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Synchrotron x-ray-diffraction study of orbital ordering in YVO ;
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Synchrotron x-ray-diffraction experiments have been carried out in a perovskite-type vanadium oxige YVO
to elucidate orbital ordering of the system. The change fl©mo G-type orbital ordering at the lower
magnetic transition temperature was strongly suggested. The long-range orbital ordering appears also in the
high-temperature paramagnetic phase. Azimuthal-angle dependence of orbital superlattice reflections indicates
that for both orbital-ordering phases the orbital occupation is approximately,fdg¢, anddy,d;, configura-
tion in two sublattices, respectively. These results are in good agreement with a theoretical prediction.

Recently, Reret al. found temperature-induced magneti- orbitals can alter the canting angle in the weak ferromagnet
zation reversals in YV@'! The perovskitelike vanadium ox- YVOj3 and hence cause the magnetic reversals.
ide compound is a Mott insulatoand has a@bnm ortho- In this paper we present synchrotron x-ray-scattering ex-
rhombic unit cell witha~b~2a, andc~2a, (a, being Periments in YVQ around theK edge of vanadium that
the lattice parameter of cubic perovskife A neutron- ~demonstrate a change in orbital orderingrgp. Resonantx-
scattering study reveals that Y\®as two magnetic order- @y diffraction is sensitive to the occupancy of \d 8rbitals
ing phase$.Below the first Nel temperaturél; =118 K,
the magnetic structure is antiferromagnetic in #ie plane
and ferromagnetic along theaxis (so-calledC type). In the
low-temperature phase beldly,~77 K, however, the ¥*
spins are antiferromagnetically arranged both ingbeplane
and along thec axis (so-calledG-type magnetic structuye
The change in magnetic structure should be caused by a sign
change in the superexchange interaction between neighbor-
ing V3" ions along thee axis. It is well established that such
a sign change can be set for different orbital occupations in ILIJ,
an orbitally ordered material.” In fact, a structural study a
strongly suggested orbital ordering in the low-temperature
phase® The magnetic transition &y, is accompanied by a
distortion of VQy octahedra. All the V@octahedra are elon-
gated alternately along theor y axis in the low-temperature
phase, while two kinds of V-0 bonds in tleb plane are
almost equal in length abovE,,. Here the local coordina-
tion axesx, y, andz are along the V-0 bond directions near
[110], [110], and [001], respectively. Taking into account
the Jahn-TelletJT) effect of V3" with two t,q electrons, the i : |
d,x andd,, orbitals should be occupied by turns as shown in & 3
Fig. 1(@). By analogy with magnetic structure, we call the ¢ ‘:A":"‘m
orbital orderingC type. TheC-type orbital ordering was also 0 S T AR 1 a7
obtained by a local density approximatibd band
calculation®

Another type of orbital ordering has been predicted in the
Inte.rmedlate.-ten‘.lperature p_hase of on T.he possible grees of freedom in YVQ The orientation of arrows does not
orbital ordering is schematically drawn in Fig(bl. How- display the real spin axista) G-type AFM spin ordering with

ever, the orbital state abovy is not so clear as in the ¢ yne orbital ordering in the low-temperature phase &RcC-type
Iow-temp.erature phase, becauseMidtahedra are little d|s—. AFM spin ordering with G-type orbital ordering in the
torted. Itis also suggested that the above-mentioned multiplgyermediate-temperature phags.Closed triangles and circles: In-
magnetic reversals should be closely related to orbital ordefegrated intensity of x-ray100 and (011) reflections at the vana-
ing in YVO3;. The magnetic easy axis at eacR*Vsite  dium K main edge as a function of temperature. Open circles: The
should be governed by tlteorbital occupation through spin- (011) reflection at the pre-edge as a function of temperature. The
orbit coupling. Temperature-dependent occupation ofdhe incident beam is polarized perpendicular to thaxis.
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FIG. 1. The predicted ordering of spiarrows and orbital de-
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because it probes the split of unoccupied ¥ gtates caused YVO;,
by the 3-4p Coulomb interaction or the ligand field —
effect’*~Though it has not been settled whether the orbital
ordering or the cooperative Jahn-Teller distortion dominates
the resonant scattering, it has been reported that{GBé)
orbital scattering at the MK edge in La_,Sr,MnO; with
x=0.12 was observed beloWyo=145 K, while the large
cooperative elongation of MnQoctahedra was observed
aboveT oo .14 Therefore, we consider the resonant x-ray-
diffraction technique to be a powerful tool to investigate or-
bital ordering. In addition, one can obtain important informa-
tion about the orbital symmetries at each sublattices by
investigating dependence of orbital-ordering diffraction on
the direction of the electric field of the incident beam.

