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Quantitative determination of the atomic scattering tensor in orbitally ordered YTiO4
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The orbitally ordered state of YTiChas been investigated utilizing resonant x-ray scattgfiR¥S) near the
Ti K-edge. The RXS intensities have been observed at $hedlp dipole transition energythe 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 twé,y orbitals. In addition, RXS at thesk-3d transition energy(the
pre-edgé 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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[. INTRODUCTION exhibit a large JTD. On the other hartd,-electron systems
have a weak electron-lattice coupliigmall JTD. As a re-

In addition to the charge and spin degrees of freedom, theult, it is expected that the JT mechanism it,@asystem is
orbital degree of freedom plays an important role in deterless effective in giving rise to RXS than that in gpsystem.
mining the electric and magnetic properties of the perovskitd hus Studies of such systems may give insight into the ques-
transition-metal oxides. However, experimental techniques tgon O_f Wh!Ch mechanism of RXS is the dominant one.
observe orbital ordering have been limited to date. In recenft YTiOs is an example of dy elec_tron system. It is a
years, the study of orbital ordering utilizing a resonant x-ray erromagnetic insulatorT.~ 30 K) having an othorhomblc
scattering(RXS) technique has been rapidly developed. InSPace groupPbnm (GdFeQ-type structurg with lattice

; , . T constantsa=5.316 A, b=5.679 A, andc=7.611 AX® The
particular, the orbital ordering of the, electron of Mri " in crystal structure has a JTD in which the Ti-O distances are

some manganites has been observed by this techhiue. ' ~ 5 5g'a Ti-Q,~Ti-0,~2.02 A at site 1. Because of
RXS at the 5—4p dipole transition energy of a Mn ion is 4,5 5ngest Ti-0 distance along theaxis, thexy andzx of
caused by a splitting in the Mnpdorbital energy levels as a he . orbital are stabilized, namely, two degenerate orbitals
result of the orbital ordering-® Two possible scenarios for are o?:cupied by one electron. However, because of the Cou-
this lifting of the degeneracy of the Mnpdorbitals have  jomp interaction among the,, orbitals and/or the crystal
been proposed. The first is a Coulomb interaction betweeBtrycture, this orbital degeneracy is lifted. The orbitally or-
the Mn 3d and 4p orbitals (the Coulomb mechanisifi The  dered state of thedelectron of the T* ion is well studied
second is an anisotropic hybridization of the Mp with the by both theory*® and experiment®'’ Theoretical calcula-
neighboring O P, resulting from the distortion of the oxy- tions using unrestricted Hartree-Fock calculatfoand gen-
gen octahedra, that is the Jahn-Teller distortidfD) (the JT  eralized gradient approximatibhpredict the wave functions
mechanism’® It remains controversial as to which of these of orbitally ordered state to be linear combination of e
mechanisms is more significant in giving rise to RXS. Inorbitals at sites 1-4, as shown in Fig. 1. Ichikastal. have
either case, however, the RXS signal provides informatiortirectly determined the wave function of the ordered orbital
on the orbital ordering, and the orbitally ordered state can bérom the spin-density distribution by using the polarized
characterized using the RXS technique without a full strucneutron-scattering technigd®In addition, Itoet al. have de-
tural analysis. Moreover, the correlation length of orbitally termined the wave function based on H“°Ti NMR
ordered state can be measured by this techriigasd RXS  experiment’ Both experimental results are consistent with
studies have now been extended to other materials, e.ghe theoretical predictions as shown in Table I. However,
YVO3;,° LaTiOs,*° DyB,C,,* and CeR.*? these techniques are limited to the observation of the orbital

