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We investigated orbital ordering states in the vicinity of the Mott transitiorRinO; and LaTiG; o,
(R=Gd,Sm,Nd,Lausing resonant x-ray scatterigBXS) at the s— 3d transition energy of th& absorption
edge of Ti. We measured the energy and azimuthal angle dependences of the resonant signal at the reflections
of Q=(1 00, (011, and(00 1. The RXS intensity gradually decreased with decreasing the Ggf@®
distortion. Although there is a magnetic phase boundary between GdfE@omagnetand SmTiQ (antifer-
romagnel, the ratio among the magnitudes at those reflections was almost the same. The azimuthal angle
dependence also showed an identical periodicity at each scattering vector. With further decreasing the
GdFeQ-type distortion, the magnitude of the RXS in Lagi®ecame small and almost isotropic. This means
that the orbital state of LaTiQis different from those oRTiO; (R=Y,Gd,Sm). Furthermore, when we
approached the Mott transition by hole doping, the signal of the RXS disappeared inslgTidich is just
located on the metal-insulator boundary. This indicates a disappearance of the orbital ordering at the Mott
transition.

DOI: 10.1103/PhysRevB.70.245125 PACS nuni®er71.27+a, 71.30+h, 61.10--1, 71.70.Ej

I. INTRODUCTION ful technique to detect orbital ordering through intensive ex-
perimental studie$:®

The orbital correlation and the symmetry breaking of or- The Ti ion in RTiO3 (R=Y,Gd,Sm,Nd,La has onety,
bitals, as well as strong spin and charge correlations, plaglectron, which occupies one of the threefajg orbitals.
important roles in rich phase diagrams in strongly correlated his crystal structure oRTiO3 is accompanied by a lattice
electron system5.The importance of the orbital degree of distortion due to a tilting of Ti@ octahedra GdFeQ-type
freedom was pointed out in the 1950s concerning the magdistortion), in which the Ti—O—Ti bond angle along the
netism of 3l electron system$A revival of experimental axis changes from 140.3° in YTi0 157.5° in LaTiQ.° By
and theoretical interest in the manganites occurred in thehangingR ions, we can control the one-electron bandwidth
1990s because of the discovery of colossal magnetoresi#irough the magnitude of the GdFg@pe distortion. The
tance(CMR).2 In the perovskite-type Mn oxides, Mhhas a  magnetic phase diagram is established as a function of the
3d* configuration, in which three electrons occupy the three-one-electron band width. The ground states of Yj#hd
fold t,q orbitals (xy, yz andzx) and one electron occupies LaTiOs are a ferromagneti€Tc~30 K) and aG-type anti-
one of the twofolde, orbitals (x*~y? and %?-r?) owing to  ferromagneitd AFM) (Ty~ 150 K) insulator, respectivelif
strong Hund coupling. Thus, M#h has an orbital degree of There is a magnetic phase boundary between Ggl{fro-
freedom depending on which, orbital is occupied. This magnet and SmTiQ (antiferromagnetin RTiO3. Katsufuji
orbital degree of freedom can show a long-range order—thagt al. showed that theRTiO; system behaves as a typical
is, orbital ordering. Although the experimental techniqueMott insulator through optical conductivity
used to detect the ordering was rather limited, it has recentlyneasurement¥:*1 They revealed that the Mott-Hubbard gap
been found that resonant x-ray scatteriRXS) is a power-  (Ey) increases with decreasing ionic radiusRyfin propor-
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tion with (U/W)-(U/W),, in which (U/W) is the electron- and the magnetism, in addition to the vanishing process of

electron interaction an@dJ/W). corresponds to a hypotheti- the orbital ordering. In Sec. V, we summarize the present

cal point for a Mott transition with a half filling. On the other study.

hand, in LaTiQ.4», a small change of the oxygen concen-

tration causes metal-insulator and magnetic transitions. Tagu- Il. EXPERIMENT

chiet al. found that LaTiQ,, exhibits an antiferromagnetic

insulator phase for§<<0.05, an antiferromagnetic metal  The crystals used in the present study were synthesized by

phase for6=0.06—0.08, and a paramagnetic metal phase fothe floating zone technique, as described elsewlérane

