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Abstract

We report the specific heat measurement of a YCrOj single crystal in a wide temperature range from 30 to 360 K by use of a newly designed
microcalorimeter with high sensitivity about ~1 wJ/K. The measured heat capacity data exhibit a A-like shape at the Néel temperature Ty ~ 140 K
as consistent with the second order magnetic transition. When the phonon specific heat is subtracted by use of that of a non-magnetic analogue
LaGaO; with an orthorhombic structure, the remaining entropy is much higher than the expected magnetic entropy from Cr3* (S=3/2) ions. We
attribute the excess entropy to the additional phonon entropy caused by the monoclinic structure of YCrOgs, which can be intimately related to its

ferroelectric property.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Multiferroic materials wherein multiple ferroic orders such as
ferroelectricity and antiferromagnetism can coexist and be cou-
pled to each other, have drawn renewed attention in recent years
[1-3]. While scientific motivation to understand the generation
and the coupling mechanisms of the multiple ferroic orders is
quite interesting by itself, the material system has also promising
application potentials for a new multifunctional memory device.
Among many candidate compounds, Bi-doped perovskites such
as BiMnOs [4,5], BiFeO3 [6], and BiCrO3 [7] are reported to
exhibit the coexistence of the low temperature magnetic transi-
tionsaround ~100 K and high temperature ferroelectricity above
room temperature. The latter is known to be driven by the pecu-
liar electronic states of Bi®* that has the 6s? lone pair [8]. On
the other hand, non-Bi-doped materials such as YMnOj3 shows
an improper ferroelectricity driven by its structural geometry,
i.e., ferroelectricity is a secondary order parameter driven by its
hexagonal structure [9]. In addition, emerging materials such as
ThMnOj3 and Ni3zV2Og are known to exhibit the improper ferro-
electricity driven by their non-collinear magnetic ordering that
breaks both inversion and time-reversal symmetry [10].
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Perovskite chromite is yet another interesting system in which
researchers are looking for an evidence of multiferroic orders. In
particular, Serrao et al. [11] have recently reported that a poly-
crystalline YCrO3 sample exhibits evidences of bi-ferroicity;
dielectric constant has a frequency dependent peak around the
ferroelectric Curie—Weiss temperature T¢c ~ 473 K and magnetic
susceptibility shows a sharp increase at the canted antiferro-
magnetic (AFM) transition Ty =140 K. However, contrary to
the other perovskite system, still unknown is the evidence of
ferroelectricity in a single crystal and its mechanism. To better
investigate the occurrence and the origin of the possible fer-
roelectricity, we have grown a YCrOgs single crystal through
the flux melting method [12] and have been investigating its
specific heat properties. However, our initial attempt to use a
conventional calorimeter made of the sapphire platform (from
Quantum Design) has failed because the sample heat capacity is
too small to be detected due to the limited sample size (<100 p.g)
and the large addenda heat capacity.

Herein, we report the first specific heat measurement of
a YCrOs single crystal with its mass 55wg using a newly
designed microcalorimeter based on the Si—-N membrane. We
have recently proved that the new microcalorimeter is especially
suitable for an accurate specific heat measurement of such a
tiny crystal [13]. We have also developed the so-called curve
fitting method (CFM) to accurately determine specific heat of
the specimen.
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Fig. 1. (a) A schematic diagram of the microcalorimeter used in this study. The heater/sensor region is well confined [13]. (b) A photograph of the microcalorimeter
installed on a commercial heat capacity puck (PPMS™ , Quantum Design). A piece of YCrOs single crystal with its mass 55 g (a black dot in the center) and a

white grease (a white region in the center) are mounted on top of the isothermal layer (a square inside the semi-transparent membrane).

2. Experimental
2.1. Microcalorimeter and sample preparations

Among various efforts to measure sensitively the specific heat
of a sample with mesoscopic length scale, a novel membrane
microcalorimeter fabricated by the semiconductor lithographic
techniques has provided a new breakthrough to achieve
extremely small addenda heat capacity down to ~nJ/K [14-17].
With this breakthrough, the microcalorimeter is being increas-
ingly used to measure various mesoscopic samples with greatly
enhanced sensitivity. A few examples include sub-angstrom
thick metallic films, nano-liters of organic liquids, nano-grams
of polymers and micrometer sized bio-materials [18-21].

We have recently developed a new type microcalorimeter
based on a Si—-N membrane for measuring specific heat of asmall
single crystal or films in awide temperature range and under high
magnetic fields. In particular, with the new heater/sensor design
as shown in Fig. 1(a), we have reproduced the standard specific
heat data of Cu (~0.3 mg) within 5% between 30 and 360 K, of
which results will be published elsewhere.

