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Quantitative determination of the atomic scattering tensor in orbitally ordered YTiO3
by using a resonant x-ray scattering technique
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The orbitally ordered state of YTiO3 has been investigated utilizing resonant x-ray scattering~RXS! near the
Ti K-edge. The RXS intensities have been observed at the 1s→4p dipole transition energy~the main edge!.
The atomic scattering tensor of the Ti ion has quantitatively been determined by measurements of the azi-
muthal angle and polarization dependence of the signal at several scattering vectors. On the basis of the tensor,
we discuss not only the scattering mechanism but also the wave function of the orbitally ordered state, finding
it to be a linear combination of twot2g orbitals. In addition, RXS at the 1s→3d transition energy~the
pre-edge! was also observed. This signal was found to have the same azimuthal angle and polarization depen-
dence as that at the main edge.
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I. INTRODUCTION

In addition to the charge and spin degrees of freedom,
orbital degree of freedom plays an important role in det
mining the electric and magnetic properties of the perovs
transition-metal oxides. However, experimental technique
observe orbital ordering have been limited to date. In rec
years, the study of orbital ordering utilizing a resonant x-r
scattering~RXS! technique has been rapidly developed.
particular, the orbital ordering of theeg electron of Mn31 in
some manganites has been observed by this techniqu1–5

RXS at the 1s→4p dipole transition energy of a Mn ion i
caused by a splitting in the Mn 4p orbital energy levels as a
result of the orbital ordering.6–8 Two possible scenarios fo
this lifting of the degeneracy of the Mn 4p orbitals have
been proposed. The first is a Coulomb interaction betw
the Mn 3d and 4p orbitals~the Coulomb mechanism!.6 The
second is an anisotropic hybridization of the Mn 4p with the
neighboring O 2p, resulting from the distortion of the oxy
gen octahedra, that is the Jahn-Teller distortion~JTD! ~the JT
mechanism!.7,8 It remains controversial as to which of the
mechanisms is more significant in giving rise to RXS.
either case, however, the RXS signal provides informat
on the orbital ordering, and the orbitally ordered state can
characterized using the RXS technique without a full str
tural analysis. Moreover, the correlation length of orbita
ordered state can be measured by this technique,4,5 and RXS
studies have now been extended to other materials,
YVO3,9 LaTiO3,10 DyB2C2,11 and CeB6.12

The eg-electron systems such as the manganites exhib
strong electron-lattice coupling due to the hybridization b
tween the O 2p orbital and the Mneg orbital, that is, they
0163-1829/2002/66~18!/184419~7!/$20.00 66 1844
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exhibit a large JTD. On the other hand,t2g-electron systems
have a weak electron-lattice coupling~small JTD!. As a re-
sult, it is expected that the JT mechanism in at2g system is
less effective in giving rise to RXS than that in aneg system.
Thus studies of such systems may give insight into the qu
tion of which mechanism of RXS is the dominant one.

YTiO3 is an example of at2g electron system. It is a
ferromagnetic insulator (Tc;30 K) having an orthorhombic
space groupPbnm (GdFeO3-type structure! with lattice
constantsa55.316 Å, b55.679 Å, andc57.611 Å.13 The
crystal structure has a JTD in which the Ti-O distances
Ti-Ox;2.08 Å, Ti-Oy;Ti-Oz;2.02 Å at site 1. Because o
the longest Ti-O distance along thex axis, thexy andzx of
the t2g orbital are stabilized, namely, two degenerate orbit
are occupied by one electron. However, because of the C
lomb interaction among thet2g orbitals and/or the crysta
structure, this orbital degeneracy is lifted. The orbitally o
dered state of the 3d electron of the Ti31 ion is well studied
by both theory14,15 and experiment.16,17 Theoretical calcula-
tions using unrestricted Hartree-Fock calculation14 and gen-
eralized gradient approximation15 predict the wave functions
of orbitally ordered state to be linear combination of twot2g
orbitals at sites 1–4, as shown in Fig. 1. Ichikawaet al.have
directly determined the wave function of the ordered orb
from the spin-density distribution by using the polariz
neutron-scattering technique.16 In addition, Itoet al.have de-
termined the wave function based on a47,49Ti NMR
experiment.17 Both experimental results are consistent w
the theoretical predictions as shown in Table I. Howev
these techniques are limited to the observation of the orb
ordering when accompanied by magnetic ordering, nam
the techniques can only determine the orbitally ordered s
below Tc .
©2002 The American Physical Society19-1
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In YTiO3, we have studied the RXS at the forbidden r
flections near the TiK-edge energy. The atomic scatterin
factor ~ASF! tensor of the Ti ion at room temperatu
(.Tc) was determined from measurements of the azimu
angle, polarization, andQ-position dependence of the RX
intensities at 1s→4p dipole transition energy. The aniso
ropy of the tensor is consistent with our model calculat
for a 4p orbital polarization that arises from the on-site Co
lomb interaction between the Ti 3d and 4p ~i.e., the Cou-
lomb mechanism!. From the point of view of this Coulomb
mechanism, we have succeeded in determining the w
function of the ordered orbital quantitatively, obtaining go
agreement with the results of previous theories and exp
ments belowTc . Our data of the RXS are also compar
with some other recent theories.18,19 The other contributions
to RXS, which are not included in the present analysis, s
as the the tilting of neighboring oxygen octahedrons, are
cussed. More detailed theoretical calculation is desired
understand this RXS mechanism. At the 1s→3d transition
energy~pre-edge!, RXS, which is expected theoretically t
directly reflect the neighboring 3d-orbital states, was also
observed. The azimuthal angle, polarization, andQ-position
dependence of the RXS at the pre-edge was the same a
at the main edge. The temperature dependence of the
shows no anomaly at the ferromagnetic transition temp
ture (Tc), although magnetostriction was observed.