A single-domain crystal boule of YVOwith a diameter
of 4 mm was grown by a floating-zone technique. Two
samples were prepared for the present x-ray study: one was
cut to form a(100 surface and the othdi011). Resonant
x-ray-diffraction experiments were performed at the beam-
line 4C of the Photon Factory, Japan. We have tuned the
incident energy near the¥ K edge by double $111) crys-
tals. The typical energy resolution was 2 eV. The beam with
the electric field perpendicular to the scattering plame¢-
larization was focused on a sample by a bent cylindrical ’ . .
mirror. The sample was mounted in a closed-cycle He refrig- 5.46 5.48 5.50 5.52
erator on a four-axis diffractometer. In order to analyze Photon Energy [keV]
whether the polarization of the scattered beam is paradtél (
polarization or perpendicular ¢’ polarization to the scat- FIG. 2. (a) Absorption spectrum of YV@powder at room tem-
tering plane, we used a pyrolitic graphite004 crystal, perature(b) Photon-er)ergy depgndence of intensity of tHecom-
which gives a scattering angle of 85.1°. ponent of thg100) orbltaLreerctlon at 6 and 100 K. Measurements

Figure 2a) shows the absorption spectrum of YY(rhe ~ Were perform_ed with th&;||b configu_ration.(c) F_’hoton-energy d_e-
rising of the absorption spectrum near 5.48 keV is due to thgenglence of intensity of th@11) orbital reflection measured with
V3* K main edge, which corresponds to the threshold energ*€ Eillc configuration at 50 and 100 K.
of the 1s-4p intra-atomic dipole transition. The pre-edge
(1s-3d threshold energyappears as a small peak at 5.466 Temperature dependence of the integrated intensity of the
keV. Figures 2b) and 2c) show dependence of the intensity superlattice scattering at the main edge in a warming run is
of the (100 and (011) reflections on x-ray photon energy. displayed in Fig. {c). Here the(011) intensity at the pre-
These reflections do not obey the extinction rule and correedge is also plotted. Thel00) reflection at the main edge
spond to the propagation vectors for andG-type ordering, suddenly reduces intensity as increasing temperature beyond
respectively. We found that th@00) reflection wasm’ po-  Tyo. On the contrary, thé011) reflection at the main edge
larized, while thg011) reflection contained both polarization becomes stronger with a small jump as heating beygd
components with the nearly same photon-energy depenFhe (011) reflection belowTy, might be due to th&-type
dence. Both reflections show the resonance around ffie V orbital ordering in the distorted perovskite structure as indi-
K main edge and almost disappear for photon energies wetlated by azimuthal-angle dependerisee below. The tem-
below theK edge. It is noteworthy that the’ polarization  perature dependence of the x-ray reflections aroligg is
and the complicated resonance effect can be explained nedpposite of that of neutron magnetic scattering with the same
ther by multiple scattering nor by lattice distortion. The indices? The (011) reflection at the pre-edge is similar in
strong resonance manifests a modulation of the electroniemperature dependence to €0 reflection at the main
state of \P* ions. At the pre-edge much less resonance idge. Further theoretical studies are necessary to interpret the
observed than in the case of®;,'® on account of the in- present data. The mechanism of the x-ray resonant reflection
version symmetry at the V site in YVQFor the(100 or-  at the 1s-3d absorption edge is not clear yet except for the
bital reflection other strong resonance peaks can be observedses with no inversion symmettyThe process of the pre-
above theK main edge. The intensity at 5.495 keV showsedge resonance would possibly be enhanced by the elonga-
almost the same temperature dependence as at the main ediyen of the VO, octahedra.
By contrast, thé100) reflection at 5.487 keV even intensifies ~ The results of the resonant scattering at the main edge
in the intermediate-temperature phase. Such multiple strongfrongly demonstrate a change in orbital ordering fr@m
resonance of orbital reflections has been reported neither itype toG type atTy, in the manner of a first-order transition.
manganese oxide compounds nor ip04.1*%-2° Further ~ The C-type orbital ordering in the low-temperature phase
theoretical work taking into account a similar mechanism agorresponds well to the cooperative distortion of ¢/@rta-
the extended x-ray absorption fine structure is needed to urredra belowT y,. In opposition, theG-type orbital ordering
derstand the origin of these resonance peaks. is not associated with Jahn-Teller distortion, because it

W
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FIG. 3. Peak profiles of thé011) resonant orbital scattering (75
with a 26-w scan at various temperatures. =
would violate the mirror symmetry normal to tloeaxis of a \g
Pbnmlattice system. Thé011) intensity reaches a maximum =
at around 100 K and then gradually decreases with a small 4 . . X .
kink at around 180 K. One cannot see any anomalyat -180 -90 0 90 180
The G-type orbital ordering appears not only in the Azimuthal Angle [degree]

intermediate-temperatur€-type antiferromagnetiqd AFM)
phase but also in the high-temperature paramagnetic phase. FIG. 5. Circles: intensity of th€011) orbital reflection normal-
Figure 3 shows th€011) peak profiles with a (8¢) scan at  ized by the(022) fundamental reflection as a function of azimuthal
various temperatures. The measurement was performed wiffigle¥, at(a) 100 K and(b) 50 K. =0 denotes the configuration
a resolution of A¢~0.003. The peak has a nearly of E;|a. The measurements were performed using the x-ray beam
temperature-independent full width at half maximum ofwith a photon energy of the ¥ K main edge. Lines show calcu-
about 0.004. The orbital ordering exhibits a long-range nalations for(a) G- and(b) C-type ordering of the following orbital
ture with a correlation length ot 10° A symmetriesd,d,,/d,dy, (solid line), d,d,,/d,,dy, (dotted line,