The eg-electron systems such as the manganites exhibit ardering when accompanied by magnetic ordering, namely,
strong electron-lattice coupling due to the hybridization be-the techniques can only determine the orbitally ordered state
tween the O P orbital and the Mrey orbital, that is, they belowT,.
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were cut and polished with fine emery paper and diamond
paste. The full width at half maximum of the typical mosaic
width was 0.07°. X-ray scattering experiments were carried
out at beam line X22C at the National Synchrotron Light
Source(BNL). The incident beam was monochromatized by
a pair of G€111) crystals, giving an energy resolution of
about 5 eV, and focused by a bent cylindrical mirror. Polar-
ization analysis of the scattered beam was performed using a
Ciyz-Caxy PG(004) analyzer crystal, which gives a scattering angle of
96.0° when the incident photon energy is set to the Ti
K-edge. The incident polarization was about 95% linearly
polarized in the horizontal plane; that polarization vector is
which are located at (8,0), (3,0,0), (0z,7), and G,0,3), respec- . The polarization vectorg’ ('), of scattered beam is
tively. The wave functions at sites 1-4, acgzx+CpXy, €1yZ  perpendicular(paralle) to the scattering plane. The azi-
~CoXY, C1ZX—CoXy, andcyyz+Coxy. Thex, y, andz axes are  mythal angle and energy dependence of the RXS were stud-
taken along the directions of Ti-O in the Ti@ctahedron. The inset a4 at room temperature. For low-temperature experiment,

of site 1 shows an alternate coordinate system with the axes alignetﬂe sample was mounted in a closed cycle He cryostat
with the orbital, namely, th&y’z’ coordinates are defined as the '

xz' plane in which the,, orbital is elongated. The angle between
the zand z' axes following a rotation about theaxis is defined lll. EXPERIMENTAL RESULTS AND DISCUSSIONS

asry.

FIG. 1. Crystal structure of YTiQwith the GdFeQ-type dis-
tortion. There are four Ti atoms in the unit cell, numbered 1-4,

A. Energy dependence

In YTiO3, we have studied the RXS at the forbidden re-  Near the TiK-edge, the fluorescence of YTiGvas mea-
flections near the TK-edge energy. The atomic scattering g;red at0,0,1.5 as shown in Fig. @). There are two large
factor (ASF) tensor of the Ti ion at room temperature ﬁ)eaks atE=4.974 (main edge and 4.988 KeV of the &
(>Tc) was qlete_rmlned from measurements of the a2|mutha_)4p dipole transition energy. This energy spectrum is simi-
angle, polarization, an@-position dependence of the RXS lar to that of LaMnQ at Mn K-edge(Ref. 2: Fig. 2. More-

Intensities at $_’4P d'pOIE. transition energy. The anisot- over, the fluorescence intensity shows a small shoulder at
ropy of the tensor is consistent with our model calculatlonE~4 962 keV(pre-edge which corresponds to thest3d

for a 4p orbital polarization that arises from the on-site Cou- . -

lomb i ion b he Tidgand . he C guadrupole transition energy.

omb interaction between the Tid3and 4 (i.e., the Cou- The energy dependence of the RXS intensity was mea-

Iombh mgchanismr::rom the poigt (;Jf_vie(;/v of this_ Courl10mb sured at the forbidden reflectior{4,0 0, (0 0 1), and(0 1 1),
mechanism, we have succeeded In determining the WaVghere the observation of the RXS owing to the orbital order-
function of the ordered orbital quantitatively, obtaining good

) . g ing is expected. To avoid contamination due to multiple scat-
agreement with the results of previous theories and eXpe”fering, the energy dependence was measured at several azi-
ments belowT.. Our data of the RXS are also compared

