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Abstract

The heat capacities of vitreous and crystalline GeSe, as obtained by relaxation calorimetry from 2 to 25K are reported. Focus is given to the
effect of the structure on the heat capacities and on the boson peaks observed for both vitreous and crystalline GeSe;, below 4 K. The accuracy of
the commercial instrument used is considered by comparing the results obtained with earlier heat capacities determined by adiabatic calorimetry.

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

Germanium diselenide is an interesting compound with a
complex crystal structure in which half of the basic GeSes-
tetrahedral building blocks share corners. The remaining half
share edges and an open two-dimensional crystal structure
results [1]. This open structure transforms to a denser three-
dimensional structure well below 1 GPa on application of pres-
sure [2,3]. In the high-pressure structure all tetrahedra share
corners only. Similar changes in the intermediate-range order
take place also in liquid GeSe, both as a function of pressure
[4] and temperature [5,6]. This affects the properties of lig-
uid GeSe, to a large extent. GeSe, satisfies three out of the
four Zachariasen’s criteria for glass formation [7] and the glass-
forming ability of GeSe, is consequently good. More unusual
is the variation of the viscosity of liquid GeSe; with temper-
ature [8]. Most liquids are characterized either as strong or as
fragile. In the first case the viscosity varies with temperature
according to the Arrhenius equation and the short and medium
range order is to a large extent the short and medium range order
present in the corresponding crystalline state. Fragile liquids on
the other hand show a non-Arrhenius temperature dependence
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of structure dependent properties like the viscosity and the local
structure is here expected to be quite different from that in the
crystalline state and also to vary appreciably with temperature
[9,10]. While liquid GeSe; just above the glass transition tem-
perature must be termed as a strong liquid, it is fragile above the
melting temperature and a temperature induced strong to fragile
transition is thus inferred [8].

GeSe; behaves anomalously in another respect as well. The
heat capacity of crystalline GeSe; is higher than that of vitreous
GeSe; between 12 and 60 K [11,12]. Above 60 K, the normal,
opposite situation prevails and the excess heat capacity of vitre-
ous GeSe; rises to about 39J K~ mol~! at the glass transition
temperature, 680 K [8]. In the present study, we extend the ear-
lier heat capacity determinations to lower temperatures. The heat
capacity of glasses typically deviates from the Debye model at
low temperatures resulting in a maximum in Cp/]‘°’ versus tem-
perature. The heat capacity of vitreous GeSe; is thus expected to
rise above that of crystalline GeSe, as temperature is lowered.
There is increasing evidence that the Cp/T® versus 7 maximum
originates from the low-frequency vibrational modes giving rise
to the so-called boson peak observed in Raman and neutron
scattering experiments. The boson peak is basically a broad
maximum in the vibrational density of states normalized by the
frequency squared. These additional soft vibrations coexist with
Debye-like acoustic phonon modes. In the case of vitreous sil-
ica they correspond to relative rotations of the SiO4-tetrahedra
[13]. The temperature for the maximum in Cp/]‘°’ takes place at
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around 8 and 10K for GeO, and SiO,, respectively, and even
lower in temperature for BoO3 [14,15].

A second purpose of this paper is to test the accuracy of the
heat capacity option of the Quantum Design Physical Properties
measurement system (PPMS) at low temperatures. The previous
data for GeSe; [11,12] were obtained by adiabatic calorimetry
and the presently used relaxation calorimeter can thus be evalu-
ated in the overlapping temperature region (12 < 7/K < 25). Two
previous studies reach quite different conclusions with regards
to the accuracy and of this instrument by measurements on cop-
per and synthetic sapphire [16,17], and a further independent
comparison is warranted.

2. Experimental
2.1. Sample preparation and characterization

The starting materials used for the preparation of crystalline
and vitreous GeSe, were high purity germanium (99.999%)
and selenium (99.999%) from Goodfellow Inc., UK. They were
mixed in stoichiometric ratio in silica glass ampoules, which
were evacuated and then sealed. Crystalline GeSe; was pre-
pared by first annealing the initial mixture at 1173 K for 48 h.
The samples were subsequently ground and annealed at 923 K
for 6 weeks before they were cooled to room temperature over a
period of 24 h. The obtained products were examined by powder
X-ray diffraction (XRD) at room temperature and were found
to have the monoclinic layered structure (P21/c, Z=16) [1]. No
impurities could be detected by XRD or by scanning electron
and optical microscopy. For producing vitreous GeSe,, a sam-
ple was after the initial temperature treatment at 1173 K for
48 h dropped into a mixture of ice, NaCl, and water to quench
the sample into a glassy state. The product was non-crystalline
when probed by XRD and shows a glass transition at around
680 K.

