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The thermal conductivity of solid argon at high-pressiup to 50 GPaand high-temperatur@ip

to 2000 K) has been calculated by equilibrium molecular dynamics simulations using the Green—
Kubo formalism and an exponential-6 interatomic potential. A simple empirical expression is given
for its pressure and temperature dependence. The results are compared with predictions based on
kinetic theory. The relative change of the thermal conductixitwith density p is found to be
consistent with adlnA/dlnp slope of approximately 6 in a wide range of pressures and
temperatures, in good agreement with predictions based on kinetic theory.
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I. INTRODUCTION mal conductivity of solid Ar at ambient pressitesing MD
and the Lennard-Jones potential, and found it to be within

Argon is extensively used as a pressure transmitting me20% of the experimental values. Motivated by the success of
dium in high-pressure and high-temperature diamond-anviMD in reproducing the thermal conductivityof solid argon
cell (DAC) experiments, because its softness prevents that ambient pressure, we now extend the calculation o$-
development of large pressure gradients in the saffple. ing MD, to finite pressures, up to 50 GPa.
Temperature gradients are more difficult to control, as the  The paper has two main purposes. On one hand, we aim
high thermal conductivity of diamond in the anvils forces at providing DAC modelers with an accurate theroretical pre-
temperature to drop in a few microns from the desired valueliction of theP-T dependence of the thermal conductivity of
in the sample(typically a few thousand kelvinsdown to  argon, one of the most common pressure transmitting media.
ambient temperature at the anvil surface. The thermal confo this aim, we will present a simple formula far(P,T),
ductivity of the pressure transmitting medium is a crucialwhich we hope will be of practical use in DAC modeling. On
parameter in heat-transfer calculations aimed at determininthe other hand, we would like to check and verify the valid-
the temperature distribution inside the cellin the case of ity of simple scaling laws based on kinetic theory in estimat-
argon, the thermal conductivity has been meastifat am-  ing pressure effects ok. We find that scaling of\ with
bient pressure up to the melting point, but its pressure depemensity is reasonably well reproduced by kinetic theory but
dence has never been examined from an experimental stanthat scaling laws provide only an order-of-magnitude esti-
point, despite the fact that the pressure dependence of threate of pressure effects on
thermal conductivity is known to have a stronger influence  The paper is organized as follows: In Sec. Il we describe
on temperature gradient calculations than its temperaturthe method of calculation and present the simulation details.
dependencé.Heat-transfer calculations of the temperatureln Sec. Ill we show how we calculate the quantities needed
gradient in a DAC are presently based on simple scalingo determine the thermal conductivity from kinetic theory. In
models for the pressure and temperature dependence of tBec. IV we discuss the MD results for the thermal conduc-
thermal conductivity of solid argoh. tivity and compare them with those obtained from kinetic

At variance with scaling models, which are typically theory. Section V contains summary and conclusions.
based on kinetic theory and on the existence of a single char-
acteristic time for phonon scattering in solids, molecular dy-

. ; . S S Il. METHOD
namics(MD) provides in principle an exact description of
the dynamical properties of solids, including thermal con-  Argon is a rare gas solid and a wide-gap insulator, so we
ductivity, without any further assumption other than the formcan safely assume that the electronic contribution to the ther-
of the potential of interaction between atoms. Atomic inter-mal conductivity is negligible, and focus our analysis on the
actions in argon are extremely well described by simple paitattice contribution only. Radiative heat tranfer is also be-
potentials, of the Lennard-Jones form at low pressure, and dieved to be irrelevant up to at least 3000 it the tempera-
the so-called exponential-6 form at high pressure. We haveures of interest for this studyX150 K) quantum effects on
recently calculated the temperature dependence of the thethe nuclei are negligible and the atomic dynamics can be
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considered as purely classical. Like most other condenseaf 2.5¢, or at (L/2)o (whereL is the size of the simulation
rare gases, the atomic dynamics of argon is described withox) in case the latter was smaller than @.3.ong-range
very good accuracy by simple pair potentials. For pressureorrections to the energy are given'by

up to 1 GPa, interactions are accurately described by a

Lennard-Jone$LJ) potentiaf ULRc=27Tme¢(F)f2dF, (6)
RC
, (1) whereg(r) is the interatomic pair potentigh, is the density

