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Observation of polarization-dependent x-ray absorption spectra arising from Cu 8l-F 2p
hybridization in the two-dimensional ferromagnets A,CuF, (A=K, Cs)
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We report on a study of the polarization dependence of the x-ray absorption spés8aat the CulL, 3
edges and the K edge in single crystals of two-dimensional ferromag#eiSuF, (A=K, Cs). We success-
fully observed polarization-dependent XAS at the ICy; edges. This provides experimental support of the
antiferrodistortive orbital orderinAFDOO) model proposed by Khomskii and Kudé. |. Khomskii and K.

I. Kugel, Solid State Commuri.3, 763(1973]. We also observed polarization dependence of the XAS at the
F K-edge peak at-681 eV, which reveals the Fi -hole orbitals arising from Cu®&F 2p hybridization. We
argue its implication in relation to the realization of AFDOO.
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Magnetism in a number of magnetic compounds is gov-octahedra lie in the plane and are completely orthogonal to
erned mainly by several types of superexchange interactiongose in adjacent octahedtahis leads to an expectation for
i.e., mechanisms of spin hopping between two magnetic ionformation of Cu 2l-hole orbitals withd,2_,> and dy2_,2
mediated by a ligand iohAbout thirty years ago, Khomskii Symmetries, as shown in Fig(t).? Many experimental stud-
and Kugel proposed an antiferrodistortive orbital orderingies of K;CuF, have supported the formation of such AF-
(AFDOO) modef in order to theoretically explain the origin  DOO, which could be the origin of the intralayer ferromag-
of the ferromagnetic superexchange interaction in an optietic superexchange interactiont! Because the AFDOO in
cally transparent ferromagnet,&uF,.> Several magnetic chu.F4 is closely related to the cooperatlve Jahn-Teller ef-
oxides with AFDOO have attracted renewed interest in relaf€ct it disappears above 900 K at which temperature the
tion to clarifying the orbital degrees of freedom. ExtensiveCooperative Jahn-Teller distortion collapses, as confirmed by

studies on such compounds were performed using hard x-rd'i‘/ d_:_frf]erennal the_rmal analysiS. f &UE | h
diffraction and neutron diffraction techniqués. However, e magnetic parameters of,&uf, relevant to the

these previous studies neglected hybridization between ﬂ%resent study are summarized as follows. The values of the

wave functions of magnetic ions and those of ligand ions
which were assumed to form a closed shell. Even thougl
such a hybridization is weak, it could play a key role in
producing magnetism associated with AFDOO. To experi-
mentally elucidate the relation between AFDOO and magne
tism, hybridized-orbital states between a magnetic ion and
ligand ion should be investigated. However, our understand ® K, Cs
ing of such hybridization is still poor, because it is difficult to OcC
directly observe orbital states in a ligand ion by conventiona u
techniques, such as hard x-ray diffraction and neutron dif g
fraction. In contrast, a study of the polarization dependenci
of the x-ray absorption spect(XAS) in the soft x-ray region
gives element-specific information about the spatial anisot
ropy of the wave functions of unoccupied states, not only in

a magnetic ion, but also in a ligand ion, if a cleaved clear
surface of single crystals is obtained. In this paper, the po
larization dependence of the Qi edge and the K-edge

XAS is studied to elucidate what role Cud3 2p hybrid-
ization could play in producing the correlation between mag-

netism and AFDOO in single crystals oA,CuF, (A FIG. 1. (8 Crystal structure ofA,CuF, (A=K, Cs). The bold

=K, Cs). lines represent the elongated axes of the cooperative Jahn-Teller
The compound KCuF, has essentially a jNiF,-type  distorted Cuf octahedra(b) Schematic drawing of the hole orbital

crystal structure, as schematically shown in Figg1The  models. The Cu 8 holes and the F 2, holes arise from Cu &F

cooperative Jahn-Teller distorted Guéctahedra take an an- 2p hybridization. Thea, b, andc axes are taken to be they, and

tiferrodistortive arrangement, i.e., the elongated axes of the axes, respectively.

a
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0 adjustment L,zedge and FK-edge XAS observed in JCuF, and in
Cs,Cuk,, respectively. Since a correction for the saturation
effect in the total electron yietd has not been made, a slight
ambiguity remains concerning the absolute absorption inten-
sities; the absorption intensities are generally underestimated
as# increases from 0° to 90°. As far as a qualitative discus-
sion aboutA,CuF, (A=K, Cs) is concerned, the saturation
effect is insignificant, as explained later. The effect of charg-
ing of the sample on the absorption intensities is also serious

when the total electron yield is used for insulatorlike
‘er R/ samples. But the charging effect &,CuF, (A=K, Cs) is
E "'9' c axis shown to be negligible at 295 K by the following observa-

