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AbslracL Ihe thermal conductivity (A) and heal capacity PR unit volume (pep) of 
amorphous Si02 have been measured under hydrostatic pressure up 10 1 GPa at mom 
lemperalure using a Iransient twostrip method. The thermal conduclivily was found lo 
decrease slightly with increasing pressure. For the volume dependence of X exp-d 
Ly the Bridgman parameler, g = - (a  In Ala In V)T, we obtained g = -1.5. The 
expcrimenlal value of g is discussed in conjunction wifh predicled g-values based on 
theoretical models of X(T). The specific heat capacity (cp) calculated from measured 
pcP was found to be almost conslanl with increasing pressure. 

1. Introduction 

It has been demonstrated that the thermal conductivity ( A )  and the heat capacity 
per unit volume (pc , )  of hard materials and single crystals may be determined under 
hydrostatic pressure by a transient two-strip method (Anderson and Bgckstr6m 1986). 

In the present work we used this method to investigate the pressure dependence 
of X and pcp of amorphous SO,. The X(T) of amorphous materials has attracted 
considerable interest, both theoretical and experimental, during recent years. For 
the pressure or volume dependence of A, on the other hand, very little is known. 
Based on the model of a minimum thermal conductivity (Slack 1979) to describe 
X(T) at high temperatures, Gerlich and Slack (1984) calculated the expected volume 
dependence of X for a number of glasses expressed by the Bndgman parameter g, 
where 

g = -(a In X/a In V ) T .  (1) 

For SiO, glass Gerlich and Slack obtained a negative value of g,  whereas measure- 
ments by Kieffer et a1 (1976) of the pressure dependence of the thermal diffusivity 
(U = X/pcp) indicated a small positive value of g. 

The present experiments on SiO, were undertaken to determine the quantity g 
and compare it with theory. 

t Permanent address: Institute for High Pressure Physics, Russian Academy of Science, Moscow, Russia. 

0953-8984,92,’296209+08$3450 @ 1992 IOP Publishing JAd 6209 



6210 

2. Experimental details 
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21. General 

The amorphous SO, sample used in our measuremen8 had the form of a disc, with a 
diameter of 40 mm and a thickness of 10 mm. The sample was obtained from Thermal 
Syndicate plc, UK, under the trademark Vitrosil. According to the manufacturer the 
purity of the sample was higher than 99.9% with a density of 2210 kg w3. The 
high-presswe measurements were performed in a piston-cylinder apparatus with an 
internal diameter of 71 mm. The thermal propertics X and pcp were measured up to 
1 GPa at room temperature. Pressure and temperature were measured by a manganin 
coil and chromel-alumel thermocouples respectively. 

22. Erpenmental mefhod 

To utilize the transient two-suip method of Andersson and Backstrom (1986), two 
parallel metal strips (one serving as heater and the other as resistance thermometer, 
sensor) were evaporated onto the sample surface. In a thermal experiment with this 
method a step power is supplied to the heater while the sensor resistance (R) is 
recorded versus time. The thermal properties X and pc, may then be extracted by 
fitting the appropriate theoretical expression for the sensor temperature, calculated 
from the sensor resistance, to the measured data. Before each high-pressure run the 
sensor resistance was first calibrated versus temperature. 

In the work of Andersson and BackstrBm (1986) two possibilities for extending 
the transient two-strip method to measurements under hydrostatic pressure were in- 
vestigated. The first possibility was to add an additional picce of the sample on top of 
the evaporated strip pattern to obtain a pseudo-infinite sample (one-medium case), 
which was then immersed in the pressure-transmitting fluid. The second possibility 
investigated was to immerse thc sample in the pressure-transmitting fluid without 
any additional piece of sample material. For the latter (two-media) case heat trans- 
port between heater and sensor strip through the fluid must be taken into account. 
The two-media arrangement thus requires knowledge of the thermal properties of 
the pressure-transmitting fluid. In the investigation of Andersson and BWstrBm 
(1986) the two-media arrangement was favoured mainly on the basis of experimental 
simplicity. 

However, when we attempted to apply the two-media arrangement to amorphous 
SO,  we found, to our surprise, that there was clear evidence for convection This 
evidence showed up when we analysed the measured sensor temperature. A short time 
after the step power was supplied to the heater a drop in the sensor resistance was 
recorded. This behaviour became evident at pressures over 0.2-0.3 GPa and increased 
with pressure for the pressuretransmitting fluids that were used (n-heptane, silicone 
oil Dow Corning 200 (1 cSt) and glycerol). When precautions were taken to reduce 
the mobility of the pressure-transmitting fluid the anomalous initial drop of the sensor 
resistance disappeared, and we interpret the noticed effect as due to convection. No 
signs of convection had been detected earlier (Andersson and Backstram 1987,1988) 
when using this method on samples with thermal conductivity 7-110 times highcr. 

Because of such dimculties with the two-media arrangement, the high-pressure 
measurements were performed using the one-medium arrangement. An additional 
piece of the specimen material cut from the same disc was mounted on top of 
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the evaporated strip pattern and the total specimen was immersed in the pressure- 
transmitting fluid in the high-pressure cell. 

