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The orbital ground state of LaTiOj is still under debate. Recent letters [Phys. Rev. Lett. 85, 3950 (2000); 85,
3946 (2000)] discussed a scenario of an orbital liquid, and provided theoretical predictions about orbital
contributions to the specific heat. Here we present the results of heat capacity and magnetic measurements.
Based on model calculations we determine an electronic ground state which gives g values compatible with the
experimentally observed ordered moment and the paramagnetic susceptibility. The heat capacity of LaTiO; is
compared with that of orbitally ordered LaMnO;. We conclude that most of the low-temperature heat capacity
arises from magnon contributions in both LaMnO; and LaTiOs.
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Orbital degrees of freedom, in addition to spin, charge,
and lattice structure, are gaining increasing interest in current
solid-state physics. That is, in manganites the question of
orbital order plays a key role in the understanding of elec-
tronic properties such as the colossal magnetoresistant effect
or the existence of ferromagnetic insulating ground states.>?
Orbital order has been experimentally verified for several
compounds. Finally the experimental observation of orbitons
in LaMnO; as elementary collective excitations within the
orbitally ordered state has been reported.*

LaTiO; is an antiferromagnetic 3d' Mott-Hubbard insu-
lator with a Néel temperature of 7y=146 K. It can roughly
be characterized as a pseudocubic perovskite, with degener-
ate 75, orbitals. The role of the orbital degrees of freedom in
this system is still unclear. Recently Khaliullin and
Maekawa’ proposed a theory to explain the anomalies of the
neutron-scattering and x-ray results observed by Keimer
et al.® According to the Goodenough-Kanamori rules one ex-
pects local ferrotype orbital correlations in a spin Néel state,
but no evidence of orbital order in LaTiO; was found.® Treat-
ing the problem within mean-field (MF) theory, Khaliullin
and Maekawa found a finite MF order parameter, which
evokes an orbital gap. They also predicted that a linear term
in the specific heat should be released when the correlation
gap in the orbital spectrum becomes thermally washed out.’
Because of the small distortion of the TiOg octahedra in
LaTiO; the crystal field acting on the Ti** ions (Ti**:3d")
is nearly cubic.® Hence there is a threefold-degenerate lhg
band, occupied by one electron in LaTiO5. From this a dis-
ordered orbital liquid ground state is predicted, where the
orbital degrees of freedom are interacting via magnons and
which is dominated by fluctuations.> In the orthorhombic
perovskite LaMnO; (Mn*:34%) one finds a different sce-
nario. Here the e, band is occupied by one electron, the
degeneracy is lifted by the Jahn-Teller (JT) effect, and the
orbitals are ordered. The purpose of this work is to give a
detailed characterization of the electronic and thermody-
namic properties of LaTiO3, and to relate these to a possible
orbital origin in comparison to LaMnOj.

Single crystals of LaTiO5; have been prepared by the float-
ing zone melting as described elsewhere.” The oxygen con-
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PACS number(s): 75.30.Cr, 75.30.Et, 71.27.+a, 71.30.+h

tent was determined thermogravimetrically. The x-ray-
diffraction pattern at room temperature reveals an
orthorhombic structure with the lattice parameters a
=5.633 A, b=5.617 A, and ¢c=7.915 A. These lattice pa-
rameters are almost cubic and close to those reported in the
literature (e.g., Ref. 8). The slight distortion from cubic sym-
metry results from a buckling of the oxygen octahedra. Note
that for LaTiO; we find a~b>c/\/2, characteristic of the
O'- type structure, indicative of an additional JT distortion
superimposed on the O-orthorhombic structure which results
from geometrical constraints only. For comparison we show
heat-capacity results on single crystalline LaMnO; (T
=140 K and 7,7=800 K) which also shows the O" struc-
ture, though with a much stronger JT distortion. For further
details the reader is referred to Ref. 3.

