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ABSTRACT

The heat capacitics of GeS. GeSc and GeTe were measured in the temperature
range 220-610 K, employing a computer inter{aced differential scanning calonmecter.
Using the measured heat capacity data, the Debye temperatures of GeS, GeSe and
GeTe were estimated 1o be 360, 280 and 130 K. respectively. The 1V~-V] compounds
with cubic structurc have lower average force constanis than the orthorhombic
compounds. The absolulc cntropics at 298 K were calculated lo be 394 = 19,
716 = 40and 975 - 40J K~ mole™ " for GeS and GeTe, respectively.

INTRODUCTION

Crystal growth studics of GeS, GeSe and GeTe by chemical vapor transport
made il necessary to discuss the thermodynamic functions of these compounds at
various temperatores’ . The heat capacities of GeS. GeSe and GeTe, however, had
not becn measured in the temperature region of interest. This paper presents such
hcat capacity data in the temperature range 220-610 K. The hcat capacitics are
discussed in terms of the Debye theta temperatures and the crystal structures. In
addition, the absolute entropies of the germanium monochalcogenides are calculated
from the heat capaaity data.

ENPERIMENTAL FROCEDURES

Hear capacity measurements

A differential scanning calorimeter (Perkin-Elmer DSC-2) was used for the
thermal analysis of all samples. The DSC outpul was recorded in digital form,
suitable for compuicr cvalvation. A detailed description of the equipment and
computer program js given clsewherc®. Data points were sampled every 1.2 5 and
averazed for heat capacity cvalvation. Accuracics betier than = 0.5%Z have been
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Fig 1. DS curves for hascline, standard and sampic scans fprint-oul of 43t fapes). Lowest cunve:
bascline scan; middle curve: samplc scan; fop cusve: standand scan (ALO3). The kit horizontals arc
the starting; isotherms. followad by hating from 210 1o 260 K. The right hodzontals arc the cnling
tsotherms.

achieved on measurements with zinc™. Heating rates used in this work were 10 K
min~ '. The sample masses varied from about 20 to 60 mg. The mcasurcments were
carried oul under a flaw of dry nitrogen_ High purity sapphire crystals of well known
heal capacity® were employed as standards. The temperature range of measurement
was 220~610 K.

The raw daia for a bascline, standard and sample scan consist of three regions
as shown in Fig. 1. Heat capacities are calculated in 10 K intervals. For each calcula-
tion, 30 signal amplitudes obtained from bascline, standard and sample scans are
recorded from 5 K below 1o 5 K above the temperature at which the heat capacity is
measured. A linear least-squares treatment is performed on the 50 signal amplitudes
and a “"<ned™ amplitude is calculated at the mean temperature of the measurements.
The extrapolated bascline amplitude is subtracted from the “fitied™ signal amplitude
10 yicld an uncorrected displacement. The uncorrected displacements are calculated
every 10 K for baseline, sample and standard scans. Corrected standard and sample
amplitudes are oblained by subtracting the uncorrecied baseline displacements from
the uncorrected standard and sample displacements at each temperature.



Sample preparation and pan loading procedures

The samples of GeS, GeSc and GeTe used for these studies were prepared from
the clements by scaling stoichiometric quantitics of Ge (99.999%%) and the correspond-
ing chalcogen (99999 %) in previously cleaned and outgassed® fused silica ampoules
at a pressure of 107 Pa. The ampoulc contents were anncaked at 823 K for several
hours and sublimed repeatedly and quantitatively in an 873 — 773 K temperature
eradient. Debye-Scherrer X-ray diffraction photographs of the products viclded
lattice parameters for the orthorhombic GeS (a = 04303 - 0.0002 nm, b = 03652 -
0.0003 nm. ¢ = .09 .= 0.0009 nm), for the orthorhombic GeSe (a = 04387 -
0.0006 nm, b = 03837 = 0.0006 nm. ¢ = [.083 = 0.0015 rm) and for thec rhombo-
hedral GeTe (2 = 0.5982 < 00004 nm and 7 = 88.22 :: 0.27), in good agrccment
with the literature valucs. Further details of sample preparation and crystal structurc
arc reported elsewhere™ #_ Prior 1o loading the samples into the aluminum pans,
cach compound was dried and outgassed at 475 K at a pressure of 107 Pa.