We have grown a single crystal of YCrO3 with its mass
55 g by the flux melting method in a Pt crucible by use of
the PbO-PbF,-B,03 flux [12]. The Pt crucible with the flux
and stoichiometric powders was kept at 1260 °C for 12 h and
slowly cooled by 1 K/h until 950 °C to be subsequently cooled
down to room temperature by 120 K/h. The crystal axis of the
grown crystal was identified by a Laue camera and a conven-
tional X-ray diffractometer. However, we could not distinguish
the space group of the small crystal with those measurements
only. To confirm a magnetic transition of the sample, we mea-
sured the magnetization of YCrO3 along the crystallographic
b-axis using a vibrating sample magnetometer in a zero field
cool condition. Different pieces were used for specific heat and
magnetization measurements, respectively.

2.2. Specific heat measurement scheme

To measure specific heat at low temperatures, we have
replaced a sapphire platform in a commercial sample puck

(PPMS™ | Quantum Design) with our microcalorimeter as
shown in Fig. 1(b). We have carefully measured the sample
mass 55 ug with a micro-balance (SE2, Satorius). Before the
measurement of specific heat, we have calibrated a sensor film
made of ~2000 A thick Au and ~30 A thick Cr layers by mea-
suring its resistance in a four-probe configuration. By regulating
the temperature of the PPMS™ cryostat in a high vacuum con-
dition, we can control the temperature of the specific heat sample
puck, i.e., the reservoir temperature, to be constant. Then, an ac
voltage output of a lock-in amplifier (SR830), V¢, is sent to an
input of a current calibrator (Valhalla 2500) to generate ac cur-
rents applied to the sample, Is, with a frequency ~1kHz. Is is
proportional to Vc, and is controlled automatically by software
to vary from 10 to 100 wA. Then, the same lock-in amplifier
measures Vs, i.e., voltage generated across the thin film sen-
sor to determine its resistance variation. Another thin film made
of the Au/Cr layers is used as a heater. A source meter (Kei-
thely 236) is turned on or off to apply dc current Iy while
measuring dc voltage Vi generated across the film heater. A
total power level, i.e., IV was adjusted to induce temperature
increase less than ~3% of the main reservoir temperature. We
have developed a custom-made program based on LabVIEW ™
to control all of above instruments simultaneously; to set the
block temperature, to measure the exponential variation of a sen-
sor temperature with the heater turning-on or -off procedures,
and to calculate heat capacity based on the CFM as explained
below.

2.3. Application of the CFM to the microcalorimeter

The CFM considers a finite thermal conductance A5 between
the sample and the platform as well as a thermal conductance A,
between the platform and the heat reservoir. Fig. 2(a) illustrates
the relevant thermal parameters considered in the CFM. Detailed
equations forthe CFM are well documented by Hwang et al. [22].
Essentially, consideration of Ag produces two relaxation times,
71 and 13:

—t —t
T = A exp (n) + Az exp (T2> A3 Q)
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Fig. 2. (a) A schematic diagram of thermal parameters considered in the curve fitting method (CFM). P(7) is the heat applied to the system. C and T are heat capacity
and temperature of the sample holder, respectively. Prime denotes that of the sample contribution. As represents a thermal conductance between the sample and the
sample holder, while 1; means that between the sample holder and the heat reservoir. Heater current is turned on while the block temperature is fixed at 7. (b)
Variation of T per one measurement cycle with constant heater currents turned on or off. Turning-on and -off times of the current are indicated by two arrows. The
blown-up inset shows a fast increase (drop) of temperature just after the heater current is turned-on (-off), which is caused by the presence of the t, effect. The solid
line refers to fits to the experimental data (solid circles) by use of the CFM, resulting in t; =4.77sand t, =0.115s.

Here, t1 and 7, can be expressed as a function of thermal param-
eters such as sample heat capacity Cs, addenda heat capacity
Caddenda, As and ;. In most of practical cases, 2 is not negligi-
ble so that it should be included to fit the temperature variation
accurately. To get a reasonable fit of the experimental tempera-
ture variation, we have used a least square fitting method with
three unknown constants given as functions of Cs, As and A,
to fit the entire temperature response of the sensor film to the
applied constant heater current [22]. On the other hand, Caggenda
is determined separately from the addenda measurement.

Fig. 2(b) illustrates the fitting results based on the CFM. After
turning-on and -off time of heater currents, the temperature of the
thin film sensor changes almost exponentially. However, as the
inset shows, the measured decaying or increasing temperatures
(solid circles) have very fast change driven by the short time
constant 7, which is mainly due to the finite As. The fit (solid
line) based on the CFM results in 71 =4.77s and 7 =0.11s.