II. EXPERIMENT

The single crystals used in this study were grown by
floating-zone technique.(100), (001), and (011)surfaces

FIG. 1. Crystal structure of YTiO3 with the GdFeO3-type dis-
tortion. There are four Ti atoms in the unit cell, numbered 1–

which are located at (0,1
2 ,0), (1

2 ,0,0), (0,12 , 1
2 ), and (12 ,0,12 ), respec-

tively. The wave functions at sites 1–4, arec1zx1c2xy, c1yz
2c2xy, c1zx2c2xy, and c1yz1c2xy. The x, y, and z axes are
taken along the directions of Ti-O in the TiO6 octahedron. The inse
of site 1 shows an alternate coordinate system with the axes ali
with the orbital, namely, thexy8z8 coordinates are defined as th
xz8 plane in which thet2g orbital is elongated. The angle betwee
the z and z8 axes following a rotation about thex axis is defined
as r x .
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were cut and polished with fine emery paper and diamo
paste. The full width at half maximum of the typical mosa
width was 0.07°. X-ray scattering experiments were carr
out at beam line X22C at the National Synchrotron Lig
Source~BNL!. The incident beam was monochromatized
a pair of Ge~111! crystals, giving an energy resolution o
about 5 eV, and focused by a bent cylindrical mirror. Pol
ization analysis of the scattered beam was performed usi
PG~004! analyzer crystal, which gives a scattering angle
96.0° when the incident photon energy is set to the
K-edge. The incident polarization was about 95% linea
polarized in the horizontal plane; that polarization vector
s. The polarization vector,s8 (p8), of scattered beam is
perpendicular~parallel! to the scattering plane. The az
muthal angle and energy dependence of the RXS were s
ied at room temperature. For low-temperature experim
the sample was mounted in a closed cycle He cryostat.

III. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. Energy dependence

Near the TiK-edge, the fluorescence of YTiO3 was mea-
sured at~0,0,1.5! as shown in Fig. 2~a!. There are two large
peaks atE54.974 ~main edge! and 4.988 KeV of the 1s
→4p dipole transition energy. This energy spectrum is sim
lar to that of LaMnO3 at Mn K-edge~Ref. 2: Fig. 2!. More-
over, the fluorescence intensity shows a small shoulde
E;4.962 keV~pre-edge! which corresponds to the 1s→3d
quadrupole transition energy.

The energy dependence of the RXS intensity was m
sured at the forbidden reflections,~1 0 0!, ~0 0 1!, and~0 1 1!,
where the observation of the RXS owing to the orbital ord
ing is expected. To avoid contamination due to multiple sc
tering, the energy dependence was measured at severa
muthal angles. The data, free of multiple scattering,
shown in Fig. 2. Figures. 2~b! and ~c! show the energy de
pendence of the~1 0 0! and~0 0 1! reflections. Both exhibit
only a s→p8 component, but their energy spectra are qu
different. At the~1 0 0!, three large resonant peaks at 4.97
4.986, and 4.999 keV are observed, while at the~0 0 1! two
large peaks are observed at 4.972 and 4.984 keV. At
pre-edge energy, a small resonant peak was observed at
reflections.20 At the (011), both scattering components,s
→s8 and s→p8, were observed simultaneously as show
in Fig. 2~d!. Both the components show the same ene
dependence, exhibiting two large resonant peaks at 4.975
4.986 keV and a weak peak at the pre-edge. The pre
energy dependence of thes→p8 component was also mea
sured around the pre-edge feature as shown by the s
filled circles in Fig. 2~d!. In each of the reflections, sever
resonant peaks are observed above the main edge. In

,

ed
d

TABLE I. The obtained parameterc1 of the wave function, which isc1zx1c2xy(c1

21c2
251) at site 1.