tions. When the XAS were measured ab K, the photo-

FIG. 2. Arrangement for polarization-dependent XAS measurecurrent from the sample rapidly decreased immediately after
ments. The anisotropic Cud3 and F 2,-hole orbitals are exag- the sample was exposed to the incident light and then it
geratedly shown for a comparison with the directiorof decreased slowly for a long time. This is attributable to the

charging effect. At 295 K, in contrast, the sample photocur-

intralayer ferromagnetic superexchange interactiob- @) rent was confirmed to be almost constant at a fixed photon
and of the interlayer onelJ(>0) areJ/kg=11 K andJ’/J  energy within an accuracy of this experiment, thus excluding
=1x10"%, with kg being the Boltzmann constaht®>!# an artifact due to the charging effect. Both the Ci and
Thus, KCuF, is well regarded as an ideal two-dimensional L3-edge XAS exhibit a single peak, irrespectivedofFig. 3).
magnet. The nonnegligibl& , whose origin is different from Since A,CuF, (A=K, Cs) are strongly ionic and charge-
that of J,'° is thought to cause a ferromagnetic phase transitransfer-type insulators, the ground state is dominantly of the
tion at Tc=6.25 K The magnetic properties of g8uF,  p°®d°(=Cw?*) configuration with only th&D multiplet term
are very similar to those of JCuF,, i.e., J/kg=8 K and in the configuration picture. In the Russell-Saunders cou-
Tc=4.45 K in CsCuF,. Single crystals of these compounds pling scheme, thé.; and L, edges, which correspond to
allow obtaining a high-quality cleavage surface perpendicuD— 2P, andP;, (p°d?) transitions, respectively, do not
lar to the ¢ axis. Hence, measurements of polarization-produce any satellites. From the energy separation between
dependent XAS could provide new information about thethe L,- and Lz-edge peak positions, the value of the spin-
hole orbitals on both Cu and F ions associated with the exerbit interaction in the B-core hole is estimated to be about
pected AFDOO shown in Fig.(fb). 20 eV, which is almost the same as those obtained for other

Incident angle-dependent XAS measurements were madmpper fluoride€® Most importantly, the absorption intensity
using linearly polarized synchrotron radiation from theincreases whed changes from 0° to 60°. Since the present
bending-magnet beamlin®BL-11A) at the Photon Factory. 6 dependence isppositeto the # dependence arising from
The degree of linear polarization is almost perfegt/S,  the saturation effect in the total electron yield, the obsewed
=1, with Sy andS; being the Stokes parameters. XAS datadependence is an intrinsic one. If the saturation effect is cor-
were taken using the total electron-yield method at the Cuected for in Figs. @) and 3b), the difference of the peak
L, 3 edges and the K edge at 295 K in single crystals of intensities betweefd=0° and 60° should be larger, with the
A,CuF; (A=K, Cs). Since the two compounds exhibit in- tendency of the# dependence being kept. We can state that
sulatorlike behavior, both good electrical insulation of thethe saturation effect gives rise to no artifact, at least qualita-
sample holder and avoiding the charging effects are decisiviively, in the present case. Thus, we qualitatively discuss the
for a successful measurement. The sample was cleewved increase of the peak intensities with increasthfjom 0° to
situ just before each measurement at pressures>of@ ° 60°. If we assume the AFDOO modétig. 1(b)] based on a
~8x10 10 Torr. Each cleaved surface is parallel to the simple atomic model, we can calculate the ratio of the ab-
plane. As shown in Fig. 2, anglé is defined as the angle sorption intensity at#=0° to that atd=90° to be 1:22*
between the axis and the wave vector of incident light)¢(  This is intuitively understood by noting that the lobes di-
The angled was changed by rotation of the sample about therected toward the axis of thed,2_,2 andd,2_,2 hole orbit-
vertical axis in order to determine the relation betw#eand  als are two times as many as their lobes directed toward the
the electric field vector of the lightH); #=0° corresponds a(b) axis. The observation of the polarization dependence of
to EL ¢ axis andd=90° toE||c axis. Thus, thed dependence the XAS at the ClU, ; edges agrees qualitatively well with
of XAS is equivalent to the polarization dependence of XAS,the prediction of the AFDOO model.
providing direct information about the difference between We proceed to examine thedependence of the k-edge
the hole orbital states in the plane and those along thee  XAS in Fig. 3. Several peaks were observed above 679 eV in
axis. However, no polarization dependence in XAS is ex-both K,CuF, and CsCuF,. The observed spectra demon-
pected to appear in the plane because of the identiy  strate the existence of hybridization-induced holes in the F
=b® and the absence of any magnetic anisotropy inahe 2p state. Such hole states in ligand ions have been neglected
planel®-18 in the experimental investigations of AFDOO until now, al-

Figures 3a) and 3b) show thed dependence of the Cu though hybridization between the orbitals of the magnetic

