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Thermal expansion and impurity effects on the lattice thermal conductivity of solid argon have been
investigated with equilibrium molecular dynamics simulation. Thermal conductivity is simulated
over the temperature range of 20—80 K. Thermal expansion effects, which strongly reduce thermal
conductivity, are incorporated into the simulations using experimentally measured lattice constants
of solid argon at different temperatures. It is found that the experimentally measured deviations from
a T~! high-temperature dependence in thermal conductivity can be quantitatively attributed to
thermal expansion effects. Phonon scattering on defects also contributes to the deviations.
Comparison of simulation results on argon lattices with vacancy and impurity defects to those
predicted from the theoretical models of Klemens and Astegil. demonstrates that phonon
scattering on impurities due to lattice strain is stronger than that due to differences in mass between
the defect and the surrounding matrix. In addition, the results indicate the utility of molecular
dynamics simulation for determining parameters in theoretical impurity scattering models under a
wide range of conditions. It is also confirmed from the simulation results that thermal conductivity
is not sensitive to the impurity concentration at high temperatures20@ American Institute of
Physics. [DOI: 10.1063/1.1643725

I. INTRODUCTION observed at some fraction of the Debye temperature, for ex-
ample at 1/4 of the Debye temperature for argon and at 1/10
The thermal conductivity of a dielectric material de- of the Debye temperature for silicon.
pends on temperature, sample size, and defect concentration. Experimental work by Krupskii and Manzhelli on un-
At very low temperatures phonon transport is dominated byconstrained argon sampfe®vealed a quadratic temperature
boundary scattering, leading to size-dependent thermal cofterm in addition to the theoretically predicted inverse tem-
ductivity. As temperature increases, thermal conductivity firsperature dependence. They attributed this extra term to
increases due to increasing population of higher phonon ertigher-order four-phonon interactions while Clayton and
ergy levels, and reaches a peak value, which is determindgatcheldet attributed it to thermal expansion effects. Dug-
by impurity concentration, and then decreases due to impdjale an_d MacDonaﬁjpostuIated that the differenti_al lattice
rity scattering. At still higher temperatures, three-phonon€XPansion in the presence of a temperature gradient, for ex-

Umklapp scattering processes begin to become importanﬁmple’ the relativg expansion of.hotter. regions 'a.nd compres-
and combine with impurity scattering effects to reduce fur-Sion of cooler regions for materials with a positive thermal

ther the thermal conductivifyAbove the Debye temperature expansion coefficient, creates another source of momentum
e : . transfer that further reduces thermal conductivity beyond that
the lifetime of three-phonon scattering processes is inversel

roportional to temperature while the specific heat and ho&etermined by three-phonon processes alone. Using the ki-
brop P P PO atic theory of phonon gases, they linked thermal conductiv-

non group velocity are temperature independent. In combii-ty to thermal expansion by defining the phonon mean free
nation with the kinetic theory of phonon gases, this leads t

- i . cbath as the inverse product of thermal expansion coefficient
the well-knownT ~* behavior of the thermal conductivity of and temperature. Christen and Polldakhose experimental
dielectric materials. In practice thE * behavior is actually work agrees well with first principle calculations on the con-
tribution of the anharmonic crystal force to thermal resis-
dElectronic mail: yunfeichen@yahoo.com tance, also attributed the deviation fram* behavior to the
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effects of thermal expansion on the lattice vibrational fre-denotes the distance between two particles. Following the
guencies. Green—Kubo formalism in linear response theory, the lattice

Several experimental and theoretical investigations havéhermal conductivity of bulk solid argon is calculated by in-
also been performed to study the effects of isotopes, impuritegrating the heat current correlation function:
ties, and defects on the thermal conducti$it}/* Stachowiak 1 .
et all3 measgred th thermal conductivity of solid argon K:Wf (J(1)J(0))dt, (2)
with oxygen impurity in the temperature range of 1.3-26 K B 0
and argued that the interaction of phonons with the spin-