The results have been determined by some theories, previous experiments~polarized neutron scattering an
NMR!, and our study.

Theory Neutron NMR Present result

c1 ;0.8 ~Ref. 14!, ;0.71 ~Ref. 15! ;0.77 ~Ref. 16! ;0.8 ~Ref. 17! ;0.71
9-2
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QUANTITATIVE DETERMINATION OF THE ATOMIC . . . PHYSICAL REVIEW B 66, 184419 ~2002!
trast, strong RXS was observed at only one resonant en
~main edge! in the manganite systems.1,2 These energy de
pendences in YTiO3 are, however, remarkably similar to th
case of YVO3.9 The energies of the resonant peaks dep
on the reflections, i.e., there is a largeQ-position depen-
dence. Nevertheless, the intensity ratio between the pre-
and the main edge is almost constant, that is,I pre :I main
;1:20 without correction for absorption effects.

B. Azimuthal angle dependence

An important feature of resonant scattering is that, unl
nonresonant charge scattering, the intensity depends on
azimuthal angle, that is, rotating a sample about the sca
ing vector, provides direct information on the tensor of AS
We have therefore measured the azimuthal angle depend
of the intensities at the forbidden reflections at the m
edge. At each azimuthal angle,u22u scans were performed
The resulting integrated intensities at~1 0 0!, ~0 0 1!, and~0
1 1! were normalized by that of the fundamental peak of~2 0

FIG. 2. ~a! Fluorescence at (0,0,1.5) near TiK-edge energy.
~b!–~d! Energy dependence of RXS intensities at forbidden refl
tions. The scattering components,s→s8 and s→p8, are shown
by open circles and filled circles, respectively.
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0!, ~0 0 2!, and~0 2 2!, respectively, to correct for any varia
tions due to a sample shape. The structure factors of
fundamental peaks were calculated by the crystal parame
in Ref. 13. Then, the results finally normalized by the inte
sity of ~0 2 2! as a standard are shown by filled circles
Figs. 3. The azimuthal angle dependence of the~1 0 0! and~0
0 1! reflections exhibit twofold symmetry@Figs. 3~a! and
~b!#. At the ~0 1 1! reflection, the azimuthal angle depe
dence of thes→s8 component shows a fourfold symmetr
while thes→p8 component has a period of 360°, as show
in Figs. 3~c! and~d!, respectively. We have also measured t
azimuthal angle dependence of the(001) and (011)reflec-
tions at the pre-edge, and found it to be the same as th
main edge, as shown by open circles in Figs. 3. The inte
ties were also normalized by the fundamental peak at m
edge. In quantitative discussion, we need a correction for
energy dependence of the fundamental peak intensity.

-
FIG. 3. Azimuthal angle dependence of the RXS intensities a~1

0 0! @~a!#, ~0 0 1! @~b!#, and~0 1 1! @~c! and~d!#. The intensities at
main edge are shown by filled circles, and those at pre-edge m
plied by 20 are shown by open circles. TheC of azimuthal angle is
defined as follows:~a! and ~b!, C50 at sib; ~c! and ~d!, C50
at sia.
9-3
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C. Model calculation

The origin of the RXS at the main edge lies in the sp
ting of the Ti 4p energy levels. As a result, the ASF becom
a tensor rather than a scalar. As discussed above, the o
of this splitting remains controversial. However, on the ba
of the two pictures proposed to date — namely the Coulo
mechanism and the JT mechanism—one can construc
tensor and make comparisons with our data.

