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bstract

We report the specific heat measurement of a YCrO3 single crystal in a wide temperature range from 30 to 360 K by use of a newly designed
icrocalorimeter with high sensitivity about ∼1 �J/K. The measured heat capacity data exhibit a �-like shape at the Néel temperature TN ≈ 140 K

s consistent with the second order magnetic transition. When the phonon specific heat is subtracted by use of that of a non-magnetic analogue

aGaO3 with an orthorhombic structure, the remaining entropy is much higher than the expected magnetic entropy from Cr3+ (S = 3/2) ions. We
ttribute the excess entropy to the additional phonon entropy caused by the monoclinic structure of YCrO3, which can be intimately related to its
erroelectric property.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Multiferroic materials wherein multiple ferroic orders such as
erroelectricity and antiferromagnetism can coexist and be cou-
led to each other, have drawn renewed attention in recent years
1–3]. While scientific motivation to understand the generation
nd the coupling mechanisms of the multiple ferroic orders is
uite interesting by itself, the material system has also promising
pplication potentials for a new multifunctional memory device.
mong many candidate compounds, Bi-doped perovskites such

s BiMnO3 [4,5], BiFeO3 [6], and BiCrO3 [7] are reported to
xhibit the coexistence of the low temperature magnetic transi-
ions around∼100 K and high temperature ferroelectricity above
oom temperature. The latter is known to be driven by the pecu-
iar electronic states of Bi3+ that has the 6s2 lone pair [8]. On
he other hand, non-Bi-doped materials such as YMnO3 shows
n improper ferroelectricity driven by its structural geometry,
.e., ferroelectricity is a secondary order parameter driven by its
exagonal structure [9]. In addition, emerging materials such as

bMnO3 and Ni3V2O8 are known to exhibit the improper ferro-
lectricity driven by their non-collinear magnetic ordering that
reaks both inversion and time-reversal symmetry [10].

∗ Corresponding author. Tel.: +82 2 880 9068; fax: +82 2 880 0769.
E-mail address: khkim@phya.snu.ac.kr (K.H. Kim).
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Perovskite chromite is yet another interesting system in which
esearchers are looking for an evidence of multiferroic orders. In
articular, Serrao et al. [11] have recently reported that a poly-
rystalline YCrO3 sample exhibits evidences of bi-ferroicity;
ielectric constant has a frequency dependent peak around the
erroelectric Curie–Weiss temperature TC ≈ 473 K and magnetic
usceptibility shows a sharp increase at the canted antiferro-
agnetic (AFM) transition TN = 140 K. However, contrary to

he other perovskite system, still unknown is the evidence of
erroelectricity in a single crystal and its mechanism. To better
nvestigate the occurrence and the origin of the possible fer-
oelectricity, we have grown a YCrO3 single crystal through
he flux melting method [12] and have been investigating its
pecific heat properties. However, our initial attempt to use a
onventional calorimeter made of the sapphire platform (from
uantum Design) has failed because the sample heat capacity is

oo small to be detected due to the limited sample size (<100 �g)
nd the large addenda heat capacity.

Herein, we report the first specific heat measurement of
YCrO3 single crystal with its mass 55 �g using a newly

esigned microcalorimeter based on the Si–N membrane. We
ave recently proved that the new microcalorimeter is especially

uitable for an accurate specific heat measurement of such a
iny crystal [13]. We have also developed the so-called curve
tting method (CFM) to accurately determine specific heat of

he specimen.

mailto:khkim@phya.snu.ac.kr
dx.doi.org/10.1016/j.tca.2006.12.007
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ig. 1. (a) A schematic diagram of the microcalorimeter used in this study. The
nstalled on a commercial heat capacity puck (PPMSTM, Quantum Design). A
hite grease (a white region in the center) are mounted on top of the isotherma

. Experimental

.1. Microcalorimeter and sample preparations

Among various efforts to measure sensitively the specific heat
f a sample with mesoscopic length scale, a novel membrane
icrocalorimeter fabricated by the semiconductor lithographic

echniques has provided a new breakthrough to achieve
xtremely small addenda heat capacity down to ∼nJ/K [14–17].
ith this breakthrough, the microcalorimeter is being increas-

ngly used to measure various mesoscopic samples with greatly
nhanced sensitivity. A few examples include sub-angstrom
hick metallic films, nano-liters of organic liquids, nano-grams
f polymers and micrometer sized bio-materials [18–21].

