which do not exceed 10%. This 10%
density overlaps associated with the orbital arrangements imalue, obtained when the NM structure is considered, is a
Fig. 1. The experimental value of the Cu ordered spin mo<€onservative upper bound for the estimated variation in the
ment measured by neutron diffraction in the A-AF structureJahn-Teller distortion produced by the A-AF to paramagnetic
at low temperaturé4 K) is ~0.49ug,® which is significantly  transformation. Indeed, experimentally, strong antiferromag-
smaller than our value of 0.94%. The small experimentah,  netic spin correlations are known to persist above the Néel
in KCuF;, however, is generally attributed to zero-point fluc- temperature within the Cu chains along thexis. Locally,
tuations in the spin directioribeyond our calculations this would be more realistically described using configura-
which lower the expectation value of the onsite spin mo-tions of the type G-AF and A-AF. For example, if one con-
ment. This effect is especially large in KCyFas a result of siders a structure composed of Cu AF chains alongcthe
the quasi-one-dimensional nature of its magnetic structure.axis, with no interchain magnetic interaction, and uses an

Based on the spin-polarized energies given in Table Ill|sing model to describe the spin interactions, the energy of
one may derive some rough estimates for the Cu supereshis structure is the average of the energies of the G-AF and
change coupling constants along thexis (J.) and within  A-AF configurations. Using such a description to model the
the ab plangJ,). Using an Ising model—with interactions structure above the Néel temperature, and with the energies
234 SS® between spin§=1/2 onadjacent A and B sites Of the G-AF and A-AF configurations given in Fig. 8, the
along thec axis(within theab plane—to map our calculated estimated change in the Jahn-Teller distortion produced by

magnetic energies, we obtain fdt, values of +70 and e magnetic transformation decreases-w%.

+48 meV from the energy difference$§PM]-E[A-AF] and To compare the orbital ordering in the different spin struc-
E[C-AF]-E[G-AF], respectively, and forJ, values of tures, we have reported in Table 1V the calculated number of
5 and +6 meV from [G-AF]-E[A-AF] and HFM] 30z holes on the A siten3"%, together with the total

hol
~E[C-AF], respectively. Clearly, the variation in the values Number of 2i-¢; holes per Cu siteng™, in each structure.

derived forJ, (J,) indicates that the changes in the spin con-These values have been calculated Using the same quadrupo-
figurations that we consider are oo large to be in the harlar distortion for all structures, i.eAX=4.6%. If one uses,
monic regime. These values, however, are nevertheless in

order-of-magnitude agreement with the experimental values TABLE IV. Calculated number of &, hole per Cu sitene,,

of J,=17.5 meV andl,~-0.2 me\/3:20 and expectation value of the number af,3,2 hole on a Cu A site,
ﬁﬁ;"'f in the various spin structures of KCyleonsidered in this
work.
VI. INFLUENCE OF THE MAGNETIC STRUCTURE ON A hole hole
THE ORBITAL ORDERING AND JAHN-TELLER N2 y2 neg
DISTORTION A-AF 0.61 0.63
In Fig. 8 we display the total energy of the various spinG-AF 0.62 0.63
structures considered in the previous section as a function @-AF 0.62 0.66
the quadrupolar distortioldX. The calculated equilibrium gp 0.64 0.66
distortions range from 4.65%M) to 5.15%(NM), with an 0.42 0.46

equilibrium value of 4.8% for the A-AF structure. The
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instead, the calculated equilibriurX for each structure, the FA®, ande(ZB), and because of the 90° roto-translation sym-
numbers, in Table 1V, change by less than 1%. For all spirmetry that transforms the A and B sites into each other, one
structures, the orbital ordering is almost exclusively of thehas: Ff,x(y,yﬁ':iy(x,x) and FQZ: |:sz2_ The scattering intensity
Z2-x?17*-y? type; thed_2/d2_y2 character, given by the i, Eq. (3) may therefore be written as

ratio n’3"%°/nf°" ranges from 91% for the NM structure to

98% for the G-AF structure. The major change we observe is 1(G,hhw) o« [FRy(fiw) = F) (ho) Y exe, — €))% (6)

o - -
a strong 9: %Sas(eﬂo %) in the degree of orbital ordering, Except for the special case where the polarization-

given byn;_ >, of the NM structure relative to those of the dependent term on the right-hand side of E8). vanishes,

other structures. This decrease is associated with an iRne scattering intensity is proportional thus B2, (i)
creased delocalization of thed 3iole. Although there is an _pgA (hw)[2. We also note that, within the extremély local-
Y.y ) !

important change thus in the orbital ordering—arditle
occupation—induced by a change from the magnetic to th
NM configuration, we will see in the next section that such
change does not have a major impact on the RXS spectru

ized core region where the Cuws Wvave function does not

Qanish, the radial dependence of each band at@ein Eq.

