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The crystal and magnetic structures of LaJi@ve been studied by x-ray and neutron-diffraction techniques
using nearly stoichiometric samples. We find a strong structural anomaly near the antiferromagnetic ordering
Tn=146 K. In addition, the octahedra in LaTj@xhibit an intrinsic distortion, which implies a splitting of the
t,q levels. Our results indicate that LaTj@hould be considered as a Jahn-Teller system where the structural
distortion and the resulting level splitting are enhanced by the magnetic ordering.
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LaTiO; has been studied already in the seventies and wagnomaly at the Nel ordering and second, the shape of the
thought to be a text book example of a Mott insulator withoctahedra in this compound is not ideal but distorted. From
antiferromagnetic ordérTi is in its trivalent state with a these observations, we conclude that LaTt@s to be con-
single electron in the,, orbitals of the @ shell. The titanate  sidered as a soft Jahn-Teller system, thereby explaining
is hence an electron analog to the cuprates with a single hol@any of its unusual magnetic properties.
in the 3d shell. However, the,, orbitals in the LaTiQ are Samples of LaTiQ were prepared following the standard
less Jahn-Teller active and therefore, the orbital moment ma§olid-state reaction; however, the last process was performed
not be fully quenched in the titanate. The physics of thein a floating-zone image furnace. This procedure gave large
orbital degree of freedom has recently reattracted attention tdingle crystals with small mosaic spread. Since twinning
this materiaf3 would induce severe problems in any single-crystal diffrac-

The ordered moment in LaTiDamounts to 0.46ug, tion experiment, we crushed parts of these single crystals in
which is much smaller than the value Ofl'ﬂB expected for a order to perform powder-diffraction studies. SpeCiaI care was
single electron with quenched orbital momé&nQuantum  given to the stoichiometry of these samples. LafTt@s the
fluctuations can explain only about 15% reduction in thetendency to incorporate La and Ti vacancies which are fre-
three-dimensional case. A straightforward explanation coulduently denoted by an excess of oxygen in the formula
be given in terms of spin-orbit coupling, as an unquenched-aTiOs, 5. By adjusting the ratio of TiO and TiOin the
orbital moment would align antiparallel to the spin momentstarting materials,one may vary the final oxygen content of
in the titanate. However, in a recent neutron-scattering exthe samples. Stoichiometry was verified by thermogravimet-
periment, the magnon spin gap was observed at 3.3 meV, arit¢ analyzes and by determining the éléemperature in a
it was argued that the strong interaction of an orbital momenguperconducting quantum interference device magnetometer.
with the crystal lattice implies a much larger value for the For the stoichiometric sample studied here, we obtin
spin gap’ An orbital contribution to the ordered moment in =146 K, amongst the highest values reported so far for
LaTiO; was hence excluded. On the basis of standard thed-aTiOs. The temperature dependence of the lattice param-
ries, however, even the-type antiferromagnetic ordering in eters was determined on a Siemens D5000 x-ray diffracto-
LaTiO; may not be explained without a spin-orbit coupling. Mmeter using Cu-K radiation. Powder neutron-diffraction ex-
Instead, one expects ferromagnefimelated with the or- Periments were performed at the Orpheeactor in Saclay,
bital degeneracy. Under the assumption of a specific strudising the high-resolution diffractometer 3T.2 1.2 A)
tural distortion, Moshizuki and Imada recently presented and the high-flux diffractometer G4.1 2.4 A).
successful model for the antiferromagnetic order in LgT{O At room temperature, LaTiQexhibits the crystal struc-
However, there is no experimental evidence for such a disture of GdFeQ type (space groug?bnm) (see Fig. 1 This
tortion. The puzzling magnetic properties of Lafided structure arises from the ideal perovskitspace group
Khaliullin and Maekawa to suggest a novel theoretical dePm3m) by tilting the TiQ; octahedron around [d10], axis
scription for RETIQ with RE a rare-earth, based on the idea(subscriptc denotes the notation with respect to the cubic
of an orbital liquid. They were able to explain many of the perovskite latticg followed by a rotation around the axis
magnetic characteristics of LaTi@ but the presumed or- (or [001], axis). One may note that while tilt distortions are
bital fluctuations have not been obserfetherefore, mag- opposite for any neighboring pair of octahedra, octahedra
netism in LaTiQ still remains an open issue. neighboring along the axis rotate in the same sense.

