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Article info Abstract
Keywords: The specific heat of single-crystalline YVO3 was measured from 2 K up to 250 K at zero field.
Orbital ordering The results reveal three transitions, at around 75, 115, and 200 K. The transitions at around
Specific heat 115 K and 200 K show that the phase transition is of the second-order type, whereas at around
Orthovanadate 75 K, unusual features of the specific heat are found. These unusual features are attributed to
Magnetic entropy the effect of a large change in the volume. The specific heat data were analyzed in terms of a
Short-range interactions lattice contribution, a Schottky contribution and an excess magnetic contribution at high

temperature. The magnetic contribution well above the magnetic ordering temperature is
ascribed to short-range interactions due to the presence of strong magnetocrystalline
anisotropy. The magnetic entropy considered by using this approach is 9.13 J/mole K which is
close to the theoretical estimate for the S =1 system.

1. Introduction

The RVOs compounds (with R is rare earth element) have become an interesting series of compounds since the discovery of an anomalous
diamagnetism in LaVOs. The anomalous diamagnetism occurs when the magnetization reverses its direction with respect to the applied
magnetic field below the antiferromagnetic ordering. In contrast to a previous study on polycrystalline material [1], single-crystalline YVOs has
shown a sign reversal magnetization [2]. Sign reversals of the magnetization occur ataround 95 Kand 77 K. These temperatures will be denoted
as T+and Ts, respectively. Both temperatures are below the long-range canted antiferromagnetic ordering temperature Ty~ 116 K. In this
compound, the sign reversal of the magnetization is observed both in ZFC and in FC samples. Another remarkable transition in single crystalline
YVOsis found at 200 K. This salient transition in the magnetic susceptibility occurs as a change in the Curie-Weiss slope resulting in a change
of the effective moment from 2.81 pzabove 200 K to 2.31 uzbelow 200 K [3]. A structural phase transition at that temperature has also been
observed in X-ray as well as in neutron powder diffraction studies. Recently, a forbidden reflection in the Pbnm symmetry has been found
below 200 K in synchrotron X-ray single crystal diffraction [4] and in optical studies showing a lowering of the symmetry [5].

This report is a detailed description of the specific heat result reported in Ref. 4. The specific heat data of the single-crystalline sample,
which are different from the data for a polycrystalline sample [6], will be presented. We obtain a consistent magnetic entropy for S = 1 using
Schottky analysis. This method might be applied to obtain the magnetic contribution to the specific heat in transition metal oxide compounds.

2. Experimental Methods

The specific heat of single-crystalline YVO3 was measured at constant pressure by using two different experimental systems and two
different samples. The samples, typically rectangular, with the weight of 158.34 mg and 50.33 mg, were labeled as sample A and sample B,
respectively. Sample A was measured by using a semiadiabatic method in a home-made specific heat equipment [6]. In this setup, the
measurement can only be run automatically during warming up the sample. Unfortunately, it is found that upon heating above 75 K, the heat
contact between the sample and the holder was lost. Having this constraint, the measurement was performed only in the temperature range
from 100 to 250 K. The other sample, sample B, was measured by using a relaxation method in a commercial Quantum Design PPMS. This
apparatus can be run automatically with heating and cooling mode. In this setup, the experiment was performed in the temperature range from
2 to 250 K. In order to refine the data at low temperature below 100 K, the experiments were repeated several times above and below 75 K. A
reasonably good thermal contact between the sample and the holder can be achieved by a rapid quenching or warming across the transition
temperature at around 75 K.

3. Results and Discussion

The temperature dependence of the specific heat for single-crystalline YVOsis presented in Fig. 1. The data have been corrected for the
addenda. Both sample A and sample B show a good reproducibility for the peaks at around 200 K, To, and 115 K, Tx. In a polycrystalline sample,
aside from the magnetic transition, Ty, at 116 K, Borukhovich et al. had observed only the transition at 77 K, Ts[7]. In contrast to that, the single-
crystalline specific heat data clearly reveal three transitions. Two transitions, at Toand Ty, are in agreement with the previous measurements
of the magnetization and the crystallographic structure. These results confirm that both transitions are of the second-order type. A discrepancy,
however, is found for the transition at Ts, around 75 K. A first-order transition observed as a discontinuation in the magnetization as well as in
lattice parameters at Tsis not corroborated by the appearance of a sharp peak in the specific heat measurement. Instead, a jump in the specific
heat is found, which indicates that the transition is of a second-order type. This discrepancy might be attributed to the inappropriate
temperature step in measurement compared with the width of the transition. It is known that at Ts, the a axis and c axis increase by around
1% and 2%, respectively, while the b axis decreases by about 3%. Overall, this gives rise to a volume compression of about 1% [4]. In the series
of measurements, the heat contact between the sample and the holder becomes worse at lowering the temperature, or it can totally be lost at
increasing temperature while passing Ts. This effect may arise from less accuracy of the measurement around the transition. It is also found
that the sample can even be broken by clamping the sample to the holder. In order to be able to obtain more information around the first-order
transition, a powder measurement is suggested. In the powder sample, it is expected that there will be more degree of freedom in releasing the
strain force, as shown in Ref. 4.
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Fig. 1. The temperature dependence of the specific heat of the single-crystalline YVOs from 2 to 250 K. Sample B and sample A are plotted by
the ¢ and - symbol, respectively. The inset figure is the specific heat jump at around 75 K with a thermal hysteresis of about 0.9 K.