In the case of the Coulomb mechanism, the Ti 4p energy
levels are split by the on-site Coulomb interaction betwe
the ordered 3d orbital and the 4p orbital of the Ti ion. The
wave function,c1zx1c2xy, of the ordered orbital is ex
pected at site 1, as shown in Fig. 1. The wave function
represented byxz8 by definition, if we exchange the princi
pal axes based onxyz coordinates for those based onxy8z8
coordinates, namely, thet2g orbital is elongated in thexz8
plane and not in they8 direction. Because of the on-sit
Coulomb interaction, then, the 4py8 energy level is lowered
and the 4px and 4pz8 are raised. The tensor at site 1 can
described as follows:

S f a 0 0

0 f a1D f a 0

0 0 f a

D in the xy8z8 coordinates,

whereD f a is the anisotropic strength of ASF andf a is the
isotropic term. The angle between thez andz8 axes follow-
ing a rotation about thex axis is defined asr x . We may thus
describe the tensor with only two parameters,r x and D f a .
The tensors at the other three sites are also determined i
same way. These tensors satisfy the space group of the
tal structure,Pbnm. If the tensors do not satisfy the spa
group, the azimuthal angle and polarization dependences
culated from such tensors are completely different from
present experimental results. Thus the restriction of the sp
group is very strict. Moreover, sites 1–4 have differentxyz
coordinates due to the tilt of TiO6 octahedra as a result of th
GdFeO3-type structural distortion. In our model calculatio
the distortion is properly taken into account through the d
ference of thexyz coordinates among the sites. On the ba
of these tensors, we can calculate the structure factor.
calculateds→p8 components of the intensity at each refle
tion with C5180° as a function ofr x are shown in Fig. 4.
The intensity ratio among the RXS peaks depends stron
on the value ofr x . The experimentally observed RXS inte
sities are also plotted on the right ordinate in the figure.
the model calculation, the range ofr x for which the order
among the RXS intensities is as observed is 30° –70°.
comparing the measured intensity ratio among the R
peaks with the calculated value, we find thatr x545610°,
which is denoted by an arrow in Fig. 4. We can then use
value of r x545° to calculate the azimuthal and polarizati
dependence of the three reflections. The results of these
culations are shown by the solid lines in Figs. 3. The agr
ment is fairly good. Thus the azimuthal angle and polari
tion dependence, and the intensity ratio among the R
peaks, are explained by this model calculation which
based on the Coulomb mechanism. We conclude that
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parameters of wave function of Ti 3d orbital, c1 andc2, are
c150.7160.11,c1

21c2
251. These are in good agreeme

with previous theories and experiments within our expe
mental error bar as shown in Table I.14–17

In the case of the JT mechanism, the splitting of thep
energy levels arises as a result of the oxygen motion
distorts the octahedron surrounding the Ti ion in the orbita
ordered state. The tensor is then that of the Coulomb me
nism without rotations, i.e.,r x50 (c250). It is obvious that
r x50 required by this simplest version of the JT mechani
cannot explain our results. However, not only the JTD eff
but also the effect of the neighboring octahedra may be c
sidered as the origin of the RXS, as discussed in a theo18

We will return to this point below.
The anisotropic strength of the tensor,D f a , determines

the intensity ratio between the RXS peak and the fundam
tal peak, whiler x controls the intensity ratio among the RX
peaks. By comparing the RXS and the fundamental inte
ties, we determinedD f a to be 1.360.1;21 this value is also
used for the solid curves shown in Figs. 3. We note that
value of D f a is larger than that of LaMnO3 (D f a;0.3),22

even though the JTD is smaller in YTiO3 than that in
LaMnO3.

Next, we discuss the RXS intensity at the pre-edge.
principle, this intensity is theoretically expected to reflect t
3d orbital state directly, although the precise scatter
mechanism is not well understood. In LaMnO3, Elfimov
et al. have performed LSDA1U calculations, which predict
RXS due to a weak dipole transition, arising from the h
bridization of the Mn 4p with the neighboring orbitally or-
dered Mn 3d’s.7 Takahashiet al. have also done simila
discussion.23 In V2O3, on the other hand, strong RXS
observed at pre-edge owing to the broken local invers
symmetry and that at main edge is not observed.24 In this
YTiO3, the azimuthal angle, polarization, andQ-position de-
pendence at the pre-edge are the same as those at the
edge, and there is inversion symmetry. Therefore the RX
the pre-edge probably arises from a dipole transition, cau
by the hybridization of the Ti 4p with the neighboring orbit-

FIG. 4. The calculated rotation angle,r x , dependence of the
RXS intensities ofs→p8 component at the azimuthal angleC
5180°. The relative intensities obtained from the experiments
plotted on the right ordinate.
9-4
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QUANTITATIVE DETERMINATION OF THE ATOMIC . . . PHYSICAL REVIEW B 66, 184419 ~2002!
ally ordered Ti 3d’s. The ratio between the intensities at th
pre-edge and at the main edge is almost independent o
reflection, within the experimental error. As a result, we c
immediately determiner x;45° at the pre-edge. The valu
D f a;0.2, at the pre-edge was also obtained by compa
the RXS and fundamental intensities with correction for a
sorption effect. Thus the tensor of ASF at the pre-edge
quantitatively been determined.