184412-2



OBSERVATION OF POLARIZATION-DEPENDENT X-RAY . .. PHYSICAL REVIEW B58, 184412 (2003

R B e i U B B ) | L B L B L B UL B
100 + res -,\‘~“ " K2CUF4 — g = 2050—
K R N 1 = - - - =
-l,\~1~‘ ',’r \\' e ' T 295K ____6:600
80 | ;! -
J |
260-
<
40 |-
20
Cu L; CulL, (a)
0 ..I....I....I..\\\\I.I....I....I....I....I....I....I.
680 685 690 695 920 925 930 935 940 945 950
Photon Energy (eV)
T T T T AN T e e
100 |- AR ,':;\ 1 Cs,CuF, —6=0
N STl T=295k 0 ----6=45 -
80 | ""6=60
<m1:60_'
<
40 -
20 ]
Cul, Cul,
b
0 ....|....|....|....\‘\‘.|....|....|....|....|....|...(.u).
680 685 690 695 920 925 930 935 940 945 950
Photon Energy (eV)

FIG. 3. Variation of XAS with# at 295 K in(a) K,CuF, and(b) Cs,CuF,. A correction for the saturation effect has not been made. The
average peak height at the Cy4 edge was normalized to be 100.

ion and ligand ion is important and nonnegligible for under-that for the CuL, ;3 edges, and for a small saturation effect
standing the mechanism of ferromagnetic superexchange imtue to the weak absorption intensity. If we assume a picture
teraction in AFDOO compounds. The single peak atofthe F 2o, holes arising from hybridization between the Cu
~681 eV is almost the same in energy and shape for botBd,2_,2/3d,2_,2 and F 2,/2p,/2p, orbitals (Fig. 2), the ab-
compounds, whereas broad peaks above 683 eV are signiBierption intensity is expected to increase whtegoes from
cantly different in shape and energy for two compounds. Th@®° to 90°. In fact, the single peak at681 eV exhibits such
coincidence of the 681 eV peak in both compounds indicatean expected tendency, supporting our assumed picture. It is
that this peak arises from Cwl3F 2p hybridization, whereas emphasized that this polarization-dependent XAS at tike F
the high-energy broad peaks originate from other types oédge directly reflects the nature of the CdrB 2p hybrid-
hybridization, which are predominantly of the Kd3& 2p ization. If the lobes of the wave functions of the Cd,3 _,2
and Cs 8i-F 2p characters. From now on, we concentrateand 3d,2_,2 holes and those of the Fo2, 2p, and 2, holes
our discussion on the single peak. are aligned in the same direction, as shown in Fidls) and

The absorption intensity at-681 eV increases a® 2, the resultant Cu &F 2p hybridization will lower the
changes from 0° to 60finsets in Fig. 3, which is the same energy of AFDOO effectively. Therefore, the present obser-
tendency as that of the Au, ; edges. This polarization de- vation of the polarization-dependent XAS at theKFedge
pendence is again an intrinsic one for the same reasons aslicates that the Cu®F 2p hybridization could play an
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important role in stably realizing the AFDOO structure of J’>0." In fact, the several peaks above 683 eV observed
shown in Fig. 1b). It is hoped that future sophisticated theo- in the FK-edge XAS(Fig. 3) show a clear difference for two
ries seriously take into account this aspect. compounds, as briefly mentioned in the above discussion. It
We briefly mention the origin of)’ in K,CuF, and is highly possible that the F 2K 3d+4sp (or Cs &
Cs,CuF,. Recent experimental results under high pressure-6sp) hybridization could make an essential contribution to

have shown different responsesXJfto pressureJ>0 and the optical transitions associated with the several peaks
J'>0 persist up to 9 GPa in 4CuF,,?* while a pressure- above 683 eV. Even though their assignment is not easy to

induced magnetic phase transition fral»0 andJ’'>0 to
J>0 andJ’ <0 occurs around 2 GPa in g3uF,.23 As can
be seen from Fig. 1, a Kor Cs" ion with an appreciably
different ionic radius is located between two “Cuions in

make, a detailed XAS study at very low temperaturés (
~J'/kg~ 102 K) may provide information about the origin
of J’ in these compounds.

In conclusion, we successfully observed the polarization-

adjacentc planes along the predominant interlayer bondingdependent XAS at the Cli,; edges and FK edge in
path. This fact leads us to speculate that the difference in th&,CuF, (A=K, Cs). The polarization dependence of the

nature between Cu3F 2p-K 3d+4spand Cu 3I-F 2p-Cs
5d+ 6sp hybridization may play a role in giving rise to such
a different pressure dependence Bf Feldkemperet al.

XAS at the CuL , 3 edges gives experimental support of the
AFDOO model in these compoundBig. 1(b)]. The polar-
ization dependence of the XAS of the K-edge peak at

theoretically pointed out that not only the Cu-F-F-Cu path~681 eV provides evidence for the Fp2-hole orbitals aris-
but also the Cu-F-K-Cu path between the nearest-neighbdng from Cu 3d-F 2p hybridization, which could play a key
layers in K,CuF, plays an important role in the mechanism role in stabilizing AFDOO.
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