The magnetization measurements were performed with a
commercial superconducting quantum interference device
system between 1.8 and 400 K, and in magnetic fields up to
50 kOe. Additional measurements were done, employing an
extraction magnetometer for higher fields and an ac suscep-
tometer. No geometric demagnetization effects had to be
considered due to the small absolute value of the ferromag-
netic magnetization (see below). The specific heat has been
measured with noncommercial setups utilizing a quasi-
adiabatic method between 2 and 15 K, and an ac method
between 10 and 300 K.

It is known that LaTiO; is sensitive to deviations from its
nominal stoichiometry.”*~!! Stoichiometric LaTiO; is known
as a canted antiferromagnet, with a G-type structure and a
small canting angle. The ordered antiferromagnetic moment
is of the order of 0.45u,,"*!? while the ferromagnetic mo-
ment in the stoichiometric compound amounts to 0.015up .
The weak ferromagnetism arises from the antisymmetric
Dzyaloshinski-Moriya exchange, which becomes allowed
via the buckling of the oxygen octahedra. The inset of Fig. 1
displays the ac susceptibility of the sample investigated in
this paper in the vicinity of the transition into a canted anti-
ferromagnetic state. The sharp peak in the real part deter-
mines the magnetic transition temperature at 7y=146 K,
corresponding to the highest transition temperatures reported
in the literature.”® Already small deviations in stoichiometry
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FIG. 1. Inverse dc susceptibility 1/y of LaTiO; in an external
field of 100 Oe. The sketched scheme of energy levels denotes the
expected single-ion electronic configuration in the paramagnetic
phase for LaTiO5. The solid line is calculated as described in text.
Inset: ac susceptibility of LaTiO; in a stimulating magnetic field of
0.2 Oe,,,, measured at a frequency of 3333 Hz.
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lower the Néel temperature T dramatically. The electric re-
sistivity (not displayed) reveals an insulating behavior at all
temperatures with a value of 1 k€ cm at Ty . According to
the literature,”!* the Mott-Hubbard-insulator LaTiO; is
driven toward a metallic state on oxygen surplus or a lantha-
num deficiency, and thus the high resistivity of our sample
compared to published data indicates the absence of any de-
viations from the nominal composition.

Figure 1 displays the inverse dc susceptibility 1/y mea-
sured at a field of H=100 Oe. Below Ty the signal is domi-
nated by the rise of a weak spontaneous ferromagnetic com-
ponent, while above 1/y shows a nearly linear increase
toward higher temperatures. The small but distinct slope of
this curve for temperatures up to 400 K indicates that the
paramagnetic susceptibility can be described neither by a
Curie-Weiss-type behavior nor by a constant Pauli contribu-
tion. Indeed, the latter is not expected due to the insulating
character of the conductivity, above as well as below Ty . If
one tries to parametrize y ! in terms of a Curie-Weiss law,
one ends up with an effective moment of 3.2 and a Curie-
Weiss temperature of —1100 K, both values beyond any
physical interpretation.

The distortion of the TiO4 octahedra in LaTiO; is rather
small, and therefore one should take the spin-orbit coupling
into account. Considering spin-orbit coupling and the local
axial crystal field,"*!> one arrives at the energy-level scheme
for Ti*" sketched in Fig. 1. The susceptibility is dominated
by a Van Vleck contribution, with an expected spin-orbit
splitting value A=330 K.!®!7 The effective g value for the
pure quadruplet j=3/2 is zero, but becomes sizable and an-
isotropic due to j mixing caused by the axial crystal field.
The solid line in Fig. 1 is fitted superponing the susceptibility
contributions of the four inequivalent Ti places and using the
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FIG. 2. Hysteresis loops of LaTiO; with different angles ¢ be-
tween the b,c plane and the magnetic field at a temperature T
=100 K in magnetic fields up to 50 kOe. Inset: magnetization of
LaTiO; at a temperature 7=5 K in dependence on the angle ¢
between the b,c plane and the magnetic field.

spin-orbit value A=330 K and an exchange-coupling pa-
rameter J=285 K.!” This yields a crystal-field parameter B
=26 K from which the g values can be calculated, resulting
in gy=0.7 and g, =0.35 in accordance with the estimates of
Ref. 6. This corresponds to an effective paramagnetic mo-
ment po=Vj(j+1)gup=09up using the average g
=3g|+5g,=046. It should be mentioned that angle-
dependent measurements of the susceptibility in the para-
magnetic regime (7=300 K, not shown) reveal an anisot-
ropy of about 10%. This is smaller than the value of 25%
expected on the basis of this model, which is described in
detail elsewhere.!” The experimental data of 1/y curve up
slightly, while the fit has a downward curvature. This incon-
sistence may be explained by short-range correlations near
the magnetic phase transition.