The tensors at a Ti site resulting from the JT mechan
and the Coulomb mechanism used in our model calcula
are the JTD and a simple linear combination of twot2g or-
bitals, respectively. Thus we have only examined as to wh
of these mechanisms is more significant in giving rise
RXS. The present observations are supportive of the mo
of Coulomb mechanism. Ishiharaet al. have derived a gen
eral form for the scattering cross section of RXS and
proached our results as a linear combination of threet2g
orbitals.19 The determined parameters of wave function
better to fit for our results than our simple model calculatio
On the other hand, Takahashiet al. have investigated the
intensities of RXS at forbidden reflections using a ban
structure calculation combined with the local-dens
approximation.18 The calculated RXS intensities arise fro
not only the JTD but also the tilts of the neighboring TiO6
octahedra. In our model of JT mechanism, only the tilt of
octahedra at the site where the x ray is absorbed is con
ered, but the tilts of the neighboring octahedra are not.
energy spectra obtained theoretically are similar to our
perimental results, while the intensity ratio cannot be
plained by this theory. In their paper, the Coulomb effec
not small, though it is less than 1/4 of JTD. The RXS inte
sity due to the Coulomb mechanism should be combi
with their theory. Moreover, their model leads to a meta
ground state without orbital order. Therefore the experim
tally observed RXS intensities at the pre-edge cannot be
produced by their theory. The theoretical calculation of
LSDA1U method, which can handle orbital polarizatio
easily, is strongly desired now.

D. Temperature dependence

To make clear the relationship among the crystal str
ture, the orbitally ordered state, and the RXS throughTc , the
temperature dependence of the RXS intensity has been
sured. It may reveal a coupling between the magnetism
the orbital state. Figure 5~a! shows the temperature depe
dence of magnetization, which indicates the ferromagn
ordering belowTc . The temperature dependence of the l
tice constant,a andc, was estimated from the measured sc
tering angle for the~2 0 0! and ~0 0 2!, respectively, as
shown in Figs. 5~b! and~c!. In the temperature region abov
Tc , the temperature dependences are fitted by Debye
proximation as shown by solid line in the figures. T
anomalous temperature dependence can easily be estim
by the extrapolation of the fitted lines. There is a cle
anomaly owing to a magnetostriction belowTc , namely the
lattice constanta contracts andc expands. The temperatur
dependence of RXS intensity at main edge is shown in F
5~d!. The dependence shows no anomaly atTc , although the
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magnetostriction owing to a structural change has been
served. The RXS at pre-edge also has no anomaly atTc .

We discussed a possible scattering scenario of the R
here, namely Coulomb mechanism, JT mechanism and
other crystal structural mechanism. In any case, the coup
between RXS and magnetism is weak. In Pr12xCaxMnO3,5

the clear change has not been observed, while the not
temperature dependence has been observed at the mag
transition in KCuF3.25 These results are interesting to co
sider not only the relationship between RXS and physi
properties but also the scattering mechanism. Further exp
mental examples are required to understand it.

IV. CONCLUSION

We have utilized resonant x-ray scattering techniques
study the orbital ordering of the Ti 3d electrons in YTiO3.
By studying the azimuthal and polarization dependences
three independent forbidden reflections, we have perform
a quantitative determination of the tensor of ASF aboveTc .
On the basis of the tensors, we have examined as to whic
the mechanisms is more significant in giving rise to RX

FIG. 5. Temperature dependence of the magnetization~a!, lattice
constanta ~b!, c ~c!, and RXS intensities at main edge~d!.
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namely, our models of the JT mechanism and the Coulo
mechanism. The model of the Coulomb mechanism can
plain our data at the main edge. The obtained wave func
of the orbitally ordered state, i.e., the linear combination
two t2g orbitals, is in good agreement with the order pre
ously obtained belowTc . The temperature dependence
the RXS has also been measured through the magnetic
sition. The dependence shows no anomaly atTc , although
the magnetostriction has been observed. In conclusion,
experimental results seem to support a Coulomb mechan
in the main edge, though other mechanisms may also hav
effect on the RXS. These measurements give hints to
scattering mechanism responsible for the resonant enha
ment in theset2g materials, although further theoretical stu
ies are very desirable now. Finally, this work illustrates t
ability to quantitatively determine the anisotropic scatter
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tensor — a quantity of some interest in describing the ele
tric and magnetic properties of these materials.
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