We have recently developed a new type microcalorimeter
ased on a Si–N membrane for measuring specific heat of a small
ingle crystal or films in a wide temperature range and under high
agnetic fields. In particular, with the new heater/sensor design

s shown in Fig. 1(a), we have reproduced the standard specific
eat data of Cu (∼0.3 mg) within 5% between 30 and 360 K, of
hich results will be published elsewhere.
We have grown a single crystal of YCrO3 with its mass

5 �g by the flux melting method in a Pt crucible by use of
he PbO–PbF2–B2O3 flux [12]. The Pt crucible with the flux
nd stoichiometric powders was kept at 1260 ◦C for 12 h and
lowly cooled by 1 K/h until 950 ◦C to be subsequently cooled
own to room temperature by 120 K/h. The crystal axis of the
rown crystal was identified by a Laue camera and a conven-
ional X-ray diffractometer. However, we could not distinguish
he space group of the small crystal with those measurements
nly. To confirm a magnetic transition of the sample, we mea-
ured the magnetization of YCrO3 along the crystallographic
-axis using a vibrating sample magnetometer in a zero field
ool condition. Different pieces were used for specific heat and
agnetization measurements, respectively.
.2. Specific heat measurement scheme

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

τ

T

r/sensor region is well confined [13]. (b) A photograph of the microcalorimeter
of YCrO3 single crystal with its mass 55 �g (a black dot in the center) and a
(a square inside the semi-transparent membrane).

PPMSTM, Quantum Design) with our microcalorimeter as
hown in Fig. 1(b). We have carefully measured the sample
ass 55 �g with a micro-balance (SE2, Satorius). Before the
easurement of specific heat, we have calibrated a sensor film
ade of ∼2000 Å thick Au and ∼30 Å thick Cr layers by mea-

uring its resistance in a four-probe configuration. By regulating
he temperature of the PPMSTM cryostat in a high vacuum con-
ition, we can control the temperature of the specific heat sample
uck, i.e., the reservoir temperature, to be constant. Then, an ac
oltage output of a lock-in amplifier (SR830), VC, is sent to an
nput of a current calibrator (Valhalla 2500) to generate ac cur-
ents applied to the sample, IS, with a frequency ∼1 kHz. IS is
roportional to VC, and is controlled automatically by software
o vary from 10 to 100 �A. Then, the same lock-in amplifier

easures VS, i.e., voltage generated across the thin film sen-
or to determine its resistance variation. Another thin film made
f the Au/Cr layers is used as a heater. A source meter (Kei-
hely 236) is turned on or off to apply dc current IH while

easuring dc voltage VH generated across the film heater. A
otal power level, i.e., IHVH was adjusted to induce temperature
ncrease less than ∼3% of the main reservoir temperature. We
ave developed a custom-made program based on LabVIEWTM

o control all of above instruments simultaneously; to set the
lock temperature, to measure the exponential variation of a sen-
or temperature with the heater turning-on or -off procedures,
nd to calculate heat capacity based on the CFM as explained
elow.