: 110 - muthal angles. The data, free of multiple scattering, are
with some other recent theories.” The other contributions ¢y 5\vn in Fig. 2. Figures.(B) and (c) show the energy de-

to RXS, which are not included in the present analysis, Suc'&endence of thél 0 0) and(0 0 1) reflections. Both exhibit

as the the tilting of neighboring oxygen octahedrons, are disc')nly ao— ' component, but their energy spectra are quite

cussed. More detailed theoretical calculation is desired t?iifferent At the(1 0 0, three large resonant peaks at 4.974
understand this RXS mechanism. At the-13d transition 4 ggg aﬁd 4.999 keV,are observed, while at ® 1) tw6 ’
energy (pre-edge, RXS, which is expected theoretically to large peaks are observed at 4.972 and 4.984 keV. At the

directly reflect the neighboring Borbital states, was also e adge energy, a small resonant peak was observed at both
observed. The azimuthal angle, polarization, gzgosition reflections?® At the (011), both scattering components,

dependence of the RXS at the pre-edge was the same as t@ta, and o— ', were observed simultaneously as shown

at the main edge. The temperature de_penden_c_e of the RXR Fig. 2(d). Both the components show the same energy
shows no anomaly at the ferromagnetic transition tempergyenendence, exhibiting two large resonant peaks at 4.975 and
ture (T¢), although magnetostriction was observed. 4.986 keV and a weak peak at the pre-edge. The precise
energy dependence of tle— 77’ component was also mea-
sured around the pre-edge feature as shown by the small
The single crystals used in this study were grown by dilled circles in Fig. 2d). In each of the reflections, several
floating-zone techniqué100), (001), and (O11}urfaces resonant peaks are observed above the main edge. In con-

II. EXPERIMENT

TABLE |. The obtained parameter; of the wave function, which is;zx+ czxy(c§+ c§=l) at site 1.
The results have been determined by some theories, previous experipmatized neutron scattering and
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. 19 ~0.71

184419-2



QUANTITATIVE DETERMINATION OF THE ATOMIC . .. PHYSICAL REVIEW B 66, 184419(2002

YTiO 7300 K YTiO - 300 K
400:‘"3'\""I"“|""|""|""— 0-0003.""3|""I""I""I""I""\""I_
350 f—(a) (@ o> E
2 | T oo0co |
& 300t N 00002 |
2 250 | =
[7] E o
§ 200 | S 0.0001
£ 50 fluorescence -
100 F. e e e e 1 0 E‘ L
F ‘b' L L L L ] F T T T T T T
" - () ] £ (b) c>w ;
2 F (100) W~140 ] & s :
o) ; ] o 0002 |
5 0 c>w E = E
= [ o
[} F —_~
2 20 5
13 B 8 o001
= 10 F =
1 R 1 1
0 T T T T T ] 0 T
[ (C) | F
— 1000 F . 3 0.0012
Q r (001) ¥~355 1 & F
& 800 | (001) B § ;
[ c—->mn ] (=2 F
Z oo L ; = 00008 |
2 B ] = :
@ 400 1 o F
£ i ] S 00004 |
= 200 [ ]
0 r (‘Ad)' — T T T T ] 0
8000 [ ] . ]
= E 011) w210 ——06->0 ] . 0oo12 | c—>m T * main-edge
S 6000 [ (011) ——o>w N E T } % {I °  pre-edge (x20) 3
- 5 € o.0008 [ [t ¢ ]
& 4000 lo s X20 ] = i i1t ]
g i 1 S 3 11 1 g E
£ s000 | 3 S o0004 |, g o
= i M 1 o, of - . ¥0g]
o E P B = om‘..\..‘.l.‘. m
4.95 4.96 4.97 4.98 4.99 5.00 5.01 0 50 100 150 200 250 300 350
Energy (keV) Azimuth (deg.)
FIG. 2. (a) Fluorescence at (0,0,1.5) near Riedge energy. FIG. 3. Azimuthal angle dependence of the RXS intensitig$ at

