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Abstract
In photopyroelectric calorimetry thermal conductivity, thermal diffusivity
and specific heat are measured simultaneously from the same heating or
cooling run. As it provides a good signal-to-noise ratio with small
temperature gradients, it is well suited to study the critical behaviour of
phase transitions. Up to now, it has been mainly used above 77 K. In this
work we implement the cryogenic set-up to work down to 10 K. The
troubles introduced by the cryostat vibrations and by the freezing of the
coupling grease are analysed. This set-up has been used to characterize
the critical parameters of the antiferromagnetic SmMnO3, which agree with
the three-dimensional XY universality class.

Keywords: photopyroelectric, phase transitions, critical behaviour, thermal
properties, manganites

1. Introduction

Photopyroelectric (PPE) calorimetry has been widely used to
measure the thermal properties of solids and liquids (see [1]
and references therein). In the standard back configuration,
where an opaque sample is periodically illuminated on one side
while the other side is in contact with the pyroelectric detector,
the thermal parameters can be obtained from simple linear
relations. In particular, when both sample and pyroelectric
detector are thermally thick the natural logarithm of the
amplitude and the phase of the PPE signal are parallel
straight lines when represented as a function of the square
root of the modulation frequency. From their slope and
from the vertical separation, thermal diffusivity (D) and
thermal effusivity (e = √

ρcK) are obtained, respectively.
Then, from the constitutive relation (K = ρcD, where ρ

is the density), thermal conductivity (K) and specific heat
(c) can be retrieved [2, 3]. PPE calorimetry has two main
advantages: on the one hand, the temperature dependence
of D, K and c can be obtained from one single heating
and/or cooling run at a fixed frequency; on the other hand,
a good signal-to-noise ratio is obtained with very small light
intensities. This means that small temperature gradients
are induced in the sample and therefore this calorimetry is
especially suited to studying phase transitions [4]. In the last
years we have been using a PPE calorimeter, based on a
nitrogen bath cryostat, to characterize the thermal properties of

magnetic samples around their transition temperature down to
77 K [5, 6].

In this paper we present a recent development of PPE
calorimetry in order to measure the thermal properties around
phase transitions down to 10 K. PPE measurements down to
20 K have already been published [7]. However, the minimal
cooling/heating rate of 1 K min−1 was too fast to observe the
details of the phase transitions in the critical region. In our
PPE set-up the minimal cooling/heating rate is 5 mK min−1

and therefore high resolution measurements in the near vicinity
of the transition temperature are allowed. We have used an
actively cooled cryostat that uses mechanical devices to cool
materials to cryogenic temperatures. Its main advantage is
that it uses helium gas as the working fluid instead of the
very expensive liquid helium, but it presents some drawbacks
when used in PPE measurements. On the one hand, the
vibrations generated by the cooler are transmitted to the cold
finger and affect the PPE signal since the pyroelectric sensor is
piezoelectric as well. Moreover, as the temperature decreases
the thermal coupling between the sample and the pyroelectric
sensor is reduced and therefore the thermal diffusivity is
underestimated while the specific heat is overestimated.
After overcoming these drawbacks we have performed
high resolution measurements in the antiferromagnetic
SmMnO3 around the Néel temperature TN = 59 K. The
critical parameters obtained (α = −0.012 and A′/A =
1.02) agree with the three-dimensional XY universality class.
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Figure 1. Scheme of the cryogenic set-up. (1) cold finger, (2) pyroelectric detector, (3) sample, (4) optical window, (5) heating laser,
(6) photopyroelectric signal, (7) to the vacuum pump, (8) to the temperature controller, (9) High pressure He input, (10) Low pressure He
output. (a) Side view, (b) front view.