. . : o whereT, kg,
rotational motion of oxygen molecules provides significant
resistance to the phonon transport. Plekhahetiowed that
1% 13C in natural diamond could lead to a 30% reduction of
the room temperature thermal conductivity as compared to
isotopically pure diamond. Capinskt al® measured isoto-
pically pure silicon made from 99.7%5Si by liquid phase
epitaxy, and found its thermal conductivity to be over 250%Wherew is the particle velocity and; is the force acting on
higher at 100 K than that of natural silicon. Asen-Paimerthe particlei from the particlg. The energy of particlé e;
et al® measured a maximum thermal conductivity of 10.5is defined as
kW/mK for highly enriched 99.99%°Ge, which is one or- 1 1
der of magnitude higher than that of natural germanium. eiZEmVi2+ EZ V(rij). (4

The dramatic change in thermal conductivity caused by :
the addition and removal of point lattice imperfections and | order to investigate the effects of impurities on the

the disagreement in thermal conductivity temperature depefhermal conductivity of solid argon, the semiclassical equa-
dence between theoretical models and experimental resuliyn of Callaway is employed to fit, over a range of tem-
prompt us to model the effects of thermal expansion angeratures, both existing experimental thermal conductivity

impurities on lattice thermal conductivity. Molecular dynam- measurements and simulation data generated in this article.
ics simulation is a convenient tool for such a modeling workin this equation,

since it allows precise specification of impurity concentra-
tion, lattice parameter, and temperature. Several groups have
reported molecular dynamics simulations of thermal conduc-
tion and thermal expansion in cr}/E)stalllne matenal_s.ln.recentvS is the speed of sound of solid argon dnd |, andg are
years. For example, Kabura&t al.™ performed equilibrium defined as
molecular dynamic§EMD) simulations of bulk argon and
found the predicted results to be uniformly low, although the wa h2w?  eholkeT

1

— 2
calculated temperature dependenc;algvas found to correspond l1= Tc k%TZ (e"TkeT—1)2 v dw, ©®

andV are absolute temperature, Boltzmann’s
constant and system volume, respectively. The heat cuirent

1

1
> e+ 52 r(fm)
i 2|9&J

Kg
k=m(|1+ﬂ|2), 5

well with experimental data. Volet al.”> used molecular dy-

namics to test the validity of the Fourier law. Lukesal’ op 7o hlw?  ehelkeT
predicted the thin film thermal conductivity of solid argon 2= fo T_N szTz (e"lkeT—1)
based on nonequilibrium molecular dynamics. Poeteal 18
calculated the thermal expansion coefficient of crystalline o7 7o x4eX

silicon carbide. Despite these studies, there has been litle A= J; T_N(e"——l)zdx/
research investigating how thermal expansion affects thermal

conductivity. The influence of defects on high-temperature fﬁlT 1 ( 7'C> x4e*

> w?dw, (7)

thermal conductivity and the potential of molecular dynam- ™~ (ex_—l)ZdX’ ®
ics simulation for better understanding the parameters in the-

oretical models of impurity scattering also remain to be ex-Where w is phonon frequencyw;, is the Debye cutoff fre-
plored. To address these issues, this article examines thernfé##lency,h is Planck’s constantf is the Debye temperature:

0 7N TN

expansion and impurity effects on thermal conductivity using %=h/2m (9)
EMD simulations. The simulations are performed on crystal- ’
line argon, one of the best experimentally characterized x=#Aw/kgT, (10

noble elements.
0=ﬁwD/kB, (11)
and 7. is the combined phonon relaxation time. This relax-

Il. MATHEMATICAL MODEL . . . . .
ation time is comprised of terms accounting for norris)

The Lennard-Jones 6—-12 potentiaD): and Umklapp(U) three-phonon scattering, boundary scatter-
JRECINPRY- ing, and impurity scattering processes:
V(r)=4de ?) _(?) @ ret= gt gt oy (12)

is employed in the present EMD simulations. Herando  For argon, the inverse lifetimes of N and U processes are
represent the energy and length scales of the potential; anddefined as that in Ref. 19:
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TN 75 = (B By w?TR (13)

The relaxation time due to the boundary scattering depends

Lattice thermal conduction of argon 3843
TABLE I. Simulation parameters.
Variable Value Variable Value

on the phonon group velocity and the characteristic samplenergy scale of argon 1.67E-21
dimensionl. For single crystals this dimension correspondsin LJ potentiale; (J)