2.2. Relaxation calorimetry

The heat capacity determinations were made with a fully
automated relaxation calorimeter of the physical property mea-
surement system (PPMS) from Quantum Design (QD). Here
the heat capacity of the sample is determined by measuring
the thermal response of a sample/calorimeter assembly to a
short heat pulse. A heat-flow diagram for a standard relax-
ation calorimeter is shown in Fig. 1a. A relaxation calorimeter
typically consists of a platform with high thermal conductiv-
ity to which a thin film heater and a temperature sensor for
measuring the sample temperature are attached. The platform
is connected to a heat sink via four thin wires. A schematic
drawing of the calorimeter is given in Fig. 1b. The thermal
link is characterized by a thermal conductance, K;. In addi-
tion, the four wires provide electrical connections to the heater
and temperature sensor. The sample with unknown heat capac-
ity, Cx, is attached to the sample platform with high thermal
conductivity grease, and the thermal link between the plat-
form and the sample is characterized by a thermal conductance,
K>.
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Fig. 1. (a) Heat-flow diagram for a conventional relaxation calorimeter. (b) A
schematic representation of the relaxation calorimeter used.

With a power, P, applied to the platform via the thin-film
heater, the coupled differential equations

dT;
P = Ca-3 + Ka(Tp = T) + Ka(Tp — To),
dT;
0= Cx=y = + Kao(Tx = Ty) (1)

describe the heat-balance condition for the system given in
Fig. 1. In Eqg. (1), C4 is the addenda heat capacity with
contributions from the platform, the temperature sensor, the
heater, and the thermal-contact grease. Tp, Tp and Ty are
the temperatures of the heat sink, the platform and the sam-
ple, respectively. A power P applied to the heater warms
the platform/sample assembly from Ty to Tp+ AT, where
AT=PI/K;. When the thermal connection between the sam-
ple and platform is very strong (K2 > K1), the temperature of
the sample is close to identical to the temperature of the plat-
form and in such cases the heat-balance condition simplifies
to

dT,
P=(Ca+t cx)Tf + K1(Tp — To) )
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After the heat pulse, the platform/sample assembly will cool to
the heat sink temperature, Tp, according to

Tp(t) = To + AT exp (;) (3)
where the time constant t is (Cx+ Ca)/K1. As long as AT is
small, the temperature-dependence of Cx, Ca, and K; can be
ignored and Eqg. (3) can be used to determine Cyx from a mea-
sured 7. K is determined by measuring the temperature change,
AT, that results when power, P, is applied, while the addenda
heat capacity, C,, can be determined from a decay measurement
with no sample attached to the platform (the thermal grease is
present).

Often the sample-platform thermal link is not sufficient to
insure K> > K1. Then Ty # T and the thermal decay is described
by

Tp(t) = To+ Aexp (—) + Bexp (—é) . 4)

t
71
2.3. The PPMS relaxation calorimeter

In the PPMS relaxation calorimeter, the platform is an alu-
mina square with dimensions 3mm x 3 mm. Ceramic Cernox
resistance thermometers (Lakeshore Cryotronics) [18] cali-
brated on the 1TS-90 scale are used as sample thermometer and
for system control. Apiezon™ N grease is used to fix the sam-
ple to the platform. A special curve-fitting method is used to
determine the heat capacity of the sample [19]. A number of
heat pulses are carried out at each temperature and averaged. In
order to insure accurate heat capacity data, the samples should
be large enough. The lowest sample mass that can be used for
a given compound is determined by the compound’s electronic
heat capacity, Debye temperature, and density.
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3. Results and discussion

The heat capacities of crystalline and vitreous GeSe; in the
temperature region from 2 to 25K are given in Fig. 2. Two
samples of significantly different mass are examined both for
crystalline and vitreous GeSe;. The results are shown using
two different representations. The logarithmic plot in Fig. 2a
enhances the presentation of the low temperature measurements
while the linear plot in Fig. 2b, shows the agreement with earlier
data for higher temperatures, obtained by adiabatic calorimetry
[11,12].

The heat capacity of vitreous GeSe; is lower than that of
crystalline GeSe, from 60 K [12] and down to about 12 K. This
somewhat unusual feature must be seen in light of previous
data for other glass-forming compounds. For network-forming
oxides, a correlation between the difference in the heat capacity
of crystal and glass and the difference in density is suggested
[15]. A lower density appears to give a higher heat capacity.
Thus, vitreous B,O3 and GeO have higher heat capacities
than the corresponding, denser crystalline modifications, and
stishovite with a much larger density than vitreous SiO2 has
a much lower heat capacity. The situation is slightly different
when crystal and glass have similar densities. Cristobalite, with
a density approximately equal to (or slightly higher) that of
glassy SiO» (p=2.2gcm~3) has a higher heat capacity than
the vitreous analog. The density of vitreous GeSe; is in two
studies reported to be 4.39gcm—2 [20] and 4.34gcm—3 [21],
respectively, and thus to be approximately equal to the density of
crystalline GeSe, (4.39 gcm—23) [1]. In analogy with the cristo-
balite/vitreous SiO,-case, crystalline GeSe; has a higher heat
capacity than vitreous GeSe; from 12 to 60 K. Complementary
lattice dynamics calculations are needed to explain this feature
microscopically.