6>0.0812 polished three surfaces corresponding to the scattering planes
Recently, it has bt_aen considered that the orbital Qegree @t (h 0 0), (0 k k), and(0 01). These samples were cut from

freedom takes part in these transport and magnetic propefhe same single crystal. X-ray scattering measurements were

ties. For instance, the ferromagnetism in Y%iBas been carred out at beamline X22C at the National Synchrotron

theoretically explained by a ferromagnetic superexchange INight Source in BNL and at beamline BL-4C, BL-16A2 at

teraction caused by orbital ordering of tltg electront® the Photon Factory of KEK. The energy resolutions for

TP, I e igicart 1o Sy e orbe) Sale i Taer A2X22C, BLUAC, and BL-16A2 were about 5 eV, 3 eV, and
P g prop . 1 eV, respectively. Pyrolytic graphit@® 0 4) reflection was

X LG : X 14
al. observed the orbital ordering in YTiCby using RXS. used for the polarization analysis. The incident x-ray beam

They determined the pattern of the orbital ordering on Tih d larization in th " ; al p i
sites, which is consistent with the results reproduced by po-@d ¢ polarization in the present eéxperimental configuration,

larized neutron scatterifgjand NMR experiment® On the ~ While the polarization vector of the x-ray beam within the
other hand, in LaTiQ which shows a smaller GdFe@ype  Scattering plgne was denoted hy polarization. We mea-
distortion, Keimeret al. detected no RXS signal of the or- Sured the azimuthal anglé?) dependence of a resonant en-
bital ordering?” It is proposed that this is due to the appear-€rgy peak of Ti.¥ means the rotation angle of a sample
ance of an orbital liquid state in LaTi(® By contrast, the around the scattering vector. The origin ¥fis defined by
importance of the spin-orbit coupling and the Jahn-Teller disthe configuration in which the polarization of the incident
tortion along the(111) direction also has been pointed Photon beam becomes parallel to thexis in the case of
out122%|n this way, the changing of the orbital ordering state (0 k K) and to theb axis for both(h 0 0) and (0 O1).
in RTiO5 has not been clarified, so far. In order to elucidate We now deal with the mechanism of RXS. Near e
the changes in the orbital ordering, we intensively performedibsorption-edge energy, the resonant peaks are observed at
RXS measurements iRTiOz. A notable point is that we the pre-edge and main edge. They correspond to the
could control the one-electron bandwidth by changingRhe 15— 3d and ls— 4p transition energies, respectively. In the
ions in RTiO5 without doping, randomness, and structuralPresent study, the azimuthal angle dependence at the pre-
phase transition&: This is why the insulatingRTiO5 com- edge was the same as that at the main-edge peak. This result
pound is an ideal platform to reveal the role of the orbitalmeans that the pre-edge peak originates from a dipole tran-
degree of freedom in the vicinity of the Mott transition.  Sition. In other words, the hybridization between the i 4

In the present study, we considered two main topics conand the neighboring @ orbitally ordered states causes the
cerning the orbital ordering of Mott insulator®TiO,. One  resonant peak at the pre-edgé? Therefore, we can recog-
was to clarify the relationship between the orbital orderingnize the appearance of orbital ordering from the signal at the
and the magnetism in this system. The magnetism in th@re-edge. However, since the signal at the pre-edge contains
manganites of the, electron system, which shows the CMR information concerning the neighboring Ti sites, not that at
effect, has a strong correlation with the orbital ordering. Onon sites, it is difficult to analyze the data quantitatively. A
the other hand, the behavior of the orbital ordering inttge theoretical calculation is required for a quantitative analysis
electron system near a magnetic phase boundary has so frthe pre-edge peak. On the other hand, there are two con-
not been investigated in detail. We demonstrated that th&ibutions to the origin of the main-edge peak in the RXS, in
orbital state hardly changes between the magnetic phases Which we cannot say which mechanism is dominant at the
a ferromagnetGdTiO;) and an antiferromagnéSmTiO). main e_dge in tr_ns stage. Qne is the interaction betvyeen the
The other more noteworthy subject is to reveal how the or#P orbital on Ti and the ligand O 2 orbital, concomitant
bital ordering becomes unstable near the Mott transition; thaith the GdFeQ@-type distortion as well as the Jahn-Teller
resonant signal corresponding to the orbital ordering continudistortion?? The GdFe@type distortion causes combina-
ously decreases with the decrease of the GaFdiStortion ~ tions between different, orbitals, which is crucial for the
in the insulating region. Finally, the orbital ordering dimin- (ZX,yZ",2x",yZ)-type orbital ordering of(1/v2)(zx-xy)
ishes completely on the tip of the Mott transition. (site 1), (1/2)(yz+xy) (site 2, (1/V2)(zx+xy) (site 3, and