The CFM has several advantages over the conventional ther-
mal relaxation method considering only a single relaxation time.
First, it can estimate the 7, value as above. While the presence
of an isothermal layer made of the Au film is partly useful to
reduce the problem [15], the “t, effect” is quite significant in
the microcalorimeter measurement because one cannot press
the sample easily on the membrane platform due to its fragility.
Second, a total measurement time can be greatly reduced to
~1-21, compared with a typical ~10t in the single relaxation
time method.

3. Results and discussion
3.1. Specific heat and magnetic susceptibility data

Fig. 3 shows the heat capacity versus temperature (7) data
from 30 to 360K for the addenda without (solid triangle)
and with (solid square) the YCrOg3 specimen with 55 ug. The
addenda are composed of a Si-N membrane layer and a small
amount of thermal grease. From typical measurement errors,

the resolution of heat capacity is estimated to be as low as
~10~8 J/K. It is found that the sample heat capacity shows the
\-shaped peak around Ty ~ 140K, indicating a second order
phase transition.

The peak, in fact, results from a canted AFM ordering of
Cr3* spins. It is well known that RCrO3 compounds (R =Y and
rare earths) show a weak ferromagnetism parasitic on the canted
AFM. The canting of the staggered moment is driven by an
anisotropic exchange due to Dzyaloshinsky—Moriya interaction
[23]. Due to the canting of the staggered moment along b, mag-
netic susceptibility (x) along b exhibits a weak ferromagnetic
signal below T\ ~ 140K and the corresponding 1/x shows a
sharp decrease with decreasing T as in Fig. 3 (right axis). The
heat capacity peak temperature matches with that of a maximum
slope in 1/x versus T data. From a linear fit to the 1/x versus
T plot above Ty, the Curie-Weiss temperature Ocyy is found to
be|6cw| ~ 342 K and the effective moment reeff ~ 3.8 per for-
mula unit. Ocw is rather higher than the actual 7y ~ 140K by
a factor of 2.44. Furthermore, ef=2ug[S(S+1)]Y¥2 ~3.8up
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Fig. 3. The left axis summarizes heat capacity data of the microcalorimeter with
(solid squares) and without (solid triangles) a single crystal YCrO3 (m =55 n.g).
Right axis shows the inverse magnetic susceptibility 1/x vs. T plot measured
along b-axis at H=2kOe after zero field cooling. Both measurements indicate
a canted antiferromagnetic ordering at 7y ~ 140 K.
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Fig. 4. The specific heat over temperature (C/T) data of YCrO3 (solid squares)
and LaGaOs (dashed line). The latter has been scaled by the Lindemann factor as
explained in texts. Two additional phonon contributions, described by the Debye
model with the Debye temperatures 6p = 144 K (dotted line) and 1000 K (dashed-
dotted line), were included to calculate the expected total phonon specific heat
of YCrOj3 (solid line).

corresponds to S ~ 1.46 close to S = 3/2, a value expected from a
Cr3* ion subject to the orbital quenching effect in an octahedral
crystal electric field.

3.2. Lindemann factor correction

Fig. 4 shows the resultant specific heat of YCrO3 over tem-
perature (C/T) calculated after subtracting the addenda heat
capacity from the total one in Fig. 3. To extract the magnetic
specific heat contribution of YCrO3, we have initially assumed
the phonon contribution of YCrOg is same as the C/T data of the
non-magnetic analogue LaGaOs3 up to the Lindemann factor as
explained below [24]. A similar C data of LaGaO3 corrected by
the Lindemann factor has been successfully used to estimate the
phonon specific heat of NdCrO3 [25]. Because mass and vol-
ume of LaGaO3 are different from those of YCrOs, an effective
Debye temperature (6p) can be expressed as [26]:

QD=L( T >1/2 -

MV?2/3

where Ti, is a melting temperature, M an atomic weight, and
V an atomic volume. L is called as the Lindemann constant.
Assuming that L and Ty, are almost same for both YCrOs and
LaGaOs, 6p of YCrO3 is 1.197 times larger than that of LaGaOs,
due to the mass and volume difference. Thus, we can scale the
temperature of the C versus T curve of LaGaOs by this Linde-
mann factor 1.197 to use as the estimated phonon C of YCrOs.
A dashed line in Fig. 3 shows the resultant C/T. This method
relies on the assumption that both materials have almost the
same Debye temperatures within a harmonic approximation up
to the Lindemann factor [24]. It is noted that C of LaGaO3 is
best described by the Debye phonon model with three 6ps at
300, 350, and 900 K, respectively. A scaling of temperature by
the Lindemann factor 1.197 means a scaling of all three 6ps by
the same factor to calculate the phonon contribution of YCrO3
by the Debye model.