]

fii il of system, andR; is the cutoff radius. For the Exp-6 poten-
wherer;; is the distance between atomandj. The values tial we obtain

of the parameters and o that best reproduce the thermody-
namics of Ar at ambient pressure arkkg=119.8 K ando . —|, (D
=3.405 A, whereky is the Boltzmann constait.We used @ 3R:)’

the LJ potential for all calculations at ambient pressure. Alyhile long-range energy corrections for the LJ potential are

high pressure, however, th;;)éponentia(lEB(p-_G) pair po-  giscussed in Ref. 15. Simulations were performed with cubic
tential of Ross and co-work is known to yield a better cells containing oN= 256 particledsolid argon crystallizes

dgscription of the equation of state. The Exp-6 potential isin the face-centered cubicc) lattice, with four atoms in the
given by conventional cubic ce]l Periodic boundary conditions were

€ i o\® imposed in all three directions. As shown in Ref. 8, the size
¢(rij):<ﬁ){6 exp{a( 1- ;”—a —> ] (2)  dependence of the thermal conductivity calculated with the
Green—Kubo formula is weak. Calculations wibh=108
with parameters/kg=122 K, 0=3.85 A, ande=13 based particles were shown to be sufficiently large to make size
on high-pressure shock-wave data up to 40 GR&le used  effect negligible at ambient pressure. At high pressure how-
the Exp-6 potential in all calculations at finite pressuRe ( ever the size of the box witlN=108 particles would be

d(rij)=4e€

27pe (6 RIN1+(1+aR)?]  «
LRC™ a—6 -

rij

>1GPa). smaller than &, so we found that results were fully con-
We calculate\ using the Green—Kubo formuld: verged in simulation size only witN=256 particles.
1 w The thermal conductivity was calculated by discretizing
A= WJ (j(0)-j(t))dt, (3)  the right-hand side of E(q3) in MD time stepsAt as
B 0 At M 1 N—m
whereV is the volume,T the temperature, and the angular A= 5 > > j(m+n)j(n), (8)
brackets denote the ensemble average, or, in the case of a 3VkgT“m=1 (N=M) =1

MD simulation, the average over initial conditions. The mi-\ynereN is the number of MD steps after equilibratia, is
croscopic heat current is given by the number of steps over which the time average is calcu-
1 lated, andj(m+n) is the heat current at MD time stap
(=2 vig;+ 52 rij (Fij - vi), (4  +n. M was set to (1-2x10*, which is considerably
' b smaller than the number of MD steps, in order to ensure
wherey; is the velocity of particle, F;; is the force on atom good statistical averaging.

i due to its neighboj from the pair potentia{l) or (2). The In order to check the numerical accuracy of the Green—
“local” energy &; is given by Kubo (GK) method, we show in Fig. 1 the time evolution of
1 1 typical heat autocorrelation functions at different pressures,
SizzmiVi2+ 5; B(ry), (5)  together with their time integrals, E(@).

wherem is the mass of atom.

MD simulations were performed in thé-V-T ensemble ||I. KINETIC THEORY
where temperature was controlled via a Nésmver (NH)
thermostaﬂ-_g The fourth-order Runge_Kutta integration Thermal conductivities obtained from MD simulations
scheme was used to integrate the equations of motion. IWill be compared in the following section with the predic-
order to avoid problems related to unwanted noncanonicdions of kinetic theory, so we briefly describe here how we
fluctuations of the instantaneous temperature in NH thermoobtain A from kinetic theory. The thermal conductivity can
statted simulationéhe so-called “Toda demon? we follow  be written, in kinetic theory, as
the prescriptions of Ref. 14. 1