The framework of the present paper is as follows. In Sec(1/12)(yz—xy) (site 4, in particluar® The other thing is the
Il, the experimental procedure and the mechanism of th€oulomb interaction between thg4nd 3 orbitals due to
resonant scatterings at both the pre-edge and the main edtjee orbital ordering* As mentioned later, the pre-edge peak
are explained. In Sec. Ill, we show the experimental resultsdisappears on the border of the Mott transition, while the
We remark on the orbital ordering through the magneticmain-edge peak remains on the Mott transition. In short, the
phase boundary in Sec. lll A and the suppression of orbitapre-edge peak gives information on the orbital ordering,
ordering state near the Mott transition in Sec. Ill B. In Sec.while the main-edge peak involves the signal from the
IV, we discuss the relationship between the orbital orderingsdFeQ-type distortion, which is not directly related to the
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T ] edge of the Tiion in GdTiQ@and SmTiQ. The energy spec-
6. (@) ¢ 1 tra depend on th€) positions, as shown in Figs(H)-1(d)
4! ] for GdTIiO; (solid circle and SmTIQ (open circlg. Figure

| ] 1(b) shows the energy spectra@t(1 0 0) for GdTiO; and
SmTIiO;. The pre-edge peak is observed at 4.971 keV, while
the main-edge peaks are seen at 4.978 keV, 4.981 keV, and
4.992 keV. In addition, we observed the pre-edge peaks at
Q=011 and Q=(0 01 at 4.970 keV[Figs. Xc) and
1(d)]. These energy profiles of GdTiCand SmTIQ are
similar to those for YTiQ in Ref. 14.

0.2 (b) (100)

2. Azimuthal angle dependence

Near to theK absorption edge, the atomic scattering factor
(ASF) is represented by a tensor, which reflects an aniso-
tropy of the electron distribution at a selective atomic site.
Consequently, the magnitude of the resonant x-ray scattering
shows an azimuthal anglel’) dependence. In order to ex-
amine theWV dependence of the intensity at the pre-edge
peak, we performed-26 scans at the pre-edge for eath
The observed data were fitted using a Gaussian profile. The
integrated intensities of the resonant peaks@or(1 0 0),

(01 1), and(0 0 1) were normalized by the integrated inten-
sities at the fundamental positiof=(2 0 0), (02 2, and
(0 0 2, respectively.

Intensity (arb. units)

04495 4.96 4.97 4.98 4.99 5.00
rgy (ke

Eremy () Figure 2 shows th&’ dependence at the pre-edge peaks
y FEERN , for Q=(100), (011, and (00 1) of GATIO, in the left
1) Y I .0~ panels[(a)—(d)] and of SmTiQ in the right panelg(e)-(h)].
4.95 4.96 4.97 4.98 4.99 5.00 5.01 5.02 The resonant signals =(1 0 0) [Figs. 2a) and 2e)] and

Enargy (keV) 001 [Figs. 2d) and 2h)] with the I, (o— ')

. : : componerf® have a twofold symmetry for both GdTiGnd

FIG. 1. Energy spectra in GdTgand SmTiQ by resonant . . —
X-ray scattering(a) X-ray absorption of GdTi@ measured in the SmTIO;. On th? Other hand, the signal &=(0 1 D has
total x-ray fluorescence yield modéb)—(d) Energy scans for se- POthl,. (c—0o”) [Figs. 2b) and 2f)] and |, [Figs. Zc)

lected reciprocal positions ofl 0 0) at ¥=45°, (0 1 1) at and Zg)] components.l,, shows a fourfold symmetry,
¥=225° and(0 0 1) at ¥=0°. The observed data &=(1 00, While I, shows a 360° period. These results indicate that