Assuming the heater and sensor strips to be parallel the expression for the sen- 
sor resistance for the experimental arrangement that was used is (Andersson and 
Backs tram 1986) 

Hi) = Roll + OAT(2)I (2)  

where 

ATU) = q(4whw,”‘(ai/*)’’2f(Xt/pc,,E, wb) 

with 
F t w .  

f = {erf z+ - erf z- - T-’” [Ei(-z$) - Ei(z?)]} d z  
F-W.  

and 

m e-t  

-E i ( - z )=  [ -dt 
JJ 2 

with Ro = initial sensor resistance, q = power per unit length, E = distance between 
heater and sensor strip, a = thermal diffusivity (X/pcp) of the specimen, t = time, 
wh = heater halhvidth and wg = sensor halhvidth. Finally, p is the temperature coef- 
ficient of the resistance of the sensor strip and we have taken its pressure dependence 
to be (Andersson and Baekstrom 1987) 

O ( P )  =p(o)(l-o.olP). (3) 

For the measurementF on SiO, we used = 1.37 mm with wh = 0.254 mm 
and wg = 0.058 mm. In an analysed heating event a constant power of typically 
4.9 W m-l was supplied to the heater strip for 2.7 s, yielding a temperature rise at 
the sensor strip of about 0.34 K 

The presence of a thin film of pressure-transmitting fluid, n-heptane, between 
the two pieces of sample material introduces a deviation from the mathematical 
model (equation (2)). The thin film may be regarded as an additional thermal 
resistance between the evaporated strip pattern and one of the two pieces of sample 
material. From previously performed measurements on single-crystal Si (Andersson 
and BAckstr6m 1988), where the strip pattern was evaporated on a thin insulating 
layer of SiO, on top of the Si crystal, the presence of a thermal resistance was found 
to have no effect on the pressure dependence but only on the absolute values of X 
and pep.  However, amorphous SiO, is a rather favourable material since it has a 
rather low thermal conductivity comparable to that of n-heptane. From measuremen@ 
performed at atmospheric pressure using both the one-medium and two-media set- 
ups, no influence on the obtained values of X and pc, from the presence of a thin 
film of pressuretransmitting fluid were detected. 
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3. Results and discussion 
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3.1. General 

Our results for X and cp (calculated from measured pc,) are shown in figures 1 
and 2. Each point represents the average of a pair of analysed heating evens and 
the maximum deviation was always less than 0.5% of the average value. The full 
lines show fits of the form A,( 1 + A, P) to the experimental data. Numerical 
values of A, and A, are presented in table 1. We estimate the maximum error 
of the pressure dependence of X and cp expressed in the parameter A, to be less 
than &0.015 GPa-'. At atmospheric pressure our values of X and cp are in good 
agreement with those reported by other author?,. For the pressure dependence of 
the thermal diffusivity Kieffer el al (1976) obtained a decrease rate of 2%/GPa for 
P < 2 GPa compared to our value of 6%/GPa for P < 1 GPa. 

Tablcl. W u e s o f A o  and AI obtainedbyfittinganexpresionofthefonnAo(l+AIP) 
to our aperimenlal data of X and cp for amorphous Si02 at 295 K. Standard values 
(C) at 295 K remmmendcd by 'Ibuloukian ef ol (1970). The dimension of AD and C 
is W m-'K-' and J kg-'K-' for X and cp respectively. 

A0 A1 c 
(GPa-I) 

. ,  1, . ,., ,. , 

Thermal conductivily, X 134* -0.04 1.3Zb 
SpeciBc heat capacity, cp 725 0.001 719 

.... - .ii:. ...i.; i, 

t " ' " " " " ' " ' " " ~  

7-::::\/ 

- L L L L &  1 I t  I I I I a I I I I I I i 

a our results. 
'Ibuloukian et d (1970) 

3.2 Pressure dependence of X and cp 

During recent years much attention has been paid to the process of heat transport in 
amorphous solids. For A( T) at high temperatures, which shows a similar behaviour 
for many materials (Freeman and Anderson 1986), there are different opinions and 
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Figure 2. Pressure dependence of the specific heat capacity for amorphous Si02 

no clear understanding of the heat transport mechanism. In connection with high- 
temperature heat transport in amorphous solids, the following alternative explanations 
have been proposed: 

(i) acoustic and optical phonons corresponding to a minimum thermal conductivity 
(Slack 1979); 

(U) contributions to phonon conduction from fractons (Alexander et ai 1986); 
(G) phonon scattering processes in a two-level system (Sheng and Zhou 1991); 
(iv) a random walk of energy between localized excitations (Cahill and Pohl(1989). 
For the comparison with theory in the present work we used the models of Slack 

(1979) and &hill and Pohl(1989). These two models include no arbitrary parameters 
and the volume dependence of the model is easily evaluated. 

From the kinetic gas theory the thermal conductivity is given by 

x = cull3 (4) 

where c is the heat capacity per unit volume, v is the phonon velocity and 1 is the 
phonon mean free path. 