Length scale of argon 3.4E-10
in LJ potentialo; (m)

to the physical size of the sample, while for polycrystallineEnergy scale of ~  2.25E-21  Length scale of argon 3.65E-10
materials this dimension corresponds to the grain size. Ap'fryiojt)On in LJ potential in LJ potentialo, (m)
. . . €o
proximating group velocity as the speed of sound leads t0 gerqy scale for the Jere,  Length scale for the  (o4+c5)/2
1=yl (14) interactions between Ar interactions between
b st and Kr atoms in LJ Ar and Kr atoms in LJ
Impurity scattering contributes greatly to thermal resistancéotentiales, (J) potentialers, (M)
at low temperatures. The time scale for scattering by impuzAnt;’m radius of argon  8.88-11 kf;?)?;r:?r‘:;’s of 10.3-11
riies is expressed using a simple model by Kleméhs: Atom mass of argon  6.63E-26 Atom mass of krypton 1.39E-25
VO n M. 2 m (kg) my (kg)
-1_ _ 4_ 4 Qo for vacancy defect 3.2 Qo for krypton 4
T =——=—32, fi|l-—]| o"=An" 15 0 0
: 4772VS =1 '( M ) ! (15 impurity
) ] ) Lattice constant of 5.3E-10  Averagedy 25
whereV, is the atomic volumeM; is the mass of an atom, argon at 0 Ka (m) (Ref. 23
M is the average mass of all atoms, including impurities, andh for vacancy defect  5.56E-41 A, for krypton 6.09E-41
f, the fraction of atoms with masdd, . A, in Eq. (15 isread  (0-39% impurity (0.39%9
as A, for vacancy defect 2.84E-38 A, for krypton 0.25E-38
(0.39% impurity (0.39%
A——YO n 1M i (16)
e 47721/2’ = M/

ticular case of interest and the temperature. The temperature-
dependent lattice constants for solid argon of Petéfsare

sed.

] The final simulation results are found to be very sensi-

In order to evaluate the theoretical model paramet®ys
+B, in EqQ.(13), | in Eq. (14), andA; in Eqg. (15), the fitting
procedure is performed in different temperature regimes. De”

pending on the regime, least-squares fits are made to eithﬁv 10 the total time st due 1o the slow convergen fth
existing experimental data or the present EMD simulations € tothe total ime Steps due to the Slow convergence ot the
Green—Kubo integration. To obtain reliable results by direct

For the simulations, Callaway’s theoretical thermal conduc-

tivities calculated from Eq(5) are fitted to the EMD thermal Integration a very I_arge numb_er of time steps must be used
conductivities calculated using Eq2) by adjusting the for accurate statistical averaging. In addition, the number of

above parameters. At high temperatures N and U process&tegrat'on steps must be chosen so that the integration time

dominate and boundary and impurity scattering processe'g‘ larger than the characteristic time required for the current—

contribute little to the thermal resistance. The sBa B, current autocorrelation function to decay to zero. In this ar-

can thus be deduced from the simulation data for pure argoHCle’ the total number of time steps is five million. This

by neglecting the boundary and impurity scattering terms incorresponds to about 5 ns for the heat flux autocorrelation

Eq. (12). At very low temperatures it is inappropriate to fit integration. Standard error analysis of the simulation data

the Callaway model to the simulation results, as the classicaqer:eratedd frt(_)rq Sebvi\r/\{/ﬂ runiég/SU“Sdlnlgz;orsfl?heﬁec?vel t?e(;-
EMD simulations do not correctly predict the quantum ef-Mal conductivity between 0 an o of the calcuiate

fects on thermal conductivity behavior in this regime. values in most cases. Below 30 K, cases with high impurity