(0 1 1, and (0 0 1) were normalized by the intensity at the orbital orderings have the same symmetry for GATiO
Q=(200), (0 22, and(0 0 2 for each sample, respectively. The and SmTiQ. Besides, we confirmed that the long-range or-
arrows indicate the pre-edge peaks. bital orderings for GdTi@ and SmTiQ occur in the direc-

tion of the observed direction.
orbital ordering. Therefore, in this paper, we mainly consid- Next, we observed the azimuthal angle dependence at the

ered the orbital states based on measurements at the pfgain-edge peak for each scattering vector. Figure 3 shows
edge. the W dependence in GdTiQ The ¥ dependences at the

main-edge peak show an identical behavior with those at the
pre-edge peak in Figs.(&-2(d) for each scattering vector.
This means that the signal at the pre-edge originates from a
A. Orbital orderings between the magnetic phase boundary ~ dipole transitior2

IIl. RESULTS

1. Energy profiles
B. Suppression of orbital ordered state near the Mott

In order to reveal how the orbital ordering changes from »
transition

that of YTiO5 through the magnetic phase boundary, we per-
formed RXS on GdTiQand SmTiQ at room temperature in Although the azimuthal angle dependence is identical for
the same way with YTiQ'* eachQ, and the energy spectra are analogous ani®OhQ;
Figure Xa) shows the x-ray absorption of GdTiOnea- (R=Y, Gd, Sn), the magnitude of the resonant signal in
sured in the total x-ray fluorescence yield mode. There is &mTiO; is smaller than that in GdTi§) as shown in Fig. 2.
bump at around 4.971 kelpre-edgg and a local maximum Thus, in order to clarify the orbital ordered state near the
at around 4.981 ke\{main edgg which correspond to the Mott transition, we performed the RXS &TiO; (R=Nd,
1s— 3d and s— 4p dipole transitions, respectively. Next we La).
measured the energy dependence of the RXS intensities at The magnitude of the resonant signal in NdJi@comes
Q=(100, (011, and (00 1), around theK absorption weaker than that in SmTiQ It is well known that LaTiQ
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axis for (00I). The lines are
210 _‘0_5 10 guides to the eye.
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shows an AFM insulating behaviofTy~ 150 K) with a  sults indicate that the main-edge peaksRmiO; mainly
small optical gap of 0.1 e¥8 The energy profiles were mea- originate from a GdFe@type distortion.

sured atQ=(1 0 0) and(0 0 1) with the ¥'=0°, in which the We furthermore measured the compound La&ljs)
pre-edge appeared at 4.971 keV. We successfully observavhich shows an AFM insulating behavidiTy~ 125 K).

the resonant signal in LaTi3’ The energy profiles are simi- LaTiO; o, is located near the Mott transition phase boundary
lar to those in otheRTiO5 compounds in terms of the profile between an AFM insulator and an AFM metalWe per-
shapes and the energy peak positidfig. 4). The azimuthal formed an energy scan §=(0 0 1), and the signal at the
angle dependence at the main-edge peak has the same charin edge was obtained, in which the energy spectra above
acter of twofold symmetry aQ=(100 and (001, as 4.981 keV had almost the same structure as that in LaTiO
shown in Fig. 5. Considering that LaTi@® accompanied by However, no signal at the pre-edge was observed, as shown
a finite tilting angle of TiQ octahedra of 157.6°, these re- in the inset of Fig. 4, in contrast with the signal in LaEiO

245125-4



ORBITAL ORDERING NEAR A MOTT TRANSITION.:..

PHYSICAL REVIEW B 70, 245125(2004)

GdTiO,
410% ; : ; ‘ . : 4104
Q=(100) (@) |{ @=(©o01) (c)
s8] O o 13104
210%5¢ 12104
) 5 FIG. 3. Azimuthal angle de-
-"é' 110% 11104 o pendences of the magnitude at the
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o & (@), (0 1 1) (b), (d), and(0 0 ) (c)
& 0 0 = in GdTiO;. The observed data at
> ' T ' ' ' ' 3 Q=(100,01D)and(001are
D *Q=(0 11) (b) Q=(011) (d) il normalized by the intensity at
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T15104L It =~ indicate analysis results.
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This indicates that a complete suppression of the orbital orions makes theal-type Jahn-Teller distortion stabilizé8.In

dering was observed in LaTiQ,.