.3. Application of the CFM to the microcalorimeter

The CFM considers a finite thermal conductance λs between
he sample and the platform as well as a thermal conductance λl
etween the platform and the heat reservoir. Fig. 2(a) illustrates
he relevant thermal parameters considered in the CFM. Detailed
quations for the CFM are well documented by Hwang et al. [22].
ssentially, consideration of λs produces two relaxation times,

1 and τ2:

= A1 exp

(−t

τ1

)
+ A2 exp

(−t

τ2

)
A3 (1)
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Fig. 2. (a) A schematic diagram of thermal parameters considered in the curve fitting method (CFM). P(t) 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. λs represents a thermal conductance between the sample and the
sample holder, while λ means that between the sample holder and the heat reservoir. Heater current is turned on while the block temperature is fixed at T . (b)
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T plot above TN, the Curie–Weiss temperature θCW is found to
be|θCW| ≈ 342 K and the effective moment μeff ≈ 3.8μB per for-
mula unit. θCW is rather higher than the actual TN ≈ 140 K by
a factor of 2.44. Furthermore, μeff = 2μB[S(S + 1)]1/2 ≈ 3.8μB
l

ariation of T per one measurement cycle with constant heater currents turned
lown-up inset shows a fast increase (drop) of temperature just after the heater c
ine refers to fits to the experimental data (solid circles) by use of the CFM, res

ere, τ1 and τ2 can be expressed as a function of thermal param-
ters such as sample heat capacity Cs, addenda heat capacity
addenda, λs and λl. In most of practical cases, τ2 is not negligi-
le so that it should be included to fit the temperature variation
ccurately. To get a reasonable fit of the experimental tempera-
ure variation, we have used a least square fitting method with
hree unknown constants given as functions of Cs, λs and λl
o fit the entire temperature response of the sensor film to the
pplied constant heater current [22]. On the other hand, Caddenda
s determined separately from the addenda measurement.

Fig. 2(b) illustrates the fitting results based on the CFM. After
urning-on and -off time of heater currents, the temperature of the
hin film sensor changes almost exponentially. However, as the
nset shows, the measured decaying or increasing temperatures
solid circles) have very fast change driven by the short time
onstant τ2, which is mainly due to the finite λs. The fit (solid
ine) based on the CFM results in τ1 = 4.77 s and τ2 = 0.11 s.

The CFM has several advantages over the conventional ther-
al relaxation method considering only a single relaxation time.
irst, it can estimate the τ2 value as above. While the presence
f an isothermal layer made of the Au film is partly useful to
educe the problem [15], the “τ2 effect” is quite significant in
he microcalorimeter measurement because one cannot press
he sample easily on the membrane platform due to its fragility.
econd, a total measurement time can be greatly reduced to
1–2τ, compared with a typical ∼10τ in the single relaxation

ime method.

. Results and discussion

.1. Specific heat and magnetic susceptibility data

Fig. 3 shows the heat capacity versus temperature (T) data

rom 30 to 360 K for the addenda without (solid triangle)
nd with (solid square) the YCrO3 specimen with 55 �g. The
ddenda are composed of a Si–N membrane layer and a small
mount of thermal grease. From typical measurement errors,

F
(
R
a
a

0

off. Turning-on and -off times of the current are indicated by two arrows. The
t is turned-on (-off), which is caused by the presence of the τ2 effect. The solid
in τ1 = 4.77 s and τ2 = 0.11 s.

he resolution of heat capacity is estimated to be as low as
10−6 J/K. It is found that the sample heat capacity shows the
-shaped peak around TN ≈ 140 K, indicating a second order
hase transition.

The peak, in fact, results from a canted AFM ordering of
r3+ spins. It is well known that RCrO3 compounds (R = Y and

are earths) show a weak ferromagnetism parasitic on the canted
FM. The canting of the staggered moment is driven by an