2. Experimental set-up and calibration

The experimental set-up is based on a cell modification of
a PPE calorimeter used in the back configuration [1]. An
acousto-optically modulated He–Ne laser beam of 5 mW
illuminates the upper surface of the sample under study. Its
rear surface is in thermal contact with a 350 µm thick LiTaO3

pyroelectric detector with Ni–Cr electrodes on both faces, by
using an extremely thin layer of a high heat-conductive silicone
grease (Dow Corning, 340 Heat Sink Compound). The
photopyroelectric signal is processed by a lock-in amplifier
in the current mode. Both the sample and the detector are
placed in contact with the cold finger of an actively cooled
helium cryostat (Oxford Instruments, OptistatAC-V 01). It
uses a Gifford-McMahon refrigerator which works as follows.
The compressor system supplies compressed helium to the
cold head through flexible metal hoses. The gas expands
in the cryostat unit to provide refrigeration, by expanding
the high-pressure helium to low pressure, and then returns
to the compressor unit. The cold head exchanger is in good
thermal contact with the sample holder. A scheme of the
cryogenic system is shown in figure 1. This system allows
measurements in the temperature range from 10 K to 325 K
at rates that vary from 100 mK min−1 for measurements on a
wide temperature range to 5 mK min−1 for high resolution runs
close to phase transitions. Measurements were performed at
17.0 Hz. This frequency is high enough to guarantee that the
pyroelectric sensor is thermally thick in the whole temperature
range analysed, but it is low enough to have a high PPE signal.
The thicknesses of the samples have been selected to fit the
thermally thick requirement.

Besides saving the very expensive liquid helium, the
main advantage of this cryogenic system is that it allows
long cooling/heating runs which are of practical interest in
phase transition measurements. However, it introduces some
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Figure 2. Piezoelectric signal induced by the cryostat vibrations in
the absence of heating light.

troubles that must be overcome for use in PPE calorimetry.
The first one is related to the vibrations produced by the
cryostat head that are transmitted by the sample holder to
the pyroelectric detector. As this last one is also piezoelectric
an additional signal is superimposed to the pyroelectric one.
In figure 2 the signal amplitude is recorded as a function of the
frequency in the absence of illumination. Since the cryostat
head rotates at a rate of one revolution per second, even
frequencies produce high intensity signals of piezoelectric
nature due to resonance. Therefore these frequencies must
be avoided in this PPE calorimeter.

An additional source of piezoelectric contribution is
related to the orientation of the sample holder (see
figure 1(b)). We have analysed its influence on the residual
noise in the absence of heating illumination. From 325 K down
to 240 K this residual noise is independent of the orientation of
the sample holder and small enough to be neglected (≈0.3%).
However, as the temperature drops below 240–230 K, i.e. the
freezing temperature of the coupling grease, this residual noise
of piezoelectric nature depends dramatically on the sample
holder orientation. When the sample is horizontal (θ = 0◦),
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Figure 3. Critical behaviour of specific heat (a) in RbMnF3, a 3D-Heisenberg antiferromagnet and (b) in FeF2, a 3D-Ising antiferromagnet.
The continuous line represents the ideal specific heat. The dotted line represents the overestimated specific heat obtained in PPE calorimetry
due to the presence of the grease layer between the sample and the detector.

as is shown on the left side of figure 1(b), measurements are
not possible because of a noise of about 100%. As the angle
of the sample holder (θ) increases the noise is clearly reduced.
For instance, in measurements performed at 50 K and with an
integration time of 2 s for θ = 22.5◦, 45◦ and 67.5◦, the noise
is 10%, 2.5% and 1% respectively (θ = 90◦ was not suitable
for mechanical stability). Accordingly, all measurements have
been performed at θ = 67.5◦.

The coupling grease introduces another problem. It has
been already demonstrated that even if it is extremely thin it
increases the slope of the linearity of the natural logarithm of
the amplitude (ln V ) and that of the phase (�) of the PPE signal
when represented as a function of the square root frequency
[8]. As a consequence, the thermal diffusivity of solid
samples is underestimated, and this effect is higher for high
thermal diffusivity samples. On the other hand, the vertical
separation of both straight lines remains almost unaffected and
consequently the thermal effusivity is accurately measured.
Taking into account that K = e

√
D and c = e

ρ
√

D
, it is

concluded that the thermal conductivity is underestimated and
the specific heat is overestimated. These results have been
confirmed in room temperature measurements [8]. However,
at low temperatures, since the coupling grease solidifies, the
thermal coupling between the sample and the pyroelectric
sensor becomes worse. This means that the effective thermal
properties of this intermediate layer between the sample
and the sensor are reduced and therefore the effect of
under/overestimation of the thermal properties is enhanced.
As we are interested in characterizing the thermal properties
of second-order magnetic transitions, we analyse how the
mentioned problem affects the determination of the critical
parameters. The critical behaviour of the specific heat is
described by a function of the form