Simulation details for LJ calculations are identical to )\=§va|, 9
those of Ref. 8. For Exp-6 calculations the integration time
step At was set to 0.004 (the Exp-6 unit of time ist  whereC, is the specific heat per unit volume,is the aver-
=m-o?/e, or 2.42 ps for argon The typical lengths of the age velocity of sound in the solid, ahds the mean free path
runs were equal to 810° MD steps, after equilibration of the energy-carrying particle. In solids, where lattice vibra-
(10° MD steps. Longer runs (5 10° MD steps were also tions are described in terms of phonohss limited, at high
performed to check the convergence of the results on simuemperature, by phonon-phonon scattering, and can be esti-
lation time. The Exp-6 pair potential was cut off at a radiusmated a¥
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FIG. 1. Time dependencies &t=400 K and different pressures @) heat FIG. 2. Equations of state of solid argon at high press(aeVolume de-
autocorrelation function anb) thermal conductivity. pendence of pressure at different temperatures. Solid symbols are present
work. Open circles are the results of Ratsal. (Ref. 12. (b) Temperature
dependence of pressure at different densities. Densities are expressed both in
d reduced units and real unitp(=po/m).
|=—, 10
ayT (10
whered is the interatomic distancey is the thermal expan- 1/9P
sion coefficient,y is the thermodynamic Gneisen param- a= _(_ ) (12)
eter. The calculation ok from kinetic theory therefore re- B1\dT/,

quires the calculation o€y, v, «, andy at the pressure and
temperature conditions of interest.

Cy was fixed to the value for the classical harmonic
solid (Cy=3Nkg/V) which was found to approximate very

well the actual value computed by differentiating the 'memaldependence is presented in Fighj3 The volume depen-

energy at a feV\l?—T.pomts. In order to determine thg bulk dence of the thermal expansion coefficient is shown in Fig.
modulus, the Gmeisen parameter and the coefficient of o a9
4(a). The Grineisen parameter was obtained®as

thermal expansion, we calculated with MD the equations of
state {/-P andP-T) of solid argon at different temperatures aB

and densities, respective(fig. 2). At room temperature our ’=Cy (12
results[Fig. 2(a)] compare very well with those of Ross

et al*? (as they should, since the pair potential used in 12 isand its volume dependence is shown in Fign)4The results
identical to the one used herd@he isothermal bulk modulus are in good agreement with previous calculatins.
[B=—V(JdP/dV);] obtained from the equation of state We finally describe the calculation of the average sound
compares well with experimental datd® [Fig. 3@], even velocity v. The average sound velocity is given, in Debye
though the agreement becomes poorer at the highest preigeory, by

sures(50 GPa. This is reasonable, since the Exp-6 potential

In Fig. 2b) we show the temperature dependence of the
pressure at different densities, which turns out to be linear at
all densities. The partial derivative in E(.1) was then eas-
ily obtained from the results of Fig.(B) and its volume

-1/3

was created and tested for pressures only up to 40'&Ba. 0= 1 _1§+ _Zg (13)
. . . . 3 1
The coefficient of thermal expansion was determined ffom UL Ut
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FIG. 3. (a) Pressure dependence of the bulk modulus at different tempera-

tures. Solid symbols are present work. Open circles are experimental resuldC- 4- (8 Volume dependence of the thermal expansion coefficiémt.
of Grimsditchet al. (Ref. 17. The solid line is the experimental result of volume dependence of the thermodynamic @&isen parameter. Dots are

Shimizuet al. (Ref. 18. (b) Volume dependence of the temperature deriva- Présent work. Open circles are the results of Retsal. (Ref. 12.
tive of pressure. Open circles are the results of MD simulation. Solid line is
the fit to simulation data.

r; being the position of atomandv* the « Cartesian com-
ponent of its velocity.
wherev, and v are longitudinal and transverse average In Fig. 5@ we compare our results for the longitudinal
sound velocities. For a cubic lattieg andv coincide with ~ and transverse velocities aloig00 with available experi-
the longitudinal and transverse velocities along (60  mental dat¥ and find that the agreement is excellent. Figure
direction®2° Assuming that the phonon frequencies of solid5(b) shows the volume dependence of the average sound
Ar are well described by a nearest-neighbor interactiorvelocity calculated using Eq13).
model, then the frequencies of the longitudinal and of the
transverse mode &re IV. RESULTS AND DISCUSSION

Pressure and temperature dependencies of the thermal
conductivity of solid argon obtained with the GK method are
presented in Fig. 6. The temperature depend¢Rize 6(a)]
deviates slightly from th@ ~* law, and is better represented
by aT~# law, with 8 varying between 1.2 to 1.5. The same
behavior was observed at ambient pressure both in experi-
ment and simulatiofi. The linear dependence afwith pres-
sure in the log-log plot of Fig. ®) suggests a power law also