A possible scenario of the successive phase transitions #'ddxydyz/dzdy, (long-dashed ling
the spin-orbital-correlated vanadate system is the foIIowingH Mizok L h inted h
In cooling from room temperature th@-type orbital order- owever, as Mizokawat al. have pointed out, the energy
ing first grows. Then th€-type AFM phase originates from gain by the ‘?T distortion in t_hG-type prbltal orderlng_ state
anisotropic superexchange interaction on account of the of® less than in the&-type orbital ordering state, considering

. . . O
bital ordering’ With further decreasing temperature, the or- e tilting and rotating of V@ octahedrd” As a result, the

bital ordering would cause the cooperative lattice distortionc0mMPound changes from ti@type AFM state withG-type

orbital ordering to th&s-type AFM state withC-type orbital

ordering and cooperative JT distortion.
Ellb El Ellb Ell Elb . ST .
! i < il : ¢ ! Since the synchrotron radiation is linearly polarized, the
YVO (100) o+n' azimuthal anglél, denoting the rotation of a sample around
3 6K the scattering vector, determines the direction of the electric

vector of the incident bear’rﬁi , in the crystallographic co-
ordinates. The symmetry of the vanadium degenerate orbital
states at each sublattice can be investigated throlgie-
pendence of orbital reflections. As shown in Fig. 4 the0

reflection is maximum with theE;|b configuration and

nearly vanishes witk;|c. Model calculations for three types
of orbital symmetries at the two sublatticesGrtype order-
ing are also shown in the panely,d;,/d; dy, (solid line),
dy,d7,/d},dy, (dotted ling, anddy,d;,/d;,d;, (long-dashed
line). In our calculations, the atomic scattering tensor of each
V3" ion is assumed to be of uniaxial type on thez coor-
dinates as in the case of Mh!! For example, the anoma-
FIG. 4. Circles: intensity of thé¢100) orbital reflection normal-  lous scattering tensor of a®V ion with the diydiz configu-
ized by the(200 fundamental reflection as a function of azimuthal ration is assumed to be

angle¥. ¥'=0 denotes the configuration &b. The measure-

—_
T

I1g0/ Tagp [1074]

Azimuthal Angle [degree]

ments were performed at 6 K using the x-ray beam with a photon f 0 0

energy of the V* K main edge. Lines show calculations foitype -

ordering of the following orbital symmetriest,,d,,/d,,d,, (solid f= 0 f\l 0 ) )
line), dy,d,,/d,d,, (dotted ling, andd,,d,,/d,,d,, (long-dashed 0 0 f,

line).
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The experimental data are well fitted with the calculation forthat the orbital symmetry axes would be dependent of tem-
C-type ordering of thed;](-yd%x and diyd)l,z configurations ~ Perature in the intermediate-temperature phase. _
shown by a solid line. The orbital-ordering model agrees 1(;8 surgn(w)a:llri/, Wle togsfrve%_{elsongnt_ x-ray \r((\a/flec_'?ﬁns of
wel] with the 7' polarization pf the(100) refle(.:tion. The E}ty:) :2":'(\/' sgir:eo?diring igraé?orr?;airigg t‘g;typ egc))rbit:I
orbital modgl gan .alsg explain 'th(é)ll) reflection beloyv ordering, and theC-type AFM by G-type orbital ordering.
Tnz- The solid line in Fig. &), which shows the calculation  Azimuthal-angle dependence of the orbital reflections clearly
for the C-type orbital ordering with a rotation around tee  shows that in the low-temperature phase, one electron occu-
axis of 15° and a tilting from the axis of 18° of each V@  pies thed,, orbital at every V site, and thé,, or d, orbital
octahedrorf, explains the general trend of the experimentalis alternatively occupied. The result is in good agreement
data at 50 K. with a theoretical prediction. The symmetry axes of the or-
bital occupation would be slightly modified in th8-type

. T . orbital-ordering state. The long-ran@etype orbital orderin
at 100 K is shown in Fig. ®). The calculation for the appears not ?)nly in the int%rmegiea)tlg-temperatGIQ/peg
G-type ordering ofdy,d;, and dy,dy, configurations fits AFM phase but also in the high-temperature paramagnetic
the data best among the three models shown in thehase.
panel, though the agreement is not sufficiently good. It is
possible that other orbitals should be partially occupied, The authors would like to thank Y. Tokura for the use of

which modifies the symmetry axes at each V site. Aa floating-zone furnace. This work was supported by the
magnetic reversal at around 95(Ref. 1) is also indicative  Ministry of Education, Science and Culture of Japan.

Azimuthal-angle dependence of th@11) reflection
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