To determine whether these compounds react with aluminum, GeS, GeSc and
GeTe, respectively, were scaled under an atmosphere of desiccated nitrogen in
aluminum pans and hcated at 823 K. for 2 h. The mass of the sample plus pan remained
constant after heating (within = 0.02 mg). Microscopic examination (25:2) of the
opened pans revealed no visible reaction between the samples and the inside of the
aluminum containcr.

For the actual heal capacity runs. all samples were loaded and hermctically
scaled in aluminum pans in a dry box containing a nitrogen atmosphere. The mass of
the powdered sample was determined by weighing the pan and cover before and after
loading using a Cahn microbalance. The pans were filled and scaled 1o minimize the
free volume containing nitrogen. At the end of cach heat capacity run, the sample
plus pan were weighed to confirm constant mass within experimental limits of error.

RESULTS

The heat capacily of GeS

The heat capacity of GeS was determined in the temperature range 220-610 K
and is graphically rcpresented in Fig. 2. A lcast-squares treatment of the data vielded
the equation

C,= 365 4+ 149 % 10°2T — 201 x 10°T"* (3K~ " moke™ 1) m

which is valid in the temperature range 220-510 K. The heat capacity valucs for
temperatures between 520-610 K were not included in the lcast-squares frcatment.
An ¢xothermic thermal effect with an cstimated heat of 105 J mole™ ! was obscrved
at these temperatures. The thermal effect started at 520 K, at which temperature
previous X-ray diffraction studies revealed a halt in the expansion of the crystallo-
sraphic a- and b- axcs of GeS (about 513 K)®. Since the thermal cffect is cxothermic,
stronger bonds may be formed during the structural changes® at these temperatures.
A further interpretation of these effects and hall in the thermal expansion is not
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Fig. 2 The measurcd heat capacity yalucs of Ge5. GeSe and GeTe as 3 function of icmperaturce. The
host-sqprnss fit heat capacity functions for GeS. GeSe and GeTe are represented 3s sofid lines.

justificd based on present data. The “fitted curve™ represented by egn. (1) is plotted
in Fiz. 2. The standard deviation of the datais = 0.1 J K™ ! mole™ !'. The maximum
deviation of the heat capaaty values from eqn. (1) is = 0370
The heat capacity of GeSe

The heat capacity of GeSe was measured in the temperature range 220-610K in
three runs. The results ane eraphically represented in Fie 2. A Icast-squares analysis
of the data yiclded the following heat capacity function of GeSc

C,=302:960:< 10737 — 187 x 10° T™* (K" molc™") (2)

which is also shown in Fig. 2. The maximum deviation of the heat capacity values
from eqn. {2) is 4+ 1.5% and the standard deviation of the data is 3 04 J K™™'
mole™ . No unusual thermal effects were observed in the GeSe heat capacity data
which is consistent with the thermal expansion stadies”.

The kear capacity of Gelc

The heat capacity of GeTe was measured in the temperature range 220460 K
in txo runs. The data arc graphically represented in Fiz 2. A lincar keast-squares
analysis of the data yiclded the expression

C, =439+ 222 % 107> T (J K~ " mok™") 3)
which predicts the heat capacity of GeTe within = 1,67 in the temperature range
220360 K. The standard deviation of the data is = 0531 K™ ¥ mole™ ! The graphical
represeniation of the cquation is included in Fig_ 2 a< a finear plot through the GeTe
heat capaaity data.

PISCUSHON

The calculation of Debye femperatures
Al the Dehye temperature C, has reached sbout 9577 of its limiting value. For
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TABLE1

THE DEBYVE TIMPERATURE OF G5, GeSe axp GeTo CALCTULATED TROM TARULATIONS oF IHTn/7) as
A FUNCTIOX OF OnfT

T Cp Cr C<BR OniT 05
(K} fTK Vmolc 3] (JTK'"melco')] DranT} (K}
GeS

20 4361 34309 0.5638 1.7381 382
250 2611 4342 0.XT703 16911 359
2 46.37 43.71 08762 1 6456 396
250 1699 4395 05310 1.6135 303
GeSe

0 1547 45.63 09151 134 6
230 4889 4359 09199 1.3038 300
240 1927 1609 09239 12653 0
250 49.62 46.26 09273 12379 309
Gele

220 5082 4759 09600 09072 200
230 hRo 2 S 3795 09612 03931 205
250 51.26 4301 09623 05752 211
250 5148 A5 07 09636 03634 216

The st figure in the kep capacity valucs has only calculational sisnificance.

binary compounds with 2 atoms per molecule. the limiting value of C_ 1S 6R =~ 50 )
K™*' mole™".