nisotropic exchange due to Dzyaloshinsky–Moriya interaction
23]. Due to the canting of the staggered moment along b, mag-
etic susceptibility (χ) along b exhibits a weak ferromagnetic
ignal below TN ≈ 140 K and the corresponding 1/χ shows a
harp decrease with decreasing T as in Fig. 3 (right axis). The
eat capacity peak temperature matches with that of a maximum
lope in 1/χ versus T data. From a linear fit to the 1/χ versus
ig. 3. The left axis summarizes heat capacity data of the microcalorimeter with
solid squares) and without (solid triangles) a single crystal YCrO3 (m = 55 �g).
ight axis shows the inverse magnetic susceptibility 1/χ vs. T plot measured
long b-axis at H = 2 kOe after zero field cooling. Both measurements indicate
canted antiferromagnetic ordering at TN ≈ 140 K.
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Fig. 4. The specific heat over temperature (C/T) data of YCrO3 (solid squares)
and LaGaO3 (dashed line). The latter has been scaled by the Lindemann factor as
explained in texts. Two additional phonon contributions, described by the Debye
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gated here, we have also found a broad dielectric constant peak
around 500 K, as consistent with the reported TC ≈ 473 K of the
polycrystalline YCrO3 samples [11]. To explain these behaviors
consistently, Serrao et al. have performed the spin-dependent
odel with the Debye temperatures θD = 144 K (dotted line) and 1000 K (dashed-
otted line), were included to calculate the expected total phonon specific heat
f YCrO3 (solid line).

orresponds to S ≈ 1.46 close to S = 3/2, a value expected from a
r3+ ion subject to the orbital quenching effect in an octahedral
rystal electric field.

.2. Lindemann factor correction

Fig. 4 shows the resultant specific heat of YCrO3 over tem-
erature (C/T) calculated after subtracting the addenda heat
apacity from the total one in Fig. 3. To extract the magnetic
pecific heat contribution of YCrO3, we have initially assumed
he phonon contribution of YCrO3 is same as the C/T data of the
on-magnetic analogue LaGaO3 up to the Lindemann factor as
xplained below [24]. A similar C data of LaGaO3 corrected by
he Lindemann factor has been successfully used to estimate the
honon specific heat of NdCrO3 [25]. Because mass and vol-
me of LaGaO3 are different from those of YCrO3, an effective
ebye temperature (θD) can be expressed as [26]:

D = L

(
Tm

MV 2/3

)1/2

(2)

here Tm is a melting temperature, M an atomic weight, and
an atomic volume. L is called as the Lindemann constant.

ssuming that L and Tm are almost same for both YCrO3 and
aGaO3, θD of YCrO3 is 1.197 times larger than that of LaGaO3,
ue to the mass and volume difference. Thus, we can scale the
emperature of the C versus T curve of LaGaO3 by this Linde-
ann factor 1.197 to use as the estimated phonon C of YCrO3.
dashed line in Fig. 3 shows the resultant C/T. This method

elies on the assumption that both materials have almost the
ame Debye temperatures within a harmonic approximation up
o the Lindemann factor [24]. It is noted that C of LaGaO3 is
est described by the Debye phonon model with three θDs at

00, 350, and 900 K, respectively. A scaling of temperature by
he Lindemann factor 1.197 means a scaling of all three θDs by
he same factor to calculate the phonon contribution of YCrO3
y the Debye model.
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With this estimation of the phonon C/T of YCrO3, we have
btained the magnetic specific heat (Cmag) over T, Cmag/T, and
lso calculated the magnetic entropy (�Smag) by integration
f Cmag/T from 30 to 360 K. However, the resultant �Smag
ersus T curve showed much larger values than the expected
Smag = R ln(2S + 1) = 11.526 J mol−1 K−1 (for S = 3/2) even
ell below TN. Furthermore, it did not show any saturation

o a finite value even at 360 K, much higher than TN. Recall-
ng that S ≈ 1.46 of Cr3+ ions from the experimentally observed
urie–Weiss momentμeff is consistent with the expected S = 3/2,

he observation of large excess entropy suggests existence of
dditional phonon entropy beyond the magnetic entropy of Cr3+

nd the Lindemann factor corrected phonon entropy in a broad
emperature region below and above TN.

