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Spin-orbital liquid and quantum critical point in Y,_,La, TiO;
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The specific heat, the susceptibility under pressure, and the dielectric constant were measured for single crystals
Y,_.La,TiOs. The observed T>-dependent specific heat at low temperatures for 0.17 < x < 0.3 samples shows
a spin-orbital liquid state between the ferromagnetic/orbital ordering (x < 0.17) and antiferromagnetic/possible
orbital liquid phase (x > 0.3). The nonmonotonous pressure dependence of 7¢ and the glassy behavior of the
dielectric loss for the x = 0.23 sample suggest that it is approaching a possible quantum critical point. All these
properties result from the coupling between the strong spin and orbital fluctuations while approaching the phase

boundary.
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Transition-metal oxides with one or two electrons in the
triply degenerate 1, orbit, such as perovskite RTiO; [1-4],
RVO3 (R: rare earth elements and Y) [5-7], and spinel
MgTi, 04 [8-10], AV,04 (A = Cd, Mn, Fe, Zn, Mg, and Co)
[11-13], have an orbital degree of freedom and could exhibit
complex electronic and magnetic properties. The observed
phenomena, such as structural distortion, metal-insulator
transition, and magnetic phase transition, are usually coupled
to the orbital ordering of the transition metals.

For example in RTiOs, with increasing ionic size of R3t,
the distortion of the TiOg/, octahedra decreases and the system
switches from ferromagnetism (FM) in YTiO3 (T¢c = 26 K)
to antiferromagnetism (AFM) in LaTiO3 (Ty = 140 K) [14].
Moreover, for YTiOs3, there is an orbital ordering state (OO)
below T¢ [15,16]. On the other hand, for LaTiOj3, the neutron
scattering experiments showed an orbital disorder, or orbital
liquid (OL) state, below Ty [17,18]. However, some other
experiments such as thermal conductivity [19], anomalies of
the lattice parameters [20,21], thermal expansion [22], and
NMR [23] suggested an orbital ordering state in LaTiO3. While
the orbital ground state of LaTiOs is still on debate, the com-
mon beliefs are (i) the increased La doping in Y;_,La, TiO3
can continuously change the system from FM to AFM state
[24-26] and (ii) near the phase boundary, spin and orbital
fluctuations are expected due to the competitions between the
different ground states with different magnetic interactions.
These fluctuations lead to exotic physical properties. For
example, the theoretical studies predicted a quantum critical
point (QCP) on the phase boundary for Y;_,La,TiOs [15].
The understanding of the role of the orbital fluctuations in the
orbital ordered systems will advance the understanding of the
role of orbital degree of freedom in the complex oxide systems
mentioned above.

So far, experiments have shown that the FM to AFM
phase transition occurs around x = 0.3 for Y,_,La,TiO3
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[24]. The optical measurements further showed that there are
orbital fluctuations in x < 0.2 samples [27]. However, two
key questions related to the exotic behaviors near the phase
boundary are still unclear: (i) How exactly does the FM/OO
phase evolve to AFM/possible OL phase? (ii) Does a QCP
really exist on the phase boundary and what are its properties?
In this Rapid Communication, we measured the specific heat,
the susceptibility under pressure, and the dielectric constant
of single crystals Y;_,La, TiO3 (x =0, 0.12, 0.17, 0.23, and
0.3) to explore these questions.

Single crystals of Y;_,La,TiO3; were grown by using the
floating zone technique [19]. The oxygen stoichiometry of all
samples were checked by thermogravimetric measurements.
The obtained § in all Y;_,La,TiOs,s is about 0.001. The
powder x-ray diffraction measurements on the grinded crystals
confirm the pure phase, and the Laue back diffraction pattern
confirms the quality of the crystals. The specific heat measure-
ments were performed on a physical property measurement
system (Quantum Design). Hydrostatic pressures up to P =
8 kbar were obtained in a Be-Cu cell from HMD, using Pb as
an internal manometer. The susceptibility measurements were
done in a DC superconducting quantum interference device
(Quantum Design) with an applied magnetic field 500 Oe.
The dielectric constant was measured with the techniques as
reported in Ref. [28].