4), is essentially the same as that of the atomjicstate,
xcept for a global scaling factor in the wave-function am-

plitude. The scattering factors, in E@), may therefore be

VII. RXS SPECTRA written as
Resonant elastic x-ray scattering is a second order process o deD?P
. . . . . A el (8)
in which a core electron is virtually promoted to some inter- FaalE) E+E—s—il/2’ (7)
mediate states above the Fermi energy, and subsequently de- Br 0

cays to the same core level. We concentrate here on Rﬁ%here D*(¢) is the projected atomicpd, density of states
n [e3

near the CuK absorption edge, and examine the resona . : ; .
T . : : and Er is the Fermi energy. Hence in our pseudopotential

scattering intensity for Bragg reflections that selectively . . ; ! .
calculations we evaluate the orbital scattering intensity,

probe the orbital ordefor equivalently the Jahn-Teller struc- Iorb(hw)ocIFQX(hw)—FQy(hw)lz, as a function of photon en-

twral ordey. The coresponding Bragg vectors a@ ergy, directly from the partial g densities of states. The

=(h,k,I), with h,k,| odd, in units(«/a, w/a,w/c). We con- level ¢ ted hene | q
sider dipole transitions to Cupdband states, and neglect the core-ieve energy, (not computed hejes a value we ad-

effect of the core-hole potential on the intermediate states.Jrl:1 Ztn:gl ?_\!')%g tshpeeé?rilrr;?feature of the calculated and experi-
(ou-l'ggginz))(?)r:giﬂselztzefr%gﬁi E;rzzggbgeﬁ(iﬁeﬁngsmcommg- In Fig. Qa) we confront our calculated orbital RXS spec-
trum for the A-AF structure of KCuf-to the experimental
(G hw) o | D RS Fjaﬁ(ﬁw)fafg 2, (3) spectrum[measured. at _the3,3,]) orbital Bragg refleqtion
i ap and for aoc— 7' polarizatior]. We also reported in this figure
. . _ i the theoretical RXS spectrum of the NM structure, for com-
Wher,e R; are the positions of the Cu ions in the unit cell, harison. Both spectra have been computed using the experi-
€. (€p) are the components of the polarization vector of thémental values of the structural parameters. A spectrum ob-
incoming (outgoing photon, a(B)=x,y,z, and tained for the A-AF structure with a 50% increaseAiX is
_ <¢(j)|r ) 25 (g o (j)|l//(j)> also shown in .Fig. @). The corresponding calculated
Fl, 5(fiw) = 0 el Tk 4‘“” B0 (4) K-edge absorption spectrd(fw), evaluated asA(fw)
’ kn  ho+Eg—Ef-il/2 o IM[F},(hw) +F) (hw) +F}(hw)], are displayed in Fig.
%{,b) and also compared to experimefiiorescence datd
Il theoretical spectra have been evaluated using for
I 0.5 eV, and we convoluted these spectra with a Gaussian
of full-width at half maximum of 1 eV.

The calculated RXS and absorption spectra for the A-AF
structure are in reasonable agreement with the experimental
: . i data. We note, however, that the energy separation between
corresponding to the inverse lifetime of the Csicbre-hole 1o two main features in the RXS spectrum is somewhat

and 4 electron excited states. _ _ underestimated in our calculations, and the intensity of the
For Bragg vectors associated with the orbital order, thenigh-energy feature near 9 keV is also not very well repro-
structure factors, in Eq3), read duced(both in the RXS and in the absorption spectjufihe
S EQREL = p(FA —FB ) (5) change in the magnetic configuration, from the A-AF strug-
J. B wp T ap ture to the NM structure, decreases somewhat the RXS in-
tensity. We note, however, that this change is very small
whereFZ\fB) is the atomic scattering tensor of a Cu ion at sitecompared to the factor of 2 decrease in intensity observed
A (B), and the factor of 2 accounts for the twgB) Cu ions  experimentally when the material transforms to the paramag-
in the unit cell. Because of the reflection symmetisgsoy,,  netic phase. The weak dependence of the RXS spectrum on
ando, present at the Cu sites in KCyRhe only nonvanish- the magnetic configuration is consistent with the results of
ing components of the atomic scattering tensors I%Q()&, previous all-electron calculations for the A-AF structgeal-

are the components of the resonant atomic scattering tens
for the jth Cu ion in the cell. In Eq(4), l,/lg) is the Cu b
wave function at sitg, E, is the corresponding core level
energy,r(j) is the position operator measured relativeRjp
i (EQ) are the empty Cupband stategenergie$ with
Bloch vectork and band index, andI is the broadening
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: (a)' ' ' L N +U calculations of the Jahn-Teller distortiohas been sug-
— AAF gested as a possible cause of the drastic change observed
10~ & Expt A — experimentally in the RXS signal near the Néel
_ if\ip(l_s a0 A temperaturé® We observe here, however, that a factor of 2