(p)—(d) Energy dependence of RXS intensities at forbidden reflecy 0 [(@], (00 1) [(b)], and(0 1 1) [(c) and(d)]. The intensities at
tions. The scattering components,~ o’ ando— ', are shown  5in edge are shown by filled circles, and those at pre-edge multi-
by open circles and filled circles, respectively. plied by 20 are shown by open circles. THeof azimuthal angle is
defined as follows{a) and (b), ¥=0 at o|b; (c) and (d), ¥=0
at oa.
trast, strong RXS was observed at only one resonant energy
(main edgé in the manganite systemi$. These energy de-
pendences in YTiQare, however, remarkably similar to the . -
case of YVQ.° The energies of the resonant peaks depencg_))' © 3 2,and(0 22, Iresp;]ectlvel%/l,qto ctorretct for]; ar:y Van?th
on the reflections, i.e., there is a lar@eposition depen- UONS due to a sample shape. The structure factors of the

dence. Nevertheless, the intensity ratio between the pre-edddndamental peaks were calculated by the crystal parameters
and the main edge is almost constant, that!se: I main in Ref. 13. Then, the results finally normalized by the inten-

~1:20 without correction for absorption effects. sity of (0 2 2) as a standard are shown by filled circles in
Figs. 3. The azimuthal angle dependence of(ithé 0) and(0
0 1) reflections exhibit twofold symmetrjFigs. 3a) and
(b)]. At the (0 1 1) reflection, the azimuthal angle depen-
An important feature of resonant scattering is that, unlikedence of ther— ¢’ component shows a fourfold symmetry,
nonresonant charge scattering, the intensity depends on théhile theoc— 7' component has a period of 360°, as shown
azimuthal angle, that is, rotating a sample about the scattein Figs. 3c) and(d), respectively. We have also measured the
ing vector, provides direct information on the tensor of ASF.azimuthal angle dependence of #@01) and (011 Yyeflec-
We have therefore measured the azimuthal angle dependeniiens at the pre-edge, and found it to be the same as that at
of the intensities at the forbidden reflections at the mairmain edge, as shown by open circles in Figs. 3. The intensi-
edge. At each azimuthal anglé;- 260 scans were performed. ties were also normalized by the fundamental peak at main
The resulting integrated intensities(@t0 0), (0 0 1), and(0 edge. In quantitative discussion, we need a correction for the
1 1) were normalized by that of the fundamental peak®  energy dependence of the fundamental peak intensity.

B. Azimuthal angle dependence
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C. Model calculation YTiQ3 I6—m at ¥ = 180°
The origin of the RXS at the main edge lies in the split- 12 ' ' ' 0'11 '.
ting of the Ti 4p energy levels. As a result, the ASF becomes 2 10k Emog -
a tensor rather than a scalar. As discussed above, the origin g ' (001) ey
of this splitting remains controversial. However, on the basis .
of the two pictures proposed to date — namely the Coulomb 8
mechanism and the JT mechanism—one can construct the S
tensor and make comparisons with our data. >
In the case of the Coulomb mechanism, the piehergy ‘»
levels are split by the on-site Coulomb interaction between qc_)
the ordered 8 orbital and the 4 orbital of the Ti ion. The E
wave function,c,zx+c,xy, of the ordered orbital is ex- >
pected at site 1, as shown in Fig. 1. The wave function is .90 60 -30 0 30 60 90
represented byz' by definition, if we exchange the princi- r. (degrees)
pal axes based oxyz coordinates for those based »y’ z’
coordinates, namely, thig, orbital is elongated in thez' FIG. 4. The calculated rotation anglg,, dependence of the

plane and not in the’ direction. Because of the on-site RXS intensities ofc— ' component at the azimuthal angie
Coulomb interaction, then, thep4. energy level is lowered =180°. The relative intensities obtained from the experiments are
and the 4, and 4p,, are raised. The tensor at site 1 can beplotted on the right ordinate.

described as follows: . . .
parameters of wave function of Tid3orbital, c; andc,, are

¢;=0.71+0.11¢?+c3=1. These are in good agreement

f 0 0 " . : . e .
a _ _ with previous theories and experiments within our experi-
0 f,+Af, 0| inthe xy'z’ coordinates, mental error bar as shown in Tablé*r*’