With this estimation of the phonon C/T of YCrO3, we have
obtained the magnetic specific heat (Cmag) over T, Cmag/T, and
also calculated the magnetic entropy (ASmag) by integration
of Cmag/T from 30 to 360 K. However, the resultant ASmag
versus T curve showed much larger values than the expected
ASmag =RIn(2S+1)=11526 Jmol~1 K1 (for $=3/2) even
well below Ty. Furthermore, it did not show any saturation
to a finite value even at 360 K, much higher than Ty. Recall-
ing that S & 1.46 of Cr3* ions from the experimentally observed
Curie—Weiss moment weff is consistent with the expected S = 3/2,
the observation of large excess entropy suggests existence of
additional phonon entropy beyond the magnetic entropy of Cr3*
and the Lindemann factor corrected phonon entropy in a broad
temperature region below and above 7.

3.3. Additional phonon entropy and implication to
ferroelectricity

To describe the C/T data in Fig. 4, we found that in addition
to the C/T of LaGaO3 with the Lindemann factor correction,
at least were needed two more Debye phonon contributions
with 6p =144 and 1000 K, respectively, as shown in dotted and
dashed-dot lines. By including these two Debye model con-
tributions, the remaining ASmag =~ 13Jmol~! K=1 is found to
be close to the expected one 11.54 Jmol~1 K~1, as shown in
Fig. 5. The present results seem to be consistent with the fact that
YCrOg is known to have the monoclinic structure with relatively
low symmetry space group P21/n (No. 14) in the literature [27]
as compared with that of LaGaOg3, Pbnm (No. 62) [28]. In other
words, the additional Debye phonon modes of YCrO3 might be
a natural consequence of the monoclinic space group P21/n.

However, we note that P21/n is still a centrosymmetric space
group while the evidence of ferroelectricity seems to be exper-
imentally convincing as observed by a dielectric constant peak
and a ferroelectric hysteresis loop [11]. For the crystal investi-
gated here, we have also found a broad dielectric constant peak
around 500 K, as consistent with the reported T¢ ~ 473 K of the
polycrystalline YCrO3 samples [11]. To explain these behaviors
consistently, Serrao et al. have performed the spin-dependent
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Fig. 5. Magnetic specific heat over temperature (A Cmag/T) (left axis) of YCrO3
(m=55pg) obtained after subtracting the phonon contribution (see texts for
details). The solid line represents entropy (right axis) integrated with the
ACmag/T data. The dashed line marks the expected magnetic entropy of the
Cr3* ion with §=3/2: ASmag =R In(25+1)=11.53Jmol~1 K1,
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density functional theory calculations to find out the final relaxed
structure with the lowest energy has the broken inversion sym-
metry, of which space group is close to the monoclinic P2, (No.
4). From these results, we tentatively conclude that the additional
Debye phonon modes could be related to the space group P2;
rather than P21/n. In future, the actual space group of our crys-
tal should be further investigated through the structural studies
such as high resolution X-ray or neutron diffraction.

The present experimental results seem to be closely related
to a comparative thermal conductivity study of YCrO3 and
LaGaOs3 by Zhou and Goodenough [29]. The phonon thermal
conductivity of YCrOgz is significantly suppressed overall
temperatures below and above Ty as compared with that of
LaGaO3. Without information of the occurrence of ferro-
electricity in YCrOs [11], Zhou and Goodenough [29] have
attributed their results to the bond-length fluctuation of YCrOs
coupled to the magnetic fluctuation above Ty that might come
from an exchange striction driven by a strong spin—phonon
coupling. Because the measured thermal conductivity is found
to be much more suppressed even below Ty as well as above,
however, the inhomogeneous bond-length fluctuation driven by
magnetic fluctuation alone might not be enough to account for
the experimental observation. If inversion symmetry-breaking
phonon modes related to short ranged or long ranged ferroelec-
tric dipoles exist below T¢ and it gives the additional scattering
of phonon thermal conductivity through the inhomogeneous
bond-length fluctuation, one can expect both large excess
entropy from the additional symmetry broken phonon modes
and suppression of the phonon thermal conductivity overall
temperatures. Therefore, all of these experimental observations
coherently suggest that YCrOsz has the additional phonon
modes related to the monaclinic space group with an inversion
symmetry breaking. In future, heat capacity studies of YCrO3 up
to temperatures above T¢, and direct measurements of phonon
modes are desirable to further understand this compound.

4. Conclusion

We have measured the specific heat of a bi-ferroic YCrO3
crystal with 55 g using a high accuracy microcalorimeter
between 30 and 360 K. YCrO3 shows a sharp peak in the specific
heat at Ty ~ 140 K due to a canted antiferromagnetic ordering.
The analyses of magnetic and phononic entropy of YCrOs sug-
gest that there exist additional phonon modes beyond those of
LaGaO3, which can be allowed in the monoclinic space group
with a broken inversion symmetry below 7¢ =~ 500 K.
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