.3. Additional phonon entropy and implication to
erroelectricity

To describe the C/T data in Fig. 4, we found that in addition
o the C/T of LaGaO3 with the Lindemann factor correction,
t least were needed two more Debye phonon contributions
ith θD = 144 and 1000 K, respectively, as shown in dotted and
ashed-dot lines. By including these two Debye model con-
ributions, the remaining �Smag ≈ 13 J mol−1 K−1 is found to
e close to the expected one 11.54 J mol−1 K−1, as shown in
ig. 5. The present results seem to be consistent with the fact that
CrO3 is known to have the monoclinic structure with relatively

ow symmetry space group P21/n (No. 14) in the literature [27]
s compared with that of LaGaO3, Pbnm (No. 62) [28]. In other
ords, the additional Debye phonon modes of YCrO3 might be
natural consequence of the monoclinic space group P21/n.

However, we note that P21/n is still a centrosymmetric space
roup while the evidence of ferroelectricity seems to be exper-
mentally convincing as observed by a dielectric constant peak
nd a ferroelectric hysteresis loop [11]. For the crystal investi-
ig. 5. Magnetic specific heat over temperature (�Cmag/T) (left axis) of YCrO3

m = 55 �g) obtained after subtracting the phonon contribution (see texts for
etails). The solid line represents entropy (right axis) integrated with the
Cmag/T data. The dashed line marks the expected magnetic entropy of the
r3+ ion with S = 3/2: �Smag = R ln(2S + 1) = 11.53 J mol−1 K−1.
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ensity functional theory calculations to find out the final relaxed
tructure with the lowest energy has the broken inversion sym-
etry, of which space group is close to the monoclinic P21 (No.

). From these results, we tentatively conclude that the additional
ebye phonon modes could be related to the space group P21

ather than P21/n. In future, the actual space group of our crys-
al should be further investigated through the structural studies
uch as high resolution X-ray or neutron diffraction.

The present experimental results seem to be closely related
o a comparative thermal conductivity study of YCrO3 and
aGaO3 by Zhou and Goodenough [29]. The phonon thermal
onductivity of YCrO3 is significantly suppressed overall
emperatures below and above TN as compared with that of
aGaO3. Without information of the occurrence of ferro-
lectricity in YCrO3 [11], Zhou and Goodenough [29] have
ttributed their results to the bond-length fluctuation of YCrO3
oupled to the magnetic fluctuation above TN that might come
rom an exchange striction driven by a strong spin–phonon
oupling. Because the measured thermal conductivity is found
o be much more suppressed even below TN as well as above,
owever, the inhomogeneous bond-length fluctuation driven by
agnetic fluctuation alone might not be enough to account for

he experimental observation. If inversion symmetry-breaking
honon modes related to short ranged or long ranged ferroelec-
ric dipoles exist below TC and it gives the additional scattering
f phonon thermal conductivity through the inhomogeneous
ond-length fluctuation, one can expect both large excess
ntropy from the additional symmetry broken phonon modes
nd suppression of the phonon thermal conductivity overall
emperatures. Therefore, all of these experimental observations
oherently suggest that YCrO3 has the additional phonon
odes related to the monoclinic space group with an inversion

ymmetry breaking. In future, heat capacity studies of YCrO3 up
o temperatures above TC, and direct measurements of phonon
odes are desirable to further understand this compound.

. Conclusion

We have measured the specific heat of a bi-ferroic YCrO3
rystal with 55 �g using a high accuracy microcalorimeter
etween 30 and 360 K. YCrO3 shows a sharp peak in the specific
eat at TN ≈ 140 K due to a canted antiferromagnetic ordering.
he analyses of magnetic and phononic entropy of YCrO3 sug-
est that there exist additional phonon modes beyond those of
aGaO3, which can be allowed in the monoclinic space group
ith a broken inversion symmetry below TC ≈ 500 K.
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