Usingz the least-square expressions for GeS, GeSe and GeTe, (eqns. 1-3). C,
values were calculated at 220, 230, 240, and 250 K for the threc compounds. The values
of C, for GcS, GeSc and GeTe were cstimated from the ¢, values using the Nernst
and Lindemann” approximation

Cp = C. = ALCITIT,, <

where T_ is the melting point of the solid and 4, is 2 universal constant caual to
512 x 1072 3 K~ mole™". The melting points of 931 K*?, 948 K''. and 996 K'2
have been reported for GeS. GeSe and GeTe. respectively. The results of these
calcslations are shown in Table 1. It is evident from Table | that the C_ values for
GcTe at temperatunes between 220 and 230 K are grcater than 47 J K~ ! mole™!
(6R 2 093) as compared to the C_ valucs for GeS and GeSe which are less than
47 3 K™ molc™"'. These results indicate that the Debye temperature, O, for GeTe is
beclow 220 K. whereas the O valucs for GeS and GeSe are greater than 250 K.

To compute O, for GeS. GeSe and GeTe, the ratio C /6R was calculated for
each compound at 220 to 250 K. The dimensionless ratio C/6R is equal 1o D{0,/T),
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the Debye function for binary compounds

c-—ax(T) J‘(c;_l)dx 68 D(0LIT) )

[x = hvikT]

Using a tabulation of the Debye function' ?, values of 8, were calculated at the four
temperatures.

Generally, heat capaaty determinations at lower (cmperaturcs are morc
rchiable for the cakculation of 0y, because C, has a greater temperature dependence at
lower temperatures and cffects of anharmonicity are smaller. With this fact in mind,
thc trends in the O values for GeS. GeSc and GeTe as a function of temperature
sugeest that estimated 0y, values are aboul 360, 280 and 180 K for G¢S, GeSe and
G¢cTe, respestively. The Op valuc of 180 K for GeTe can be compared to a reported
value of 166 K bascd on low temperature heat capacity measurements' ™ in the range
0.1-1.1 K. The Dcbye temperature for GeTe is the lowest of the three compounds
studied in this work and must be the keast accurate from our relatively high tempera-
ture measurements. In view of this. the agreement with the result obtained at the
lower temperature!? is eratifying. It furthermore indicates that no low temperature
complications sccm to exist in the heat capacitics.

TABLE 2

THE DEBRYE TEMPERATURE, DERYE FREQUENCY., REDUCED MASS AND AVERAGE FORCE CONSTANT OF IV-V1
COMPOUNDS

Compournd Onp (K} o I Avcrage farce corsianr
{ Crystal striecsorr) {Temp. mogs_ > e < J%=) (kg ¥ 13~} [Nim)
Ges 360 = 20 750 369 §i9
{onhorhomibic) 220}

GeSSe 250 & 20 553 638 543
(orthorhomibic) >20)

Gele 166 = 31+ 346 7465 363
{rirombohedral) (1.1

505 it 563 4.19 524
{orthorhombsc) (50)

SnSe 21005 438 787 595
(orthorhombbic) {50)

nle 1400~ 292 102 343
{cubic) )

PbS 2y ths 473 461 207
{cubic) (200)

PbSe I38% 255 949 o
{culic) (200)

PbiTe 125 26D 13.4 3514
{cubic) o

a { ) mdxaics icmperature (K) at which n was determined.
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The vibration frequency of a solid can be related to an average force constant,
B, and the reduced mass, g, of the vibrating atoms by the cquation

| B
Yp = —2——; -;‘— (6)