The temperature dependence of the specific heat is analyzed in terms of the lattice contribution, Ci:, the electronic Schottky contribution,
Cscn, and the excess specific heat, AC, as shown in Eq. 1.

C(T) = Ciat(T) + Csen(T) + AC(T). 1

As a first approximation, the lattice contribution at low temperature is described by the Debye approximation, Ciae= aT3. The coefficient &
is determined from the slope in the C/T%vs T plot. It is found that the curve starts to deviate from the linear dependency above 40 K. The Debye
temperature of 460 K is obtained by fitting the data below 40 K using a Debye function. It is obvious that above 40 K, the Cirstarts to overwhelm
the experimental data. This indicates that the Debye approximation, which considers only the acoustic mode of the phonons, is insufficient to
describe the lattice specific heat. In order to have a better description for the lattice contribution, the optical mode has to be included. The
contribution of the optical mode can be considered by using an Einstein function. The Cia is, therefore, expressed in a hybrid Debye-Einstein
model [8], as shown in Eq. 2:

Ciat(T) = apD(6p/T) + acE(6k/T) (2)

where D(6p/T) and E(0z/T) are Debye and Einstein functions, respectively. The Debye temperature, 6p, is fixed at 460 K, while the Einstein
temperature, &g, of 800 K is adopted from one of the oscillators used in the YMnO3 compound [9]. The coefficient ap of 2/3 and arof 1/3 are
obtained by extrapolating the low-temperature data to the high-temperature data. The result of this extrapolation is shown in Fig. 2.
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Fig. 2. The temperature dependence of the specific heat from 2 to 250 K. The continuous line and the dashed-line are the Schottky
contribution and the lattice contribution, respectively.

Another important contribution to the specific heat data is given by the electronic Schottky term. It is mentioned earlier that the low energy
levels of YVOs3 consist of a singlet ground state and a doublet excited state. This scheme can be described by a two-level Schottky contribution
as presented in Eq. 3:

A\2go  exp(a/1)
Con = R(E) 2 @)
<1+§—‘1’exp (A/T))

with goand gi are the degeneracies of the ground state and the excited state, respectively. A is the energy separation between the two levels.
The ratio, go/g1, and the energy separation, A, are taken as free parameters to fit the data below 30 K and the data ranging from 75 to 80 K in
the Cvs T plot. The best fit is provided by the parameters go/g1= 0.51 and A = 196 K. These parameters are in agreement with the theoretical
prediction for the two-level state, with the energy separation of about 200 K. The result of this fitting is depicted in Fig. 2. It is interesting to
note that the Schottky contribution from 30 to 75 K gives a smooth extrapolation curve in the total specific heat, as shown in Fig. 2. The smooth
extrapolation points below the magnetic transition turn out to be a bump in the C/T curve after subtracting the lattice contribution, as displayed
in Fig. 3. A bump feature has recently been reported as well for the manganese oxides, i.e., for YMnOs, LuMnOs, and ScMnOs [10]. The Schottky
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analysis considering the bump feature in those compounds has not yet been carried out. In spite of the fact that the bump feature is absent
experimentally in YVOs3, the electronic scheme allows the consideration of a Schottky contribution to its specific heat.
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Fig. 3. The temperature dependence of the specific heat plotted as C/T after subtracting the lattice contribution. The continuous line and the
dashed-line are the Schottky contribution and the extrapolation data, respectively.