The specific heat Cp of Y;_,La, TiO3 have been measured
in zero field, as shown in Fig. 1(a). YTiO; shows a A shape
peak at Tc =26 K, which is typical for a second order
phase transition. This behavior is consistent with the reported
data [29]. With increasing La doping, the peak moves to
lower temperatures and becomes broader. For x = 0.12 and
0.17 samples, the T¢ is 15 K and 11.2 K, respectively. For
x = 0.23 and 0.3 samples, the peaks are so broad that it is
difficult to define 7¢ from the specific heat data. The magnetic
contribution of specific heat is shown in Fig. 1(b). The lattice
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FIG. 1. (Color online) (a) Temperature dependencies of the spe-
cific heat (Cp) for Y, _,La, TiO5 samples; here the lattice contribution
is simulated by using the method described in Ref. [19]. (b) The
temperature dependencies of the magnetic specific heat (Cp,) for
Y:_.La,TiOs. (c) The variation in magnetic entropy ASp,, below
40 K. Inset: ASy,,/RIn2 vs the La content (x). (d) Cpyg for x =0
and 0.3 samples (open symbols); the solid and dashed lines are the
fits as described in the main text. The La-content (x) dependencies of
the fitting parameters (e) « and (f) y for Cp,y,.

contribution is simulated by using the method described in
Ref. [19] and subtracted from the total Cp. The variation
of magnetic entropy ASp, below 40 K is calculated by
integrating Ciag/ T and is shown in Fig. 1(c). With increasing
La doping, ASy,. decreases from 4 J/mol-K for YTiO3 to
2.5 J/mol-K for Yy7Lag3TiOs. These values correspond,
respectively, to 70% and 44% of RIn2 for an § = 1/2 system
for Ti** (3d") ions, where R is the gas constant.

It is noteworthy that Cp, at low temperatures for
Y,_,La, TiO; follows a y T behavior. As shown in Fig. 1(d),
a linear fit of Cp,e for YTiO3z plotted in a log-log scale
yields yur = 32 mJ/mol-Kz'44 and agyr = 1.44 for 1.5 K <
T <18 K and yir = 29 mJ/mol-K3* and o1 = 2.43 for
035 K< T < 1.3 K. On the other hand, the fit of Cpag
for the x = 0.3 sample yields yyr = 60 mJ/mol-K># and
agr = 1.45for1.5K < T < 4.5Kand y;r = 57 mJ/mol-K3?
and arr = 2.0 for 0.35 K < T < 1.1 K. Figures 1(e)-1(f)
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show the fitted results for all studied samples, and three notable
features should be pointed out: (i) eyt keeps a constant around
1.45 for all samples; (ii) oy r initially decreases with increasing
x and then is almost the same as 2.0 for x > 0.17 samples;
(iii) both yyr and yrr initially increase with increasing x and
then keep at a similar value for 0.17 < x < 0.3 samples.

The sharp peak from Cp and the recovered 70% of RIn2
magnetic entropy (more magnetic entropy could occur at T
higher than 40 K [29]) support the fact that YTiO3; has a
saturated FM order at Tc = 26 K. Below Tg, the fit of Cpgg
gives o = 1.44 (near 1.5) with 1.5 K < T < 18 K and then
2.43 (near 2.5) with lower temperatures 0.35 K < 7T < 1.3 K;
these exponents are characteristics for a ferromagnet with a
quadratic magnon dispersion [30]. Meanwhile, LaTiO3 has a
G-type AFM order at Ty = 140 K with weak ferromagnetism.
With increasing La doping, the 7¢ of Y_,La, TiO3 decreases
and eventually a FM-AFM phase transition occurs around
x = 0.3. The decrease of the specific heat peak position
and broadening of this peak with increasing x reported here
are consistent with this fact. Moreover, due to the strong
anisotropies of the magnetic couplings near the FM-AFM
phase boundary, both 7¢ and Ty are expected to be suppressed
while magnetic instabilities or strong spin fluctuations are
expected to appear. The fact that ASy, decreases with
increasing x and is just 44% of RIn2 for the x = 0.3 sample
indicates that the sample is not fully ordered but has a
short-range order nature, which should be resulted from the
strong spin fluctuations while approaching the phase boundary.