IV. DISCUSSION

addition, Mochizuki and Fujimori insisted that a large
GdFeQ-type distortion causes the strong stability of the
(zx,yZ",zX" ,yZ)-type orbital ordering, as observed in
YTiO4.2° From this point of view, it is likely that the main

Let us discuss the vanishing process of the orbital orderedge accompanied with the GdRe®pe distortion shows
ing in RTiO3. For a comparison, the intensity of the pre-edgeindirect information on the degree of the stabilization, as for
signal was normalized by an observed fundamental peak arttle (zx,yz",zx",yz")-type orbital ordering. A comparison of
was furthermore corrected considering the ratio of a structurégne resonant signals at the pre-edge and main edge in

factor at a fundamental position iRTIO; to that at
Q=(2 00 in YTiO3.2 In Fig. 6, the corrected magnitude of
the pre-edge peak is plotted as a function of the-T)—Ti
bond angle along the axis (the lower horizontal axjsand
the one-electron bandwidt (the upper horizontal axis
which is cited in Ref. 10.

A. Orbital orderings through the magnetic phase transition

While a vanishing of the orbital ordering occuiRTiO4
varies from ferromagnet(GdTiO;) to antiferromagnet

GdTiO; and SmTIiQ indicates that a slight change of the
anisotropy of electron distribution at a Ti site occurs with the
same local symmetry, in whichxyz) combines withxy at
every site with a ratio of 1:1 approximately for both GdTiO
and SmTiQ, similar to the orbital ordering in YTIQ
Mochizuki and Imada argue that under the unchanging of
the orbital ordering in FM phase and AFM phases, Aktype
AFM structure should appear in the vicinity of the magnetic
phase boundarf. The A-type AFM structure has ferromag-
netic planes, stacked with an AFM coupling alongAmow
et al. observed the magnetic signal of tetype AFM struc-

(SmTiOy). We first compared the pre-edge peaks for G&TiO ture on Ti sites, concomitant with that of ti@type AFM
and SmTiQ. For the pre-edge peaks, the ratio among thestructure on Sm sites in Sy,TiO5; by neutron diffraction

magnitudes atQ=(100), (011, and (001 was about

measurement®:3° Thus, in SmTIQ, the induced field gen-

2:3:4 in common with both compounds, although the absoerated by the magnetic rare-earth ion has the possibility to

lute magnitudes in GdTiQwere larger than that in SmTED

influence the Ti site. Since the theoretical work by Mochi-

as shown Fig. 6. Next, we examined the intensity of thezuki and Imada does not consider the induced field, the sig-
main-edge peaks for both compounds, since the significanagficance of theA-type AFM instability remains an open
of the GdFe@-type distortion has been pointed out theoreti- problem in the vicinity of the magnetic phase boundary of

cally concerning the orbital ordering of YTiOMizokawa
and Fujimori revealed that due to a large Gdra¢be dis-
tortion, the covalency between tlfesite cationsand oxygen

RTiO5. However, we can definitely conclude that the local
symmetry at a Ti site hardly changes between GdTadd
SmTIGs.
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300 I 100 FIG. 6. Magnitude of the pre-edge peakst(1 0 0), (0 1 1),
L ] and(0 0 1) as a function of the Ti-O—Ti bond angle along the
axis (the lower horizontal axjsand the one-electron bandwidid
200 [ | (the upper horizontal axisThe one-electron band width is cited in
% 50 Ref. 10. The pre-edge peak vanishes on the tip of Mott transition.
I 4 All data were normalized by an observed fundamental peak and
100 - were furthermore corrected, considering the ratio of a structure fac-
tor at a fundamental position iRTiO3 to that atQ=(2 0 0) in
i 2 ) ol YTiOs.
Qlapreeed®’, . 0 v e Q0
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Energy (keV) (W,) of ~2.58 eV32 This behavior is in strong contrast with
the changes in the magnitude of the main-edge peak, in
which a finite magnitude remains near the Mott transition, as