It is known that YVOs has a strong magnetocrystalline anisotropy already above Tw [3]. It is, therefore, expected that the short-range
interactions are already present above a long-range magnetic ordering. In order to take into account this effect, an extrapolation is made for
the data above Twto the Schottky “tail” at high temperature; presumably, the magnetic specific heat at high temperature is given only by the
Schottky contribution. The extrapolation points, which are the excess of magnetic specific heat above the magnetic ordering, ACy, are plotted
in Fig. 3. For further analysis, two types of data sets are assembled, as displayed in Fig. 4(a). Both data set consist of the extrapolation points
ACw above 120 K. Below 120 K, one of the data set include the Schottky contribution or bump while the other data set remain as the
experimental data. These data are called data-1 and data-2, respectively, hereafter.
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Fig. 4. (a) The temperature dependence of the specific heat after subtracting the lattice contribution for (1) the experimental data and (2) the
Schottky contribution, below 120 K. Above 120 K, both (1) and (2) are given by the extrapolation data ACu. (1) and (2) in figure (b) are the
temperature dependence of the magnetic entropy for data (1) and (2) described in figure (a). The average value between (1) and (2) above

Tn is plotted in (3).

The magnetic entropy calculated by the numerical integration between 10 and 250 K of those data sets is displayed in Fig. 4(b). The total
magnetic entropy obtained from the data-1 is 8.38 J/mole K. This value is smaller compared to the theoretical estimation. Theoretically, the
expected total magnetic entropy is given by the V3+ion with total spin S=1, i.e., S = R In(3) = 9.13 ]/mole K. Meanwhile, the magnetic entropy
obtained from the data-2 is 9.88 ] /mole K, and the average magnetic entropy obtained from the data-1 and data-2 is about the theoretical value.
This demonstrates that the loss of entropy in data-1 is possibly due to the local effect in the electronic structure (reoccupation of the dzxand dy.
orbitals) at the first-order transition. This finding is compatible with the observed change of the orbital ordering and the Jahn-Teller distortion
at the first order transition discussed earlier. This local effect might also be the reason for the small change of the magnetic entropy at the Ts
as shown in Fig. 4(b).

Turning our attention to the transition at around 200 K, To, the peak in the specific heat data at this temperature confirms that the change
in the crystallographic structure, from orthorhombic (Pbnm) to monoclinic (P21/a) with an a-type Jahn-Teller distortion, is of a second-order
type. This transition was not observed in the specific heat measurement in a polycrystalline sample [7]. Besides a change in slope of the inverse
magnetic susceptibility [3]and of the lattice parameters observed by the X-ray powder diffraction, which were observed previously, the recent
synchrotron X-ray single crystal diffraction [4], as well as the infrared spectroscopy, are able to detect the lowering of Pbmn symmetry [5] at
To. While the synchrotron X-ray detects an emerge of the forbidden reflection for Pbnm symmetry as lowering temperatures below To, the
infrared spectroscopy detects new modes from the infrared active. An evidence for the orbital ordering in YVO3has recently been reported by
means of the crystallographic studies [4] similar to those for the LaMnOs [11] and resonance inelastic X-ray scattering study [12]. The change
in the crystallographic structure at To, as described earlier has provided evidence of the onset of the orbital ordering.

Figure 5 shows the specific heat between 130 and 250 K after subtracting the lattice contribution, the Schottky contribution and the excess
of the magnetic specific heat. The total entropy, obtained by numerical integration in this temperature range, is 2.44 J/mole K. Since there are
three types of d orbitals involved under this consideration; therefore a rough estimate of the orbital entropy is given by R In(3) = 9.13 ]/mole
K. The experimental value is too small in comparison to this estimate. This discrepancy should be a subject for further investigation, besides a
comparison of the orbital entropy in the different perovskite system.
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Fig. 5. The temperature dependence of the specific heat from 120 to 250 K after subtracting the Ci, Csch, and ACu. The continuous line is the
entropy obtained from the specific heat at this temperature range.

4. Conclusions

We have presented the preparation of single-crystalline YVO3 by using the TSFZ technique and its characterization. YVOs3is unique among
the transition metal oxides. It exhibits a peculiar interplay between the crystal structure, orbital ordering, and spin ordering. Besides a well-
known second order type of antiferromagnetic transition at around 115 K, the result from the specific heat has established that there is a phase
transition at 200 K with a nature of second order type. At around 75 K, Ts, the specific heat shows an unusual feature that can not be described
with a common expectation for the type of phase transition. Experimentally, the effects of the structural transition at 75 K are ascribed to the
uncertainty of the data around this transition. The amount of magnetic entropy which is analyzed by including the Schottky contribution shows
a small loss of magnetic entropy. This loss is due to a local effect in the change of the electronic structure around Ts.
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