In the magnetically ordered regime a significant anisot-
ropy arises. The inset of Fig. 2 shows an angle-dependent
measurement of the magnetization in LaTiO; at 7~100 K
on a single crystal, which was confirmed to be untwinned via
Laue pictures. However, a slight misorientation cannot be
ruled out. The angle ¢ characterizes the position of the a
axis with respect to the external field of #=20 kOe. The
minima of M(¢) correspond to the field lying parallel to the
a axis, whereas for the maxima the field is applied within the
b,c plane. The angular dependence of M(¢) can be de-
scribed using a cos ¢ term and a constant offset. The easy
axis of the ferromagnetic component lies in the b,c plane.
Under rotation only the projection of the spontaneous mag-
netization onto the field direction is measured. When the
ferromagnetic component in the b,c plane is perpendicular to
the external field A, it will be flipped under further rotation,
so that its projection always points in the direction of H.
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FIG. 3. Specific heat of LaTiO; (open circles O), SrTiO; (stars
*), and LaMnOj (closed circles @) plotted on a quadratic tempera-
ture scale. The solid lines are extrapolated from the linear part o< yT
of the specific heat at temperatures between 15 and 25 K.

The hysteresis loops shown in Fig. 2 are taken at T
=100 K along the a direction (O) and in the b,c plane
(@), respectively. The coercitivity and the small remnance
along the a axis may also result from the above-mentioned
uncertainty in the orientation. The remnance and coercive
field measured in the b,c plane establish a distinct spontane-
ous magnetization which vanishes for the a direction. On
increasing external fields, the magnetization increases lin-
early up to 10 T (not shown). The spontaneous contribution
to the magnetization can be explained by Dzyaloshinsky-
Moriya (DM) interactions.'® A similar behavior is known,
e.g., from manganites.>!° By minimizing the free energy
consisting of isotropic superexchange, antisymmetric (DM)
exchange, easy-axis anisotropy, and Zeeman energy, the
magnetic moment composed of the spontaneous ferromag-
netic and the induced magnetic moment was calculated.'’
While the spontaneous ferromagnetic moment is equal to the
remnant magnetization of the hysteresis loop perpendicular
to the a axis, the induced magnetic moment can be evaluated
from the slope of this loop. This leads to a canting angle 6 of
nearly 3° and to a g value of 0.25, resembling an ordered
moment u,,.;,=gupj.=0.5up, which both fits within the
error bars to the result of Meijer ef al.® From the canting
angle one can determine the strength D of the DM interac-
tion via D/J=tan(26). One finds D=4.5 K, which is of the
same order of magnitude as the result obtained from magnon
dispersion by Keimer e al.®