The heat capacity data are replotted in Fig. 3 to give focus to
the so-called boson peak at low temperatures. In line with the
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Fig. 2. Heat capacity of vitreous and crystalline GeSe; vs. temperature, (a) a logarithmic plot; (b) a linear plot. The adiabatic data for vitreous and crystalline GeSe,

are taken from Atake et al. [11] and Stglen et al. [12], respectively.
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Fig. 3. Cpm/T® vs. temperature.

earlier reported qualitative correlation between the boson peak
and the average bond strength of the glasses as characterized by
the glass transition temperature [15], the peak in Cp/Y8 versus
temperature is for GeSe, (Ty=680K) at around 4 K. A simi-
lar boson peak temperature is observed for vitreous B,O3 with
T4 =540 K while vitreous GeO; and SiO», with glass transition
temperatures of 980 and 1480 K, have boson peaks at approxi-
mately 8 and 10 K, respectively [14,15].

The size of the Cp/TG versus temperature anomaly is believed
to relate to low-frequency floppy vibrational modes which
involve relative rotations of rigid tetrahedral units. The den-
sity of such modes and thus the size of the anomaly are in
general observed to increase with decreasing density [15]. The
fact that a boson peak is also observed for crystalline GeSe; is
not unexpected since its density is similar to that of the glass.
Furthermore, similar boson peaks have earlier been reported
for other low-density crystalline substances with open three-
dimensional tetrahedral network structures. Cristobalite is again
our example having a larger boson peak than the correspond-
ing glass [15]. Crystalline compounds with high density, like
B, 03, tetragonal GeO, and stishovite (the latter two contain
six-coordinated Ge and Si, respectively) do not show boson-
like anomalies. These general observations can be interpreted
using Phillips” constraint theory in which the glass/crystal is
described as a network with rigidity characterized by the ratio
between the number of degrees of freedom and the number of
bonding constraints [22,23]. Underconstrained systems show a
high density of floppy modes, while the boson peak is small
for more constrained rigid structures [24]. For our examples,
the limited number of constraints for the tetrahedral network
structures gives a high density of floppy vibrational modes. The
larger number of constraints induced by octahedral coordina-
tion in tetragonal GeO, and stishovite result in rigid structures
and few floppy modes [15]. Thus in general larger boson peaks
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Fig. 4. Comparison of data obtained by adiabatic calorimetry [11,12] and by
relaxation calorimetry.

are expected for network structures with lower densities. In the
present case the density of crystalline and vitreous GeSe; is sim-
ilar. We propose that the lower boson peak for crystalline GeSe;
relates to the reduced number of degrees of freedom caused by
the presence of edge-sharing tetrahedra in the crystalline state.
Edge-sharing tetrahedra are less probable in the glass since large
changes in the medium range order of liquid GeSe, is observed
as a function of temperature [5].

The present results are compared with previous data for
GeSe; obtained by adiabatic calorimetry in Fig. 4. The pre-
sumably more accurate adiabatic heat capacity measurements
are shown as lines. In the overlapping range from 12 to 25K
all data obtained by relaxation calorimetry are within 3-4% of
the adiabatic data used as a reference. The agreement between
the two series for each sample is very good at the lowest tem-
peratures, but less satisfying at higher temperatures. Previous
studies discussing the accuracy of the Quantum Design relax-
ation calorimeter show both impressive and discouraging results.
The results obtained for copper were within 0.75% of the rec-
ommended data for temperatures above 30 K, within 1.5% for
(30> T/K > 4), rising to 4% below 4 K [16]. A much larger inac-
curacy was reported for synthetic sapphire. Here the data were
reported to be within 5% above 100K and increasing to 40%
below 10 K. The reason was claimed to relate to the high Debye
temperature and the absence of electronic contributions at the
lowest temperatures which together with a low density gives a
rather small heat capacity contribution from the sample [16]. A
more recent study indicates a much higher accuracy, compara-
ble to low-temperature adiabatic calorimetry. They report that
the heat capacity of single crystals or sintered pellets of a range
of synthetic minerals deviates from adiabatic data by a maxi-
mum of 0.5 £+ 0.8% in the temperature range 100-300 K. Below
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100 K the inaccuracy rises to about 2% [17]. The present results
are less accurate than the data reported earlier for copper, but
much more accurate than those for synthetic sapphire [16].
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