c = B + Ct + A|t |−α(1 + E|t |0.5) (1)

where t = (T − TC)/TC is the reduced temperature, TC is
the critical temperature, and α, A, B, C and E are adjustable
parameters for T < TC. The same equation is used for
T > TC with prime parameters. The linear term represents
the background contribution to the specific heat and satisfies
B = B ′ and C = C ′. The last term is the magnetic contribution
to the specific heat with α = α′. The term (1 + E|t |0.5) is the
correction to scaling that represents a singular contribution

to the leading power as known from experiments and theory
[9, 10]. According to the values of the critical exponent α

and of the critical amplitude ratio A′/A, different universality
classes can be distinguished. In particular, for three-
dimensional (3D) magnets two main results are found: (a) the
3D-Heisenberg model for isotropic magnets with α = −0.11
and A′/A = 1.50 and (b) the 3D-Ising model for uniaxial
magnets with α = +0.11 and A′/A = 0.50. Now we analyse
the influence of the overestimation of the specific heat in
PPE experiments due to the coupling grease on the critical
parameters of 3D-Heisenberg and 3D-Ising magnets.

In figure 3(a) we show the specific heat of RbMnF3,
a well-known isotropic antiferromagnet that satisfies a 3D-
Heisenberg model [11]. The continuous line represents the
ideal specific heat that satisfies α = −0.11 and A′/A = 1.50.
The dotted line represents the overestimated specific heat due
to the presence of the grease layer between the sample and
the detector. Calculations have been performed using the
expression for the normalized PPE signal for the thermally
thick sample and the pyroelectric detector that incorporates
the effect of the coupling grease [8]

Vn = 4 exp(−σs�s)

(1+bsg)(1+bgp) exp(σg�g)+(1−bsg)(1−bgp) exp(−σg�g)
,

(2)

where bij = ei/ej , σi = (1+i)

µi
, µi =

√
Di

πf
being the thermal

diffusion length. The subindices s, p and g stand for sample,
pyroelectric detector and grease, respectively. The following
data have been used: ls = 1.0 mm, Ds (79 K) = 8.5 mm2 s−1,
es (79 K) = 4900 J m−2 K−1 s−1/2, lg = 10 µm, Dg =
0.10 mm2 s−1, eg = 500 J m−2 K−1 s−1/2, lp = 0.35 mm,
Dp = 3.0 mm2 s−1, ep = 2200 J m−2 K−1 s−1/2. As expected,
the influence of the grease layer produces an underestimation
of the thermal diffusivity D′(79 K) = 6.95 mm2 s−1, while the
thermal effusivity remains unchanged e′(79 K) = e (79 K) =
4900 J m−2 K−1 s−1/2. Accordingly, an overestimation of the
specific heat is produced c′(79 K) = 430 J kg−1 K−1. By
repeating this same calculation in the whole range between
79 K and 89 K we obtain the temperature dependence of the
apparent specific heat due to the grease, i.e. the dotted line
in figure 3(a). By fitting this dotted line to equation (1) we
find α = −0.110 ± 0.004 and A′/A = 1.49 ± 0.01. This is
a very interesting result since it indicates that, even for a high
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Figure 4. Temperature dependence of the photopyroelectric signal
provided by the bare detector.

overestimation of the specific heat produced by an unrealistic
thick grease layer, the critical parameters are obtained with
high accuracy.

Similar calculations have been performed for FeF2, a
3D-Ising antiferromagnet [12]. In figure 3(b) the continuous
line represents the ideal specific heat that satisfies α = +0.11
and A′/A = 0.50. The dotted line represents the specific
heat calculated from equation (2) using the following data:
ls = 1.0 mm, Ds(72 K) = 22.0 mm2 s−1, es(72 K) =
6665 J m−2 K−1 s−1/2, lg = 10 µm, Dg(72 K) = 0.10 mm2 s−1,
eg(72 K) = 500 J m−2 K−1 s−1/2, lp = 0.35 mm, Dp(72 K) =
3.1 mm2 s−1, ep(72 K) = 2150 J m−2 K−1 s−1/2. The
influence of the grease layer produces an underestimation of
the thermal diffusivity D′(72 K) = 14.8 mm2 s−1, while the
thermal effusivity remains unchanged e′(72 K) = e(72 K) =
6665 J m−2 K−1 s−1/2. Accordingly, an overestimation of the
specific heat is produced c′(72 K) = 432 J kg−1 K−1. By
repeating this same calculation in the whole range between
72 K and 85 K we obtain the temperature dependence of the
apparent specific heat due to the grease, i.e. the dotted line in
figure 3(b). By fitting this dotted line to equation (1) we find
α = +0.111 ± 0.002 and A′/A = 0.505 ± 0.007. As before,
the critical parameters are almost unaffected by the influence
of the grease layer.