N °° _ e for the dependence of on pressure. Based on these obser-
c (“’):f _expliot) (v (Hhv*(0))dt, (19 yations, we fitted our high-pressure GK resuilts to a simple
. empirical expression where the logarithms of both tempera-
with ture and pressure appear lineraly. A best-fit analysis of the

_ data of Fig. 6 gives
Uazz Uiaeilk'ri, (16) _
, log(\)=2.6—1.31logT)+1.291log P), 17

a 14
4 3 Zi ( )
where w o=4v, /a and wto=4vy/a. Phonon frequencies
wL o and wto were calculated from the peaks of the Fourier
transform of the velocity autocorrelation functions at
k=(2m/a,0,0), along the three Cartesian directions
(a=x,y,2):1°

_ka ,
wL(k)=w|_o SIN— wT(k)=w-|—o Sin
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FIG. 5. (a) Pressure dependence of the square of the longitudinal and tran&=!G. 6. (8 Temperature dependence of the thermal conductivity of solid
verse velocities. Open circles are present work. The lines are experimentgfgon at different pressure®) Pressure dependence of the thermal conduc-

results of Shimiztet al. (Ref. 18. (b) Volume dependence of the average tivity at different temperatures.

sound velocity. Line is the fit to the data.

where\ is in W/Km, P is in GPa, andr in Kelvin. Figure
6(a) shows how well the empirical expressi¢h7) repro-
duces the simulation data. The range of validity of expres
sion (17) is limited to the range P<50 GPa and 150

JdInB

dlny dinv 1

ﬁln)\)
dlnp) .

~ -2 +
dlinp dlnp

ﬁlnp_g

(18

obtained from KT (dimensional analysis shows that in
the expression published in Ref. 19 the terrd/3 should

<T=<2000 K and to the domain of stability of the solid be replaced by— 1/3) 2% Density averaged values for the

phase.

The density dependence af calculated with the GK
method is shown in Fig.(B), where it is compared with the
results obtained from kinetic theorfKT). Kinetic theory
systematically overestimates the GK results, by an amou
ranging from 1.5-2 times at ambient press(gee Table)l,
up to a factor 4 at high pressure. At ambient pressure, where
comparison with experimental data is available, the GK re-
sults agree within less than 20% with experiments, while th

above quantities, as obtained by linear fitting of the data
presented in the previous section, yield, for example at room
temperature, d In B/dln p=4.25, dIn yldln p=—0.42, and
dInvldln p=1.4, which result, using Eq18), in a slope of
’E.z, in nice agreement with the slopes of Figh)6

TABLE I. Comparison of the thermal conductivity at ambient pressure ob-
qained in the present work using LJ potentiakf , Axr) with experimental

results of KT overestimate the experimental results by aboWiata (Ref. 4 and with an independent theoretical determinatief. 22.
25-50%. KT is known to overestimate the thermal conduc-Temperatures and densiti€E and p) are expressed in K and g/émTher-

tivity in @ number of other systent§.This is probably a

consequence of an overestimation of the phonon mean fregtrapolated from McGaughey's da@ef. 22,

mal conductivities are in W/Km. The values @=25 and 75 K were

path as given by Eq(10). GK and KT, however, give a T

.. . L. . - ) p )‘GK )\GK (Ref- 22 )\expt (Ref- 4) )\KT
similar scaling of the thermal conductivity with density. Lin-
ear fits to the curves shown in Fig(bJ result in slopes of ég i;gi é‘ig’) é'ﬁg (1)"5‘29 (2)'%5
about 6-0.3, with marginally higher slopes for KT. Such ;g 1647 020 0.230 0255 0321

slopes compare very well with the the scaling expressith
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T i <2000 K. We provide a simple empirical expressidfy.
] (17)] which we hope will be of practical use in modeling
1 thermal gradients in diamond-anvil cells when argon is used
as the pressure-transmitting medium.

We also verified that kinetic theory can be safely used
for qualitative predictions of pressure effects on the thermal
conductivity, but we found that the discrepancy between ki-
netic theory and simulations increases with pressure and
temperature.
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