The reduced mass can be calculated from the expression

Mo x Al ,
B = Si. ¥ AT @
where M, and M, arc thc masses of the metal and chalcogen atoms. respectively.
Using the 0y valucs for GeS and GeSe determined in these studics and the 0, valuc
of 166 # 3 K for GeTe'?, the average force constants for these compounds were
calculated. Additionally. literaturc 8, values for the tin' *- *¢ and Icad’ ? chalcogenides
were used 1o calculate the average force constants of these compounds. Table 2 lists
the Dcbye temperatures, Debye frequencies, reduced masses and average force
constants for the above 1V-VI binary compounds. It can be seen from Table 2 that
the 0,, values decrease with increasing atomic weight of the chalcogen and of the
metal aloms in this serics. The average force constants of the metal chalcogenides are
apparently a function of crystal structure. For the orthorhombic compounds (GeS,
GeSe, SnS, SnSe), the average force constant is higher than for the cubic or rhombo-
hedral structure. The B values for the orthorhombic compounds are nearly twice as
Iarac as those for the cubic compounds in this series. The obscrvation that the B values
for GeS and GeSe arc about cqual suggests that the lower O value for GeSc is mainly
a result of increcased molecular weight and not of binding differences within the
respeclive solids. Similar conclusions may be drawn concerning other IV-VI com-
pounds with similar 2 values. The rather large difference in the averase force constants
between the orthorhombic and cybic 1V-VI compounds is probably due to the
complex nature of the orthorhombic structure as compared to the highiy symmetrical
NaCl1ype structure.

The calculation of absolute cntropies from heat capacity data
The Debye function may be used to predict the absolute entropy of a compound
according to the equation

s _a_ (o . -
S =30(B) -ma—emm @)

We uscd cgn. (8) to calcrlate the absolute entropy of the germanium chalcoeenides
at 220 K and the heat capacity functions as measured in these studies to obtain the
absolute entropy 5%, for the compounds.

From tabulations’* of eqn. (8) and the &, valucs of GeS and GeSe, the absolute
entropy at 220 K s 45.2 and 363 J K™ ! mole™" for GeS and GeSe, respectively.
Integrating the heat capacity functions of GeS and GeSe from 220 to 298 K yiclds
additional entropy changes of 14.2 and 15.1 J K™ * molc™?, respectively. The zbsolute
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cntropics 8%, for GeS and GeSe are thes 394 = $10and 71.6 = $0J K™ ' mole™!
respectively. The ervor imits of = 4.0 J K™ ! mole arc estimated from the 20 K
unceriainty in the O, valucs used to calculate the entropy at 220 K.

The cakculation of 5%, for GeTe is based on a somewhat different procedure.
Using the 8, value of 166 - 3 K '* 1he absolute entropy is calcufated at 166 K. It is
assemed that our GeTe heat capacity function [eqn. (3)] is valid from 166-298 K
although the heat capacity was actually measured from 220160 K. At 166 K the
absolute eniropy of GeTe is 67.8 3 K™!' mole and integrating the measured heat
capacity 2dds an additional entropy change 6297 J K~ ! mol=~*! from 166 to 298 K
to yickd 53, = 975 = $0J K™ mok™* for GeTe. A similar calculation bascd on
the &, valuc of 130 - 20 K for GeTe vields $7,, = 93.7 = 403 K™ " mole™"' which
is within crror imits of the absolute entiopy value eblained using the Ay, valuc of
166 ¥._

SUMMARY AND CONCLUSIONS

As a result of heat capacity measurements on GeS GeSe and GeTe in the
temperature range 220-610 K. 0, values and average force constants, B, were caleu-
lated for these materials and compased to other 1V-VE compounds. [t is obscrved
that the maznitude of the B valucs depends upon the crystal structure.

The absolute entropies at 298 K were calculated to be 324 - 4.0. 71.6 = 4.0and
975 = 40J K" molc™ ! for GeS. GeSe and GeTe, respectively. These values arc in
close agreement with absolete entropizs calculated independently from Knudsen-type
vaporization studics, namely. 386 = 6,708 = Sand 4.6 = 8 J K™! mole™' for
GeS'®, GeSe'” and GeTe™, respectively.

A thermal cficet a1 320 K observed in the heat capacity measurements of GeS
corresponds to a halt in the thermal expansion of the - and f-axes observed in high
temperature X-ray diffraction studies® of this compound.
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