3. Experimental results and discussion

In figure 4 the temperature dependence of the natural logarithm
of the amplitude (ln Vp) and that of the phase (�p) of the
PPE signal provided by the bare pyroelectric detector is
shown. This knowledge is of practical interest since in PPE
measurements we work with normalized signals, i.e. the ratio
of the PPE signal with and without a sample. As is well
known, the phase is almost temperature independent above
77 K and therefore normalization is not necessary. However,
below this temperature the phase increases as the temperature
decreases. For temperatures below 40 K, normalization must
be performed carefully since both amplitude and phase change
dramatically.

In order to calibrate our low temperature set-up we
have measured the temperature dependence of the thermal
properties of LaMnO3, which were already measured above
77 K using a nitrogen bath cryostat [6]. We have used
a slice 0.35 mm thick that was cut from the grown
ingots, perpendicular to the growth direction (c-axis). The
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Figure 5. Temperature dependence of the thermal conductivity and
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temperature evolution of K and D is shown in figure 5. The
results down to 80 K are the same as those obtained with
the liquid nitrogen cryostat [6]. Below this temperature the
thermal diffusivity increases until it reaches a plateau, that
is the expected behaviour for this quantity. In its turn, the
thermal conductivity also increases as temperature decreases
until it reaches a maximum and then decreases. This is also the
expected result for K at low temperatures and is related to the
fact that the phonon mean free path reaches a constant value
that is determined by the external boundaries of the crystal
[13].

As an application of this PPE set-up we have measured
the thermal properties of the antiferromagnet SmMnO3 around
the Néel temperature. We are interested in measuring the
influence of the rare earth substitution on the critical behaviour
of XMnO3 (X = La, Pr, Nd, Sm, . . . ). We have already
measured the first three compounds using a liquid nitrogen
cryostat [6], but as the Néel temperature of the rest of the family
falls below 77 K we need to use the new set-up. The sample
we have measured is a single-crystal plate 0.52 mm thick. In
figure 6 the temperature dependence of D and c around the
transition temperature is shown. Note that D, which is
obtained directly from the phase of the PPE signal, is less
noisy than c, which is obtained by combining both amplitude
and phase. Since the thermal conductivity of SmMnO3 shows
no singularity at the transition, the inverse of the thermal
diffusivity behaves as the specific heat (1/D = ρc/K) and
it has been fitted to the following equation:

1/D = G + Ht + F |t |−α(1 + I |t |0.5) (3)

where t = (T − TN)/TN is the reduced temperature and
G, H, F and I are adjustable parameters for T < TN. The
same equation with prime parameters is used for T > TN. In
figure 7 the experimental results of 1/D are shown by open
circles while the continuous line is the best fit to equation (3).
The quality of the plot is shown in figure 8. Values for
|t | < 4 × 10−3 for T < TN and for |t |< 2 × 10−3 for T > TN

are affected by rounding and have not been considered in
the fit. The critical parameters obtained are α = −0.012 ±
0.008 and F ′/F = 1.02 ± 0.01, which agree with the 3D-XY
universality class (α = −0.014 and A′/A = 1.06) [14]. Similar
critical parameters are obtained for the specific heat. The fact
that SmMnO3 belongs to a different universality class from
LaMnO3, PrMnO3 and NdMnO3 could be related to the change
from a layered-type (A-type) antiferromagnetic structure to an
incommensurate antiferromagnetic structure just for SmMnO3

[15].
In this work we have developed a PPE calorimeter to

work below the liquid nitrogen condensing temperature. It has
been necessary to overcome some troubles introduced by the
vibrations of the cryostat and by the freezing of the coupling
grease. This new set-up has been used to measure the critical
parameters of the antiferromagnet SmMnO3 that agree with
the three-dimensional XY universality class.
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