We have reanalyzed the crystal and magnetic structures of Figure 2 shows the temperature dependence of the ortho-
LaTiOz by x-ray and by neutron-diffraction samples with rhombic lattice parameters and that of the crystal volume.
almost perfect stoichiometry. First, we find a clear structuralThere are clear anisotropic anomalies near the antiferromag-
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FIG. 1. Crystal structure of LaTiQin space groufPbnm O2
denotes the oxygen in the b planes and O1 the apical one. The
left part shows four octahedra connected in dhle plane, the right
part a pair of neighboring octahedra along FIG. 3. Temperature dependence of the orthorhombic lattice

constants scaled to the cubic perovskite latficeay results.
netic ordering. Upon passing into the ordered state, the lat-
tice elongates along and shrinks along, whereas for the  however, a large splitting in th®2-02 edge lengths of the
direction and for the lattice volume, no anomalous changesctahedron basal plane, which had escaped attention previ-
can be resolved. Anomalies in the thermal expansion haveusly. At 8 K, the edges along andb differ by about 4%.
also been observed independently in a capacitance dilatonThis distortion is comparable in its strength to that observed

eter experiment? for the Ti-O-bond distances in YT which is considered
The anomalous temperature dependence ofattaad b

lattice parameters is not restricted to a temperature range tagLE |. Results of the neutron high-resolution powder-
close toTy (see Fig. 3 In particular, thea parameter, which  gjffraction studies at different temperatures, the two right columns
is almost constant between 200-500 K, deviates from & NOfyresent data from Refs. 12 and 11, respectively. Lattice constants
mal thermal expansion over a large temperature mtervagre given in A and thermal parameters iR. A

Here, it is instructive to analyze the orthorhombic splitting.

The lattice inPbnmresults from that of an ideal cubic per- LaTiO;, Ty=150 K LaTiO;  YTiO4
ovskite (denoted by subscript) by settinga= \/Eac, b TemperaturgK)
=\2a,, andc=2a,. Considering a rigid tilt of the ideal 293 155 " 298 293
octahedron, one obtains the nonequalites(1/y2)(a+b)
due to the rotation and the tilt, ar@l+#b due to the tilt g 5.63361) 5.63531) 5.643%1) 5.62471) 5.3142)
distortion only. However, tilting of an ideal octahedron p 5.61561) 5.60211) 5.5885%1) 5.60711) 5.6792)
around theb axis would lead tdb>a, whereas LaTiQex- ¢ 7.914%2) 7.90572) 7.90062) 7.91751) 7.61%3)
hibits just the opposite behavior below about 650 K. The—
sign of the orthorhombic distortiorg=(b—a)/(a+b), al- ~ T-02 2.0571) 2.0541) 2.0531) 2.0441) 2.0774)
ready indicates that the octahedron shape in LaTgnot  T-O2  2.0311) 2.0321) 2.0321) 2.0321) 2.0164)
ideal. Ti-O1 2.02984) 2.02731) 2.028G4) 2.0281) 2.0232)
We have determined the crystal structure on our almosP2-O2 2.9382) 2.9382) 2.9442) 2924  2.90%)
stoichiometric sample using high-resolution neutron diffrac-02-02 2.8482) 2.8402) 2.8322) 2.839  2.8815
tion. The results are given in Table I. The splitting in the
Ti-O-bond distances is small, though not negligible. There is ‘RE 0.99163) 0.99343) 0.99303) 0.99293) 0.97931)
VYRE 0.04572) 0.04822) 0.04912) 0.04281) 0.07291)
5644 62 Zne 0.25 0.25 0.25 0.25 0.25
'0’-'-.. . T .....-" Xo1 0.07993) 0.07993) 0.08133) 0.07813) 0.1211)
AS.640 ’°.T a7 ;‘.“..0' Yo1 0.49133) 0.49393) 0.494@3) 0.49043) 0.4581)
< o+ = 560 Zo1 0.25 0.25 0.25 0.25 0.25
o 5636 .......“..“. 5.59 o Xo2 0.70963) 0.70873) 0.70923) 0.71042) 0.6911)
se32 - Yoo  0.29413) 0.29463) 0.29433) 0.29142) 0.31Q1)
12 - 2504 ey Zoo 0.04171) 0.04211) 0.04281) 0.04121) 0.0581)
7.908 T, ...-" — 2500 T, ...0“ Uia 0.00622) 0.00522) 0.00132) 0.01623) 0.005%4)
L 7904 i.-’ T 196 [.-’ Ui 0.00364) 0.00474) 0.00084) 0.01045) 0.00426)
T Y e Uo;  0.00733) 0.00663) 0.004G3) 0.01744) 0.0063)
Y B P it Uo,  0.00692) 0.00642) 0.00342) 0.01833) 0.0072)
0 100 200 300 1] 100 200 300
T (K) T (K) 0 (°) 12885 12.865 13.115 11.264) 19.92
FIG. 2. Temperature dependence of the orthorhombic latticé? (°) ~ 9.531)  9.6941)  9.601) 8.081) 13.334)

