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X-Ray Resonant Scattering as a Direct Probe of Orbital Ordering in Transition-Metal Oxides
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X-ray resonant scattering at thi¢-edge of transition-metal oxides is shown to measure the orbital
order parameter, supposed to accompany magnetic ordering in some cases. Virtual transitions to the
3d orbitals are quadrupolar in general. In cases with no inversion symmetry, si¢fOastreated in
detail here, a dipole component enhances the resonance. Hence, we argue that the detailed structure of
orbital order inV,05 is experimentally accessible. [S0031-9007(98)05756-1]

PACS numbers: 78.70.Ck, 71.20.Be, 71.30.+h

The orbital ordering in compounds containing ions withdirect observation of the orbital ordering, nor a firm
unfilled shells is a long standing problem [1], and hasexperimental determination of its wave vector, and of the
recently attracted new attention given the interest in théemperature at which it appears, which may not coincide
physics of transition metal oxides stimulated by high- with the Néel temperature. In addition 1,03, there
and colossal magnetoresistance materials. In fact, whilare many other examples where the orbital degrees of
many experiments give direct information on magneticfreedom are believed to play an important role, as the
structures, which are also due to partially empty shellscolossal magnetoresistance material L&Cr, Sr),MnOs.
only indirect evidence points to the existence and structure In this Letter, we argue that it is indeed possible to
of orbital order, unless it is accompanied by a cooperativédnave direct experimental access to the orbital ordering by
Jahn-Teller effect with a lattice distortion. An important x-ray resonant scattering, and that this process should be
example is the Mott-Hubbard insulat¥s O3 [2]. Atam-  sufficiently intense to be readily observable with modern
bient pressure, this compound undergoes a metal-insulatsynchrotron radiation sources.
transition atf,. = 150 K [3]. The insulating phase below  First of all we notice that thenonresonantx-ray
T. is antiferromagnetically ordered with a peculiar struc-diffraction has extremely little sensitivity to orbital order.
ture having both ferro- and antiferromagnetic bonds [4]We have estimated the cross section for orbital order
Castellaniet al.[5] argued that such a magnetic order- scattering in this case by using hydrogerfid-wave
ing implies an orbital ordering. Quite recently, neutronfunctions, and we find the corresponding scattering power
diffraction data [6] showed that spin correlations in theat the orbital order wave vector to be less then 0.1
metallic phase behave quite differently from the insulat-electrons per unit cell.
ing one, giving further evidence of the importance of the Let us now show how an x-ray resonant elastic scat-
orbital degrees of freedom. tering experiment can detect orbital ordering in transition

Actually, Castellaniet al.[5] showed that (at least) metal compounds. The energy of the incoming beam
two orbital structures, with different order parameters ands supposed to resonate with ti#& edge of the transi-
wave vectors, are compatible with the observed magnetiton element. Virtual transitions to the conduction band
one. Later, based on the exchange constants fitted like components are quadrupolar, and the correspond-
neutron scattering data, one of the two orbital structurefng transition operator at a given atom in the lattice takes
came to be favored [2,6,7]. However, there is still r|10the form

—Coiier — D [V3 €kedin oy + (ke — €k dlr oy + (eky + €k ],
w P ’

+ (eck, + k) dl, + (e,k, + €k dl. s, = —Coyner Y Di(e.k)s,,
1)

which also defines the dimensionless absorption operlit(amd wave vectok. The radial matrix element is defined by
F=3,Dls,. The operatod;, creates an electron of r2as = Jr?drx;(r)r’x.(r), in terms of the radial wave
spino in thei d-orbital, whiles,, creates a hole in thes  functionsy, and x,. A o

shell. The constan€, = (ew?r4s/c)\27h/150, and If the atom is at positiok, a phase factaz’* ® weights
nex 1s the density of incoming photons with polarizatién the contribution of this single process. In obvious notation,
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the absorption operator at this site is denoted’hy The use a reference frame in which theaxis coincides with
transition probability amplitude of an elastic scattering inthe ¢ axis of the nonprimitive hexagonal cell, while the
which the above absorption process is followed by theaxis is parallel to one of the bonds connecting the V atoms
emission of a photon with the same energy but polarizatioin the honeycomb lattice of theb plane. In this reference

¢’ and wave vectok' is given b frame, the three,, orbitals becomed, = d5.:—,. and
g y g
2 |Mek i(k-R—Kk"-R") ’2 ’ 1
C2 %4 Z.» ¢ dy = 4|7 dxy tal5 dxz 5
M (BRI il Er(e ) L) ’ ’ )
5 (&lFr (€, KD)In)n REDg) 5 )
ho — hw,y + ir dy = — ?dxz_yz - ?dyz-
where|g) is the ground statéx) an intermediate state, and ) ) )
T'/1 the inverse lifetime of the core hole. The d, orbital points towards the only nearest neighbor
At resonance (2) becomes through (1) V along thec axis, thus forming a strong covalent bond
) which is filled. Hence the; orbital, being inert, does not
—; Gy [nex Zeié'k<g|DgR(e’ DY re, k) 1g). participate in the orbital ordering, which involves only
r Vv Iy ' ’ the d, and ds orbitals. We notice that these orbitals,