) _ . . P is seen in the spectrum of LaTi@, in Fig. 4. The ratio of

h FIG. 4. () Energy profile aQ=(10 0 |n_LaT|O3_at =0 the intensities at the pre-edge amdpg(1 0 0), (01 1), and

e pre-edge peak is observeh) Energy profiles aQ=(0 0 1) in S -

both LaTiO; and LaTiO, 5, with W=0°. The main-edge peaks are 00 1_) is different be;we(_an for a Iarge_and a small tilting of

detected for the two compounds. However, the pre-edge peak a[.t)he TiQ; octahedron in Fig. 6. As foRTiO3 (R=Y, Gd, and

pears in only LaTiQ, as shown in the inset. Sm), the magnitude a@Q=(1 0 0) is about half as large as
that atQ=(0 0 1), while the magnitudes at the pre-edge peak
B. Vanishing process of orbital ordering near the Mott for LaTiO; are almqst the same at bo@=(100 and
transition (00 1. In contrast with the sam@ dependence, th® de-

pendence of the magnitude for the pre-edge peak in LaTiO
The pre-edge peak continuously diminishes with an in4s totally different from that irRTiO5 (R=Y, Gd, Sm). This
crease of the tilting angle and the one-electron bandwidth imeans that the orbital ordered state in LaJiaries from
Fig. 6. This consecutive change is consistent with the predicthose inRTiO5 (R=Y, Gd, Sm. Considering these results,
tion by Mochizuki and Imad&! The magnitude seems to one can safely state that the magnitude of the tilting of the
reach zero at the Mott transition with a critical bandwidth TiOgz octahedron in LaTi@is not sufficient to stabilize the

. _LaTiOg I LaTiOg
— 1610° %__(lno 0) @) J —~ 210%| %__(3781) (b) | FIG. 5. Azimuthal e'mgle de-
2 ® 2 ‘} pendences of the magnitude at the
5 3 5 ¢ main-edge  peaks for (&)
E 1.210° ] g Q=(100 and (b) (0 0 1) in
& . & LaTiOs. All of the observed data
%‘ 0.8107 %‘ are normalized by the intensity at
g B s a fundamental position. The solid
€ 041071 €0. line curves indicate the analysis
- - results.

0

0 9 180 270 360 90 180 270 360
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(zX,yZ",zX",yZ )-type orbital ordering due to the superex- tablished the behavior of the orbital ordering near the Mott

change interaction accompanied by the covalency betwednansition. For the range with a large GdRe@pe distortion,

the R ion and the oxygen ion, which is consistent with athe(zX,yz",zx",yz)-type orbital ordering is stabilized. This

prediction by Mizokawa and Imadd.and/or by Mochizuki  distortion causes the covalency betweenRksite cation and

and Fujimorf® oxygen ions, which reproduces the combination of different
The full width at half maximun{FWHM) in the pre-edge t,, orbitals. With lowering the GdFegtype distortion, the

profile of LaTiO; corresponds to the equipment resolution resonant signal from the orbital ordering gradually decreases,

limit for the space and energy regions, which means that thaccompanied by the same local symmetry between GgTiO

orbital ordering shows a long-range order. On the other handferromagnet and SmTiQ (antiferromagnet For a small

the orbital ordering disappears, owing to only a subtle mo-GdFeQ-type distortion, the above orbital ordering pattern

bility of carriers in LaTiG; 5, Which is located on the tip of changes in LaTi@ Below the threshold of the GdFg@ype

Mott transition}? This means that the orbital ordering is ro- distortion, the orbital ordering becomes unstable. We have

bust, accompanied by a long-range correlation, even in théound that the orbital ordering disappears in LaJig

vicinity of the Mott transition. To sum up, it has been re- which is located on the boundary between the AFM insulat-

vealed that the degeneracy of thitggorbital levels is lifted ing phase and the AFM metallic phase.

in the AFM insulator phase, and then the Mott transition

occurs with the degeneracy of thg orbitals in the AFM ACKNOWLEDGMENTS
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