constants and of the lattice volume, obtained by x-ray diffraction.
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FIG. 4. Part of the neutron-diffraction pattern for different tem- 0%
peratures; the two lines correspond to Rietveld fits with the antifer-
romagnetic component either aloagr c. 101

as being orbitally orderetlin LaTiOs, the octahedron elon-  1.00 T3 T B
gation perpendicular to the tilt axis overcompensates the ' ;.ﬂ &
shortening ofa through a rigid tilt. The negative sign of the
orthorhombic strain in LaTiQis hence caused by the elon- FIG. 5. (a) Plot of the orthorhombic distortion against the square
gation of the octahedron aloray Interestingly, this effect is of the tilt angle for different RETiQ@ (b) Plot of the two prominent
found to be strengthened at the antiferromagnetic transitiorgistortions of the TiQ octahedron against the ionic radius of the
the behavior of thed2-02-bond distances accounts for the rare eartfRE) in RETIO;. Left scale denotes the ratio of the long-
anisotropic anomalies: an elongation alangnd a shrinking  est to the shortest TiO-bond length, right scale the ratio of the
along b. Comparing our results with those of Refs. 11,12,02-02 basal plane edge lengths. Except our LaJiQata were
one recognizes that the splitting in Ti-O-bond lengths, theaken from Ref. 11. The insets itb) show a drawing of the two
splitting in the02-02 edges as well as the anomalies neadifferent octahedron distortion schemés). Shape of the,, orbital
T, are less pronounced in the samples of Refs. 11,12. Nor{n LaTiO;, which is lowered in energy due _to the distortion of the
stoichiometry seems to significantly reduce the long-rang@ctahedronaxes correspond to tebnmlattice).
distortion of the TiQ octahedron. This was confirmed by our
own studies on samples with excess oxygen, which revealegetic ordering is, therefore, about an order of magnitude
a continuous reduction of the orthorhombic strain and thesmaller than the total deformation in LaTj@see Fig. 3 and
anomalies around’y . Table )). In Fig. 5b) we compare the octahedron deforma-
Meijer et al. performed neutron-diffraction studies on tion in LaTiO; with that seen in the RETiQseries using the
single crystals in order to determine the magnetic struéuredata of MacLean, Ng, and Greedbnin LaTiO; we find a
According to the symmetry of the GdFgGtructure*'®a  small variation in the TiO-bond distances, described fy
G-type antiferromagnetic order may be associated with & (Ti-Ojong)/(Ti-Ogpor), but a strong variation in the basal
weak ferromagnetic moment. However, Meijetral. could plane edge lengths described byrg,_o=(02
not distinguish between the following two configurations due—02,4,5)/(02— 02,9 In contrast, in YTIQ, the varia-
to twinning: either aG-type moment along and ferromag- tion in the Ti-O distances is strong and that in B2-02
netism alongc or a G-type moment along and ferromag- lengths is small, as was recently confirmfédzigure 3b)
netism alonga. Using the high-flux diffractometer data, we shows that these distortions change continuously in the
get evidence that the ordered antiferromagnetic momerRETiO; series. The two distinct deformations of the octahe-
points along thea direction (see Fig. 4, although some un- dra imply different orbital ordering schemes. The variation of
derlying weak nuclear reflection complicates the analysisthe Ti-O distances arises from the shift of@2 site towards
Constraining the crystal structure to the high-resolution rea Ti site; consequently, the distance to the opposite Ti is
sults given in Table I, we find a low-temperature orderedelongated and antiferro-orbital-type ordering results, which
moment of 0.57(5 )ug slightly higher than previous studies. has been directly observed in YTi&° In contrast, the elon-
The crystal structure within the RETiCseries is deter- gation of the basal planes alolgin LaTiO; implies ferro-
mined through the ionic radius of the RE. A smaller radiusorbital-type ordering. Following Goodenough-Kanamori
implies increasing tilt and rotation distortions. In Figap rules, these orderings imply ferromagnetic and antiferromag-
we plot the orthorhombic splitting against the square of thenetic coupling, respectively. Most interestingly, the crossover
tilt angle. There is a clear deviation from the proportionality between the two types of structural deformatfoeoincides
expected in the Landau thed/which we attribute to the with the crossover from antiferromagnetic to ferromagnetic
anomalous stretching of the octahedron basal plane. Withowtrdering®=2° in the RETIQ, compounds. With decreasing
this anomalous elongation, one would expect an orthorhomRE ionic radius, NdTi@ and SmTiQ still exhibit antiferro-
bic splitting in LaTiO; to be three times larger and of posi- magnetic order with smally,*>?° whereas GdTiQis fer-
tive sign. The anomalous octahedron elongation at the magemagnetically ordered. A similar magnetic crossover is seen
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in the La _, Y, TiO5 series’! This coincidence between the orbital. Since the occupied orbital is not oriented along one
structural and magnetic crossovers clearly documents the redf the bonds, the resulting antiferromagnetic exchange is not
evance of the octahedron deformation for the magnetism iexpected to be very anisotropic. Assuming the calculated or-
RETIO;. bital splitting and quantum fluctuations, we obtain an ordered
In the following, we analyze the effect of the octahedronmoment of 0.72ug. The ordered moment will be further
basal plane elongation on thg,-energy levels. Qualita- reduced as covalence, will diminish the level splitting, admix
tively, one may argue that the octahedron elongation splitgrbital contributions, and transfer a part of the spin to the
the degeneraterz and yz levels into (142)(xz+y2) and  oxygen sites which are not active in tBetype antiferromag-
(1/y2)(xz—y2). In the notation used here, the orbital coor- netic ordering. Similar to the proposal by Moshizuki and
dinates refer to the cubic perovskite lattice, ixy, andz  Imada/ we may thus explain most of the magnetic properties
are parallel to the Ti-O bonds. We have calculated thesf LaTiO; based on the structural distortion observed in the
tog-level splitting within a full Madelung-sum point-charge almost stoichiometric compound. The distortion assumed in
model, taking into account the second-order covalent contriref. 7 does not have the same geometry as the one we find,
bution. Using the experimentally determined crystal struc+yt is comparable in magnitude.
ture, we obtain a sizeable splitting: one level is about 0.24  gjnce LaTiQ exhibits intermediately strond,-level
eV below the two others which remain almost degeneratepiting, the orbital occupancy, the admixture of an orbital