0 0 fa In the case of the JT mechanism, the splitting of the 4

energy levels arises as a result of the oxygen motion that
whereAf, is the anisotropic strength of ASF arig is the  distorts the octahedron surrounding the Ti ion in the orbitally
isotropic term. The angle between th@andz’' axes follow- ordered state. The tensor is then that of the Coulomb mecha-
ing a rotation about thg axis is defined as,. We may thus nism without rotations, i.er,,=0 (c,=0). It is obvious that
describe the tensor with only two parametersand Af,. r«=0 required by this simplest version of the JT mechanism
The tensors at the other three sites are also determined in tisannot explain our results. However, not only the JTD effect
same way. These tensors satisfy the space group of the crylsut also the effect of the neighboring octahedra may be con-
tal structure,Pbnm If the tensors do not satisfy the space sidered as the origin of the RXS, as discussed in a théory.
group, the azimuthal angle and polarization dependences cal¥e will return to this point below.
culated from such tensors are completely different from the The anisotropic strength of the tensarf,, determines
present experimental results. Thus the restriction of the spadbe intensity ratio between the RXS peak and the fundamen-
group is very strict. Moreover, sites 1-4 have differegz  tal peak, whiler, controls the intensity ratio among the RXS
coordinates due to the tilt of TiQoctahedra as a result of the peaks. By comparing the RXS and the fundamental intensi-
GdFeQ-type structural distortion. In our model calculation, ties, we determined f, to be 1.3- 0.1;?! this value is also
the distortion is properly taken into account through the dif-used for the solid curves shown in Figs. 3. We note that this
ference of thexyz coordinates among the sites. On the basisvalue of Af, is larger than that of LaMn@(Af,~0.3)2
of these tensors, we can calculate the structure factor. Theven though the JTD is smaller in YTiCthan that in
calculatedor— 7' components of the intensity at each reflec- LaMnO;.
tion with ¥'=180° as a function of, are shown in Fig. 4. Next, we discuss the RXS intensity at the pre-edge. In
The intensity ratio among the RXS peaks depends stronglprinciple, this intensity is theoretically expected to reflect the
on the value of,. The experimentally observed RXS inten- 3d orbital state directly, although the precise scattering
sities are also plotted on the right ordinate in the figure. Inmechanism is not well understood. In LaMfOElfimov
the model calculation, the range of for which the order et al. have performed LSDA U calculations, which predict
among the RXS intensities is as observed is 30°—70°. BYRXS due to a weak dipole transition, arising from the hy-
comparing the measured intensity ratio among the RX®ridization of the Mn 4 with the neighboring orbitally or-
peaks with the calculated value, we find that=45+10°, dered Mn 3I's.” Takahashiet al. have also done similar
which is denoted by an arrow in Fig. 4. We can then use theliscussiorf> In V,0;, on the other hand, strong RXS is
value ofr,=45° to calculate the azimuthal and polarization observed at pre-edge owing to the broken local inversion
dependence of the three reflections. The results of these calymmetry and that at main edge is not obserR’feth this
culations are shown by the solid lines in Figs. 3. The agreeYTiO,, the azimuthal angle, polarization, a@dposition de-
ment is fairly good. Thus the azimuthal angle and polarizapendence at the pre-edge are the same as those at the main
tion dependence, and the intensity ratio among the RX®dge, and there is inversion symmetry. Therefore the RXS at
peaks, are explained by this model calculation which isthe pre-edge probably arises from a dipole transition, caused
based on the Coulomb mechanism. We conclude that thiey the hybridization of the Ti g with the neighboring orbit-
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ally ordered Ti 3I's. The ratio between the intensities at the
pre-edge and at the main edge is almost independent of th
reflection, within the experimental error. As a result, we can
immediately determine,~45° at the pre-edge. The value,
Af,~0.2, at the pre-edge was also obtained by comparinc
the RXS and fundamental intensities with correction for ab-
sorption effect. Thus the tensor of ASF at the pre-edge has
guantitatively been determined.