(3) because of the crystal field in the corundum structure,

In going from Egs. (2) to (3) we have assumed that all théa\cquire dalso .3 co_mponAerl'; oi-like . symmetry(,j V(\;high
intermediate states involved into the orbital ordering and/€ N€ed to identify. atom Is surrounded by a

not too far from resonance have energies distributed on aWStorted oxygen octahedron and by four vanadium second

interval not larger tharl”. This assumption is certainly neighbors, providing a nonsymmetric environment, as

correct in the case d¥,0;, where thek -photoabsorption described in Ref. [1Q]. The crystal field .potential felt
spectrum [8] shows that the only splittings which areby the central vanadium may be parametrlzedvfgyf
observed in the pre-edge peaks are those due to the crys%l(yif3 ~ ¥33) + Va¥s0. As a result, the modified
field. Therefore, the splittings due to multiplet effects of -orbitals |_nvo!ved in the orbital ordering are, apart from
the partially occupied,, orbitals, which are relevant for the normalization,
orbital ordering, are smaller than the natural linewidth of dy — dy + n(up, + vpy);
the resonance. Within the above assumption, the resonant
scattering via &-edge quadrupole transition is a measure dy = dy + m(upx = vpy), (6)
of the Fourier component at momentuph= k — k¥’ of  wherenu andnv (u*> + v> = 1) are proportional td/,
an operator andV,, respectively, and inversely proportional to the en-
ergy difference between the vanadida orbitals and the
0> D, (e, k"Dl (e, k), (4)  p orbitals involved. In order to estimate this hybridiza-

4 tion, an Xa calculation in theZ + 1 approximation for
which is a combination of products ef-orbitals anni- a Vs cluster was performed, and provided= 0.2 and
hilation and creation operators, uniquely defined by the: = —0.37. A test of the adequacy of this approxima-
scattering geometry. The form of the scattering operation for a quantitative estimate is given by comparing the
tor (4) is similar to that of the orbital order parameter, energy difference between the lowest absorption peak re-
generally written as\ = i a,t,-d;rdj, wherea;; depend lated to thed — p hybridized levels and the main absorp-
on the system under consideration (see below the speciffton edge, which is 20.7 eV in the cluster calculation, and
case ofV,03). For a suitable choice of the scattering 20.1 eV experimentally [11]. Also, the relative intensities
geometry, the scattering operator (4) includes a compaare in satisfactory agreement with experiment.
nent equal to the orbital order parameter. This component According to Ref. [5], two orbital orderings are com-
will result in the only nonvanishing amplitude for momen- patible with the observed magnetic structure. For the
tum transferred equal to the orbital order wave vector. first one, the staggered orbital parameter is proportional to
The treatment sketched here can be applied without modthe operator
fication_ to cases Iike LaMb;, in vyhich the quadrupolar case(A): Ay = d;rd3 + d;rdz. )
scattering channel is the only available one [9]. In the case .
of V,03, the absence of inversion symmetry at V sites inln the hexagonal reciprocal lattice, tig vector of this
the insulating phase allows dipole transitions as well. Weorbital ordering is predicted to be different from that
will consider this more complicated but interesting caseof the magnetic ordering. In fact, while the latter has
in detail. rpaximum diffraction atQ = (0.5,0.5,0) and zero at

According to the general wisdom, the V ions in this O = (0.5,0.5, 1), for the former the situation is reversed.

compound have an oxidation state*, thus containing This makes the search for the orbital ordering easier. In
two d-electrons [2]. The fivei-orbitals are split into a Cartesian coordinates, the wave vector of the orbital order
lower 1,, triplet and a highee, doublet. Itis commonto (A)is
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whereq is the bond length in the basal plane honeycomb (13)

lattice, andc is the shortest distance between two V atomswhere the factor in front of the sum is the weight of fne

. . ; ._component in the conduction band wave functions, and
in thez direction. The hexagonal cell that we use contamiﬁ/e have introduced the two vectols = (v, x,0) and
three layers, which is compatible with the notations use b = (1. —v.0) >

by Moon [4] and McWhan and Remeika [3]. 3 oo

. ) A . The whole transition operator is the sum of the
strﬁzteuroeﬂ;gs(z)arr?lr)?l(jgrr(:)zrr;rﬁrgtg?“ble with the m"jlgnetlcquadrupole and dipole components. However, Egs. (2),

R + " (3), and (4) are still correct, provided we take
case(B). Ag = dydr, — d3d;5. 9