To study a possible contribution from the orbital liquid
ground state in LaTiO3, we focused on lower temperatures,
where it is easier to take into account phonon contributions
and where distinct theoretical predictions have been made.®
Figure 3 shows the specific heat of LaTiO;, LaMnO;, and
SrTiO; (Ref. 20) plotted as C/T versus T°. This representa-
tion displays phononic contributions (% 7°) to the specific
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FIG. 4. Magnetic contribution to the specific heat of LaMnO,
(closed circles @) and LaTiO; (open circles O), where the specific
heat of SrTiOj; is subtracted, as In(C/7) vs 1/T. The solid lines are
linear fits assuming y= const+ y,e /7.
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heat as a linear increase. Linear contributions (y7) appear as
the extrapolated value for 7=0. All compounds are insula-
tors, and hence a Sommerfeld coefficient y,=0 is expected.
However, as mentioned above, a similar “quasiparticle” con-
tribution was postulated for an orbital liquid.> C/T vs T? in
SrTiO5 shows a nearly linear behavior due to phonons. The
solid lines in Fig. 3 are extrapolations of the linear part of the
specific heat in LaTiO; and LaMnO; at temperatures be-
tween 15 and 30 K. The deviations from this linear behavior
indicate the presence of a gap in the “quasiparticle” density
of states in LaTiO; and in LaMnOj;. Toward lower tempera-
tures these finite 7y contributions become suppressed. For
LaTiO; this contribution can be estimated to be vy
~31 mlJ/molK?, in good agreement with the value of
40 mJ/mol K? estimated by Khaliullin and Maekawa for an
orbital liquid ground state.’ Due to the existing orbital order
for LaMnO; such a contribution is not expected but the ex-
perimentally observed y value is even larger (Fig. 3).

To estimate the underlying gap energies, we tried to sub-
tract the lattice part of the specific heat in the low-
temperature regime. For that purpose we used SrTiO; as a
reference material, as it posseses neither magnetic nor orbital
degrees of freedom. Nevertheless, it has to be noted that, in
most perovskites, an excess contribution from low-lying op-
tical phonons has to be considered, even for temperatures
below 50 K.*! These soft-mode effects are strongest in
SrTiO5 because of its incipient ferroelectricity, and explain
the small nonlinearities in Fig. 3. Comparing these with the
nonlinear features of LaMnO; and LaTiO; again makes clear
that the latter have a different origin. Subtracting the data of
SrTiO; should eliminate all phonon contributions (or at the
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worst overdo a little). For temperatures below 12 K, Wood-
field et al.** examined the specific heat of LaMnO;. They
found a vanishing linear contribution vy, in accordance to our
results, and showed the importance of hyperfine contribu-
tions for temperatures below 7~5 K. Such types of contri-
butions are not present, or else they differ in SrTiO; or
LaTiOj5. Thus for this lowest temperature the subtraction of
the SrTiO; data cannot separate magnetic or orbital contri-
butions. For this we restricted our analysis to the temperture
range 30>T7>5 K. The results for AC,, are shown in Fig. 4.
We assume that the opening of the gap in a restricted tem-
perature regime T~A yields y=y,e 2'T. Plotting the loga-
rithm of AC,, versus 1/T demonstrates that such a type of
behavior can indeed be detected, and the representation of
Fig. 4 shows a linear regime between 10 and 25 K. We are
aware that the exponential behavior extends only over a lim-
ited temperature range below the gap. As mentioned above,
additional nuclear contributions lead to deviations toward
lower temperatures. In the case of LaTiO; a very small ad-
ditional linear contribution to the specific heat seems to exist.
Thus the determined gap values have to be considered as
rough estimations only. For LaTiO; one finds A=~30 K,
equivalent to 2.6 meV. This value is close to the magnon gap
A=3%+03 meV found by Keimer efal. by neutron

PHYSICAL REVIEW B 65 212405

scattering.® For LaMnO; we determined an energy gap of
A=1.7 meV. Mitsudo ef al.* reported a magnon gap of 2.1
meV for LaMnO;. The good agreement of the heat-capacity
results with neutron-scattering data for both antiferromag-
netic compounds implies that the additional specific-heat
contribution has to be attributed to magnons rather than to
orbital degrees of freedom. From this point of view it seems
that in LaTiO; the orbital degrees of freedom are also
quenched.

In conclusion, we presented measurements of the magne-
tization and the specific heat of LaTiO;. The anisotropic
magnetization can be explained by small DM interactions.
The Van Vleck-type behavior of the susceptibility and the
small g factor can be perfectly well explained by means of
spin-orbit splitting and small crystal fields. The additional
contributions to the specific heat of LaTiO; and of orbitally
ordered LaMnO; can be related to the magnon gaps of these
compounds. To clarify the nature of the spin-orbital ground
state in LaTiOs, further investigations are badly needed.
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