The tensors at a Ti site resulting from the JT mechanism
and the Coulomb mechanism used in our model calculatior
are the JTD and a simple linear combination of tiyg or-
bitals, respectively. Thus we have only examined as to which _
of these mechanisms is more significant in giving rise to <
RXS. The present observations are supportive of the mode ®

gnetization (emu/mol)

of Coulomb mechanism. Ishihaet al. have derived a gen- 5338 |
eral form for the scattering cross section of RXS and ap- 5.336
proached our results as a linear combination of thrge
orbitals™® The determined parameters of wave function are 7618 |-
better to fit for our results than our simple model calculation. '
On the other hand, Takahasét al. have investigated the <€ ;46 L
intensities of RXS at forbidden reflections using a band- ©
structure calculation combined with the local-density 7614 |
approximationt® The calculated RXS intensities arise from

7.612

not only the JTD but also the tilts of the neighboring §iO

octahedra. In our model of JT mechanism, only the tilt of the
octahedra at the site where the x ray is absorbed is consid&
ered, but the tilts of the neighboring octahedra are not. The§
energy spectra obtained theoretically are similar to our ex-=
perimental results, while the intensity ratio cannot be ex- §
plained by this theory. In their paper, the Coulomb effect is =
not small, though it is less than 1/4 of JTD. The RXS inten-
sity due to the Coulomb mechanism should be combined
with their theory. Moreover, their model leads to a metallic
ground state without orbital order. Therefore the experimen-
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FIG. 5. Temperature dependence of the magnetizétipmattice

tally observed RXS intensities at the pre-edge cannot be req . stania (b), ¢ (¢), and RXS intensities at main edgd.

produced by their theory. The theoretical calculation of the
LSDA+U method, which can handle orbital polarization
easily, is strongly desired now.

magnetostriction owing to a structural change has been ob-

served. The RXS at pre-edge also has no anomaly, at

We discussed a possible scattering scenario of the RXS
here, namely Coulomb mechanism, JT mechanism and also
other crystal structural mechanism. In any case, the coupling

D. Temperature dependence

To make clear the relationship among the crystal struc;
ture, the orbitally ordered state, and the RXS throtlighthe
temperature dependence of the RXS intensity has been mea-
sured. It may reveal a coupling between the magnetism an
the orbital state. Figure &) shows the temperature depen-
dence of magnetization, which indicates the ferromagneti¢
ordering belowT,.. The temperature dependence of the lat-
tice constanta andc, was estimated from the measured scat-
tering angle for the(2 0 0 and (0 0 2, respectively, as
shown in Figs. B) and(c). In the temperature region above
T., the temperature dependences are fitted by Debye ap-
proximation as shown by solid line in the figures. The

between RXS and magnetism is weak. In_RCaMnO;,°
the clear change has not been observed, while the notable
mperature dependence has been observed at the magnetic
ransition in KCuk.?® These results are interesting to con-
sider not only the relationship between RXS and physical
properties but also the scattering mechanism. Further experi-
mental examples are required to understand it.

IV. CONCLUSION

We have utilized resonant x-ray scattering techniques to

anomalous temperature dependence can easily be estimattddy the orbital ordering of the TidBelectrons in YTiQ.

by the extrapolation of the fitted lines. There is a clearBy studying the azimuthal and polarization dependences of
anomaly owing to a magnetostriction beldw, namely the three independent forbidden reflections, we have performed
lattice constang contracts and expands. The temperature a quantitative determination of the tensor of ASF abdye
dependence of RXS intensity at main edge is shown in FigOn the basis of the tensors, we have examined as to which of
5(d). The dependence shows no anomal¥ at although the the mechanisms is more significant in giving rise to RXS,
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namely, our models of the JT mechanism and the Coulomkenses — a quantity of some interest in describing the elec-
mechanism. The model of the Coulomb mechanism can exric and magnetic properties of these materials.

plain our data at the main edge. The obtained wave function
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