The crystal-field spllt_tlng IS about. one order of magn'tUdemoment, and the resulting antiferromagnetic exchange inter-
stronger than the spin-orbit coupling, and we have to con-

) . ) action depend sensitively on the crystal structure. On one
clude that the,4 orbitals are not degenerate in LaTiCbut P y y

the splitting is not sufficiently strong to completely quench side, the system may gain magnetic energy in the ordered

the orbital moment. The occupied orbital can be constructe&hase either by an .e”haf.‘ceme”.t of the magnetic [nteract|on
as a linear combination of the three standsg orbitals: parameter or via spin-orbit coupling. On the other side, there

. will be a loss of elastic energy associated with the additional
0.77[(1/\/5)|xz+yz)]i0.636xy). The admixture of thety structural distortion. In the ordered state there should be a

ork_JitaI to_(ll\ﬁ)|xz+_yz> alternates in its sign a_long th_e trend to increase the orbital ordering in agreement with ex-
axis and is constant in the(b) plane. The occupied orbital e riment; according to our calculation the level splitting is
is oriented in the orthorhombie,c plane and has almost the onanced by 6% between 155 and 8 K.

shape of the usualZ8—r? orbital pointing near the cubic | summary, we have found a sizeable deformation of the

. . 2 o . .
[111], directiorf” (56° angle with thec axis, compared to TiOg octahedron in LaTi@ which causes a relevant splitting
54.7¢° for the[111] direction [see Fig. &)]. The lowered ;. the t,, levels (about 0.24 eV,

orbital points to the center of one of the octahedron triangles

faces which are formed by tw®2’s and oneOLl. It is in- We gratefully acknowledge discussions with M.
teresting to note that th®2-01 distances of this triangle are Gruninger, G. Khaliullin, and M. Laad. This work was sup-
elongated compared to the average. This means that the Ti@orted by the Deutsche Forschungsgemeinschaft through the
octahedron is compressed along the direction of the occupiegonderforschungsbereich 608.
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