. change in the RXS intensity would require a drastic change
in AX, in the conventional crystallographic structure of
- KCuR;. Such a change is bound to induce also a substantial
change in thec/a ratio (see Sec. I, which has not been
. observed experimentally. The Jahn-Teller origin of the jump
in intensity appears thus somewhat unlikely. We therefore
suggest that possibly a structural transformation occurs at
' T ' low temperature in KCu which is reflected in the RXS
. signal. We note that such a change in the crystal structure
L . AN . would not be inconsistent with some unexplained Rathan
. St 0% and nuclear magnetic resonafftéeatures observed experi-
21 . N mentally at low temperature in this material. We also note
that recently a new crystal structuiiperstructunehas been

proposed for KCuf based on x-ray diffraction at room
T\ temperaturé! In our LDA+U calculations, however, this

} structure is found to relax to the conventional crystallo-
graphic structure of KCuf

RXS intensity (arb. units)

Absorption coeff. (arb. units)

/ | . | .
8980 8990 9000 9010

Energy (eV) VIIl. CONCLUSIONS

FIG. 9. Orbital RXS intensitya) and absorption coefficiertb),
as a function of photon energy, near the Kedge in KCuk. The
calculated spectra of the A-Afsolid line) and NM (dashed ling
structures are displayed. The effect of a 50% increase in the qu
drupolar distortion,AX, in the A-AF structure is also shown
(dashed-dotted line The experimental data are from Ref. 7; the
measured RXS spectrum corresponds {8,8,1) orbital Bragg re-
flection and ao— =’ polarization.

We have studied by means of LDA+U pseudopotential
calculations the structural, electronic, and magnetic proper-
ties of KCuk, and investigated the CK-edge RXS spec-
Fum for Bragg reflections associated with orbital order. In
our studies, we considered several differ¢mtetg-stable
spin structures for KCufin order to assess the influence of
the magnetic structure on the orbital ordering, Jahn-Teller
distortion, and RXS spectrum.

For KCuF;, the LDA fails to correctly predict the stable
AF insulating structure. We have found here that LDA+U
pseudopotential calculations provide an accurate general de-

cription of the properties of this system. The ground state is

orrectly predicted to be an A-type AF structure. The struc-
. . . ural parameters obtained from the LDA+U calculations
A-AF structure W'tzhOUt tge quadrupolar distorti@AX~0).  z4ree also well with experiment, with an accuracy compa-
AI_though_tilr?olz:—x /Zz_hzle orbital ordering is still large in  apje to that obtained by LDA calculations for other perov-
this casen;;_,, =0.64,n, "=0.68, the calculated RXS signal siite materials. The orbital ordering is predominantly of the
is about two orders of magnitude smaller than that obtained?-x2/z2-y? type, consistent with previous theoretical pre-
with the experimental Jahn-Teller distortion; the orbital or-dictions for this system. We find, however, that the orbital-
dering by itself thus has a negligible influence on the RXSorder parameter is significantly reduced with respect to its
intensity. We note that the fact th i‘fﬁe (andn2°'e) are very nominal value due to G8d)-F(2p) hybridization. We also
similar with and without the quadrupolar distortion indicatesfind that, given this hybridization, the Cwd®rbital ordering
that, already at vanishingX, the orbital ordering has essen- in the A-AF phase is already saturated at vanishing Jahn-
tially reached its saturation value, given the hybridizationTeller quadrupolar distortion of the F neighbors.
present in the system. The RXS spectrum calculated for the A-AF structure

Concerning the effect of the Jahn-Teller distortion, weagrees relatively well with the experimental spectrum. We
observe that increasingX by 50% increases noticeably the find that the resonant signal is dominated by the Jahn-Teller
splitting between the two mean features in the RXS spectrurdistortion, with a minor influence of the orbital ordering, in
of the A-AF structure, but does not change significantly theagreement with previous theoretical results. Our LDA+U
intensity of the dominant peak. Decreasing, insteld,by  calculations, however, also indicate that a change in the mag-
the same amount has a larger influence on the RX®etic structure has a small influence on the Jahn-Teller dis-
intensity!® but corresponds to a situation where the two fea-tortion, and hence on the resonant spectrum, in the com-
tures are essentially merged. A change in the Jahn-Teller dignonly accepted crystallographic structure of KGuRve
tortion in the magnetic phas@ot supported by our LDA therefore suggest that the change observed experimentally in

culated within the LDA+U and the NM structurécalcu-
lated within the LDA in previous studig88

To assess the influence of the orbital ordering on the RX
signal, we have also computed the RXS intensity of th
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