Based on equation (4) Slack (1979) proposed the concept of a minimum thermal 
conductivity corresponding to a phonon mean free path equal to the phonon wave- 
length. Tb explain X(T) at high temperatures Slack assumed a Debye model for the 
acoustic phonons with a mean free path equal to the phonon wavelength. For crystals 
with more than one atom per primitive cell the additional thermal conductivity due to 
optical phonons was represented by a discrete number of frequencies, uoi. According 
to Slack the minimum thermal conductivity for an amorphous solid is given by 

x = A, + A, (5) 
where A, and A, are the thermal conductivity due to acoustic and optic phonons 
respectively, and where 

(54 

k x - - -cuoi  
O - N 6  
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where k is the Boltzmann constant, (u2 )  is the average of the squared sound velocity, 
63 is the volume per atom, N is the number of atoms per unit cell and vA is the 
cut-off frequency for the acoustic phonons. 

An alternative model for the thermal conductivity of amorphous solids at high 
temperatures was proposed by Cahill and Pohl (1989). In their model the heat 
transport mechanism in amorphous solids was not by waves as assumed by Slack but 
heat was transported by a random walk between localized excitations. Based on the 
Einstein model for the specific heat they assumed larger oscillating entities than the 
single atom of Einstein. lb determine the oscillatory frequencies they assumed a 
Debye model. The expression for the thermal conductivity is then given, according 
to Cahill and Pohl (1989), by 
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The sum is taken over the three modes (one longitudinal and two transverse) where 
Oi is given by 

Oi = v i (h /2nk)(6nZn) ' /3  

and where Tis the temperature, k is the Boltzmann constant, vi is the sound velocity 
of the ith mode, h is the Planck constant and n is the number density of atoms. 

Based on the two models of Slack (1979) and Cahill and Pohl (1989) the expected 
pressure dependence of the thermal conductivity may be evaluated. The pressure 
or volume dependence of X is usually expressed with the Bridgman parameter g 
(equation (1)). 

In using the model of Cahill and Pohl (equation (6)) we may consider n and vi 
as the only volume-dependent parameters. The volume dependence of X may thus 
be evaluated from the relations 

vT = ( G / p ) ' / '  vL = [ ( B  t G/3) /pI1 /*  B = -VdP/dV (7) 

for an isotropic solid, where B and G are the bulk and shear moduli respectively. 
Using the data (table 2) for B ( P )  and G(P) of Kondo er al (1981) we predict a 
value of g of -1.1. 

Table 2. 'Theoretical and aperimental v a l u s  of g. 

~ 

g (-1,5f0.6). -1.1 - O S c  

1 our result. 
Calculaled from mcdel of Cahill and Pohl (1989). 
Calculated according to Gerlich and Slack <1984$ 

For the model of Slack (1979), Gerlich and Slack (1984) calculated the expected 
value of g for a number of glasses. Based on equation (5) the expression for g 
according to Gerlich and Slack (1984) is given by 

g = ( X , g A t X , g O ) / ( x A + X O )  (8) 
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where gA and go are the logarithmic volume dependence of A, and Xo according to 
equation (1). The final expression for gA and go (Gerlich and Slack 1984) contains 
the bulk and shear moduli and their pressure derivatives and the average optical 
Gruneisen constant. For SiO, glass they obtained a value of g of -0.69. Using the 
procedure of Gerlich and Slack (1984), we have recalculated g using data for B and 
G from Kondo et a1 (1981) and obtained a value of -0.5.  

Both models predict a negative value of g in qualitative agreement with our ex- 
perimental value. The predicted negative values of g for both models are due to the 
decrease in sound velocity with pressure for amorphous SiO,. For pressures up to 
2-25 GPa, amorphous SiO, exhibits an anomalous pressure dependence (Meade and 
Jeanloz 1987), where the bulk modulus has a negative pressure derivative. The pres- 
sure derivative of the shear modulus is also negative, which yields both a decreasing 
longitudinal and transverse sound velocity. 

From table 2 we also notice that the agreement between our experimental value of 
g and that based on the model of Cahill and Pohl (1989) is good, whereas the model 
of Slack (1979) predicts a somewhat smaller value of g. For the prediction based on 
Slack (1979) by Gerlich and Slack (1984) it is difficult to estimate the uncertainty in 
the predicted value of g owing to uncertainties in the model parameters used. It is 
therefore not possible to draw any definite conclusions concerning the  two models 
based on our results of A( P ) .  

For the specific heat capacity c p ,  the initial pressure dependence of cp may be 
obtained from the thermodynamic relation 

where a is the volumetric thermal expansivity and a' = (aa/BT),. Using equation 
(8) with the recommended thermal expansion data of Tbuloukian et a1 (1977) we ob- 
tain c;,'(ac,/dP), equal to O.OO0 GPa-' in good agreement with our experimental 
value of 0.001 GPa- l. 

In conclusion we notice that the volume dependence of the thermal conductivity 
has been measured with a transient two-saip method. For the Bridgman parameter 
g we obtained a small negative value of -1.5 corrcsponding to a decrease rate of 
4%/GPa. The decrease in X with pressure is in good qualitative agreement with 
the theoretical predictions based on the models of Slack (1979) and Cahill and Pohl 
(1989) for X(T) at high temperatures. 
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