Another noteworthy feature from our specific heat data is
that for 0.17 < x < 0.3 samples, the Cyy,g fit gives an o near
1.5 (consistent with the FM) above 1.5 K but an « near 2.0
below 1.5 K. This 72 behavior certainly deviates from 72
for the typical FM as shown by YTiO3 at low temperatures.
The theory on OL state in LaTiOs; proposed a T-linear
specific heat below Ty [17], which also doesn’t fit to the T?
behavior observed here. Meanwhile, the theoretical studies on
Y,_,La, TiO3; have proposed that in the proximity area of the
AFM/FM (OO/possible OL) phase boundary, the fluctuating
part of the overall superexchange interactions dominates,
which means the separation of the spin and orbital degree
of freedom might no longer be possible [15]. The existence of
the strong coupling between the spin and orbital fluctuations
therefore can lead to a spin-orbital liquid (SOL) state, in which
both spin and orbital show short-range ordered states. Actually
this 72 behavior of specific heat is the same as the recently
studied SOL candidate LaSrVOy [31] and also very similar
to several other studied SOL candidates LiNiO, [32] and
FeSc,S4 [33], both of which show a T2 behavior of specific
heat at low temperatures. Therefore, the T>-dependent specific
heat observed for 0.17 < x < 0.3 samples supports that the
orbital fluctuations begin to show their effects on the thermal
dynamics below 1.5 K. The fact that the decrease of magnetic
entropy and 7% dependence occur almost simultaneously for
0.17 € x < 0.3 samples again confirms the strong coupling
between spin and orbital fluctuations. Our results support that
there is an intermediate phase, SOL state, for 0.17 < x < 0.3
when Y;_,La,TiO3 evolves from FM/OO to AFM/possible
OL state.

Furthermore, the theoretical studies proposed that this
strong quantum magnetic and orbital instability should lead
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FIG. 2. (Color online) The magnetic susceptibility x at different pressures, the d x /dT vs T curves, and the pressure dependencies of T¢
for x = 0 (a)—(c), 0.17 (d)—(f), 0.23 (g)—(i), and 0.3 (j)—(1), respectively. The solid lines in (c), (f) and (1) are linear fittings. Insert of (i): the

pressure dependence of x for x = 0.23 at 6 K.

to a QCP on the phase boundary [15]. The next goal is
to find evidence for the possible QCP. For YTiO3, the OO
transition occurs simultaneously with the FM transition at 7¢
and is mainly due to the GdFeOs-type distortion of the TiOg />
octahedra. The magnitude of this distortion depends on the
radius of the rare earth element in RTiOj3. Therefore, this
distortion, or the transition temperature, is not only sensitive
to the chemical pressure such as the La doping in YTiO3; but
also physical pressure applied on the sample. We therefore
performed the susceptibility measurement under pressure P
for Y,_,La, TiO3, as shown in Fig. 2. Here, T for all samples
is defined as the peak position of d y /dT .

For YTiOj3 [Figs. 2(a) and 2(b)], both T¢ and x(T) below
Tc decrease with increasing P. The linear fit (7¢ o« 8 P) for
the pressure dependence of T¢ yields 8 = —0.087 K/kbar
[Fig. 2(c)]. The x = 0.17 sample shows similar behavior as
YTiO3 with 8 = —0.067 K/kbar. For the x = 0.23 sample,
with increasing pressure, Tc = 7.43 K at ambient pressure
increases to 7.55 K at 1 kbar first, then decreases to 7.3 K
at 1.5 kbar, and increases again to 7.54 K at 3 kbar, and
then decreases again to 7.45 K at 7 kbar. Therefore the total
pressure dependence of 7¢ for x = 0.23 is nonmonotonous
within a small range around 7¢ [Figs. 2(g)-2(i)]. Separated
measurements on the x = 0.23 sample show repeatable and
consistent results. The value of x(7) at 6 K below T¢ for
x = 0.23 also shows similar nonmonotonous P dependence,
as shown in the inset to Fig. 2(i). For x = 0.3 [Figs. 2(G)-2(D],
both Tc and x(T) below T¢ increase with increasing P.
The linear fit of the pressure dependence of 7¢ yields
B = 0.039 K/kbar.