1 . . Cy .
In this case the ordering is no more staggered in the basal JI+ 72 {F2 Tin C_2 Fl} .

lane, while it remains staggered along thalirection. . . -
P 99 g éAs a result, the scattering cross section will include, be-

However, since the two V atoms on the basal plan id d I d dipol tributi ot
belonging to the same hexagonal cell have opposite valu €S pure quadrupole and dipole contributions, an inter-
= erence term. To further proceed, we need to extract from

gfdtnfer;gg;: Bzgakn;seter, the smallgstat which we expect (4) the term proportional to the orbital order parameter,
which can be in general written &1} + T5, — iT{5)A,.
Op = 27T<L, L_ L)_ (10) Here « = A, B refers to the two possible order parame-
3a’ a+/3 " 3c ters, Egs. (7) and (9), anfi}, Ty, T}, indicate the con-
Let us now apply the general treatment described aboviibutions of the pure dipole, the pure quadrupole, and the
to this specific example. Since the conduction band hakterference channels, respectively. For these polarization
both d and p character, we have to extend the generaRnd wave vector dependent quantities, we find

A

(14)

formalism to include, besides the quadrupole, also a_, c? N v
dipole component in the transition amplitude. Ip = 02(1 + 72) [(€" MoK') (€M3k) + (2 < 3)],
We first consider the quadrupole channel already dis- (15)
cussed. Since only thé andds; combinations of Eq. (5) ) 5
are involved in the orbital ordering, it is more useful to pick .4 n Ciifor  onf= =
. .o . = — . + 2«
up from (1) only the part involving these orbitals. All the T 1+ 72 C3 L€ - w2)(€ - v3) + (2= 3)], (16)
other allowed transitions are not expected to give a contri- oC o
bution to the elastic scattering at that particular Hence,  Tj, = % —L (& Mk (€ - ©3)
the relevant quadrupole absorption operator simplifies to L+ 17 206 ) .
f:‘ B 1 c + (El . 1_)2) (EM3k)
I+ e - 23], (17)
2
e oA oA c A P A >
X (- Mk)dl, — (& - bsk) di,Js,. (1) TE = A0+ LE R @Lak) — 2 = 3)],
where 1/4/1 + 52 weighs thed component in the con- (18)
duction band [see Eq. (6)], and 2 C
_ B _ Slrer DV E D) — (0 o
R 0 V2 1 ) V2 0 0 Iy = 1+ 72 C% [(€" - vp) (€ - v2) — (2« 3)], (19)
My=|v2 0 0|, Mz=|[0 —v2 1 c
L 0 0 0 1 0] = s @ k) @ o)
In the dipole channel, using the same notations as above, N c0t2 af e a2
the dimensionless dipole absorption operator at resonance + (" 02) (éMak) + (2 = 3)].
Fy =%, P}ls, is defined through the dimensional one by (20)
) " ) ot From the cluster calculation, we obtain the radial matrix
i1Ciynex Z ijl’j,oso = iCiy/nek ZP(,SU, elements for dipole and quadrupole transitions, which
J=rn e v (12) allow us to establish that the relative weight of the two

‘ _ . terms in Eq. (14) is given byC,/C, = 7.4. Therefore
where p;, creates a spie electron in thej p or-  we expect the pure dipole term alone to reproduce the

bital, and C; = ewr; ,/27h/(Bw), where ry,, = total cross section within=13% accuracy. Hence, for
[r2dr X,(r)rxs(r), in analogy with the definition the purpose of the present paper, it will be sufficient to
of 3 45. calculate just this term.

The component of the dipole absorption operakgr We are now in a position to describe the cross section
which is sensible to the orbital ordering can be easilyas a function of experimental configuration. The scattering
found through Eq. (6), namely angle2y is determined by siy = Qc/2w, w being the
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FIG. 1. Orbital order (A) scattering cross section in arbitraryFIG. 2. Orbital order (B) scattering cross section in arbitrary
units for the o polarization (solid line) andr polarization units for the o polarization (solid line) ands polarization
(dashed line). (dashed line).

photon frequency, an@ the modulus of the wave vector

for the orbital ordering, which will be either (8) or (10).  Our results imply that resonant x-ray experiments can

Taking thek edge of the vanadiumio = 5465 eV, and  determine the temperature dependence of the orbital order

the lattice parameters in the insulating phase: 2.88 A parameter, as well as its wave vector. These quantities

andc = 2.70 A, we find the two scattering angles, =  have so far eluded any direct measurement.

15.490° and yp = 17.313°. If we assume not to detect One of us (M.F.) thanks ESRF, where most of this

the polarization of the emitted light, only three degrees ofwork was performed, for its hospitality

freedom for the scattering geometry remain. The first is

the angleg of rotation of the scattering plane around the
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