The thermal expansion studies on YTiO3 [29] suggested
that T¢ increases with increasing pressure along the a axis,
but decreases when the pressure is along the b or ¢ axis.
The reported hydrostatic pressure dependence of T¢ for
YTiO; then is around —0.06 K/kbar. This value is similar
to our result here with 8 = —0.087 K/kbar. For the x = 0.17
sample, x (T') shows a similar but weaker pressure dependence
(B = —0.067 K/kbar) as that of YTiO3;. This shows that
the x = 0.17 sample should be on the same side of the
phase diagram as YTiO; but with weaker distortion. For
the x = 0.3 sample, with increasing pressure, both x(7T')
and T¢ increase (B8 = 0.039 K/kbar), which are opposite
to those for YTiO3;. The pressure studies on LaTiO; also
reported a positive pressure dependence of Ty with 8 =
0.68 K/kbar [34]. Therefore, the x = 0.3 sample is on the
same side of the phase diagram as LaTiOs3. By this meaning,
the x = 0.23 sample has a good chance to approach the
exact phase boundary. Indeed, for the x = 0.23 sample, its
pressure dependence of 7¢ and the value of x(7) at 6 K
show a nonmonotonous behavior. This result supports that
this sample is really approaching the phase boundary where
strongly magnetic and orbital instability occurs. Since now
with increasing pressure, the x = 0.23 sample can randomly
select a ground state, either FM/OO or AFM/possible OL,
which leads to the nonmonotonous pressure dependence. This
unique pressure dependence strongly suggests a possible QCP
at x = 0.23 as the theory proposed.

Figure 3 shows the dielectric constant measured for x =
0.23 sample. While the dielectric constant (the real part £') and
dielectric loss (the imaginary part £”) show no obvious feature
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FIG. 3. (Color online) (a)-(b) Temperature dependencies of
dielectric constant at different fields with constant frequency
f =20 kHz. (c) and (d) Temperature dependencies of dielectric
constant under different frequencies at H = 9 T. Here, data in (a)
and (c) is the real part ¢ and data in (b) and (d) is the imaginary
part &”. To clearly show the behavior of dielectric constant, an offset
is made for (b)—(d) respectively. Insert: In f vs the inverse dielectric
loss peak temperature (7).

for phase transitions below 2 K at zero field, the dielectric
loss [Figs. 3(b) and 3(d)] begins to show a broad peak under
applied fields. With increasing field, this peak moves to higher
temperatures, typically around 1 ~ 1.5 K, and becomes more
obvious. At H =9 T, with increasing frequency this peak
moves to higher temperatures [Fig. 3(d)].

The dielectric loss peak observed for the x = 0.23 sample
represents a typical feature of relaxational behavior for the
glassy freezing of dipolar molecules, which actually is also
observed for the orbital-glass state of FeCr,S4 [35]. Moreover,
the dielectric loss observed for the x = 0.23 sample is field
dependent. At H =9 T, the frequency dependence of the
peak position (7p) can be described by an Arrhenius law
f = foexp[—A /(kpTy)]. The linear fitting of the Inf ~ 1/ T
curve [Fig. 3(d) inset] yields an energy barrier A/ kg = 12 K.
This field dependent glassy behavior shows that the glassy state
at low temperature for x = 0.23 is not only due to the orbital
fluctuations but also related to the magnetism. This again
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FIG. 4. (Color online) The schematic phase diagram for
Y,_,La, TiO;. The magnetic order temperatures (solid symbols)
were obtained from the studies here and Ref. [24]. The red regime
represents the orbital order phase (OO), the yellow regime represents
the spin-orbital liquid phase (SOL), and the blue regime represents
the orbital liquid phase(OL). The critical point (QCP) is around
x = 0.23. With 0 < x < 0.23, the system is FM below T¢. With
0.23 < x < 1.0, the system is AFM below Ty. The question mark for
OL means that the OL state is still under debate.

supports that this sample is approaching the phase boundary
with strong correlation of orbital and spin fluctuations in a
SOL state.

In summary, we revisited the phase diagram (Fig. 4) for
Y,-.La,TiO3, and two important features are observed: (i)
withinthe 0.17 < x < 0.3 regime, an intermediate phase, SOL
phase, is located between the FM/OO and AFM/possible OL
phases; (ii) a possible QCP is observed for x = 0.23 sample
approaching the phase boundary. The exotic behaviors near
this phase boundary are dominated by the coupling between the
strong spin and orbital fluctuations. Future studies are needed
to further reveal the exact behaviors of the possible QCP at
x =0.23.
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