. 0 .
Boundary scattering dominates at low temperatures, so th%oncentratlons have an error of 20%, the maximum observed

o . in all simulations.
parameter for boundary scattering is thus determined by : . .
neglecting all terms but—gl in Eq. (12 and subsequently Figure 1 shows the simulated thermal conductivity in the

fitting the Callaway model to experimental low temperaturetemp(:"r"’lture range of 10-70 K. For all simulations in this

data on solid argoh.Once the parameteB,; + B, and| are

evaluated, they can be used to determine the impurity scat- r T y T r T
tering parameteA; . This is done by fitting Eq(5) to simu- _ 6 o , ]
lation data in the temperature range between 30 and 60 K X o Spermental data]
.. = A 864 at
where peak thermal conductivity occurs. 55 al . Konoranrs result
2
g 3r i
I1l. SIMULATION RESULTS AND DISCUSSION E 2l R
Simulations are performed in the microcanonical en- § 1r .
semble on face centered cubic solid argon. A cubic simula- ,E_’ ol ]

tion box of side L is used, with the usual periodic boundary : : 31 ' .
conditions imposed along the, y, and z directions. Key

. L . . . Temperature (K)
simulation parameters are shown in Table I. Different lattice
constants were used in the simulations depending on the pafiG. 1. Thermal conductivity of solid argon-fixed lattice constant.
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FIG. 3. Defect and impurity effects on thermal conductivity of solid argon.
FIG. 2. Thermal expansion effects on thermal conductivity of solid argon.

figure, the lattice constant has been fixed $0GtK value of  on temperature for the temperature-dependent lattice param-
0.53 nm over the entire temperature range. Thermal expareter case in Fig. 2 is correct, the calculated data are lower
sion is thus not taken into account in Fig. 1. The currentthan experimental data over the entire temperature range and
simulation results lie nearer to the experimental dttan do  are also lower than the fixed parameter case data. Since ex-
the previous results of Ref. 15. In contrast to simulations ofperimental samples typically have defects and impurities that
silicon?! no clear evidence of finite size effects on thermalscatter phonons, and since no impurities have been intro-
conductivity is found. Simulations on 256 and 864 atom sys-duced into the simulation model, simulations should yield
tems display little dependence on the number of particles imigher values than experiments. This discrepancy is attrib-
the simulation domain. At temperatures below 20 K, theuted to the LJ potential itself. Although the temperature de-
simulation results diverge from the experimental data. Thigpendence of argon lattice constants is available, there is no
occurs because the classical EMD simulations do not acsuch information on the temperature dependence of the en-
count for the different quantum occupation of phonon stategrgy parameter in the LJ potential. The only temperature for
from the classical Boltzmann distribution that becomes im-which these parameters are available is 0 K; the values of
portant at temperatures far below the Debye temperd@®e these parameters were found by Polf&@Rand are shown in
K for argon. Based on these results, EMD can be used tdrable I. The procedure they used to obtain these parameters
explore thermal expansion effects on lattice thermal conducresults in a weaker energy scale in the LJ potential than that
tivity only at temperatures above 20 K. existing in reality’* leading to weaker interactive forces
Along with the experimental data and 864 atom fixedamong atoms and thus a lower thermal conductivity than the
lattice constant data from Fig. 1, Fig. 2 shows thermal exexperimental results.
pansion effects on lattice thermal conductivity. In these  As described above, thermal expansion leads to a devia-
simulations the lattice constant has been varied depending dion of the temperature dependence in thermal conductivity
the temperature. When the temperature exceeds 55 K, tfeom k<T~1. Another interesting problem is to determine
fixed parameter case exhibits a decay of thermal conductivitthe effect of the impurity and defect scattering processes on
with increasing temperature that is slow compared to experithe thermal resistance at higher temperatures. In the present
mental results. The calculations that account for temperaturemulations, both impurities and vacancy defects in solid ar-
dependence of the lattice parameter show much better agregen are investigated for a 516-atom system. This is accom-
ment with experimental trends. The temperature dependengdished by replacing one argon atom with a krypton atom or
of the thermal conductivity can also be fitted with a functiona vacancy, which gives us a defect concentration of 0.39%.
ko T~" for comparison to the theoretical thermal conductiv- Figure 3 shows the impurity and vacancy effects on the
ity at high temperature. In the temperature range 30—-50 Kthermal conductivity. The simulation results indicate that de-
the experimental curve, the fixed lattice parameter case, arfécts decrease the sample thermal conductivity and that the
the temperature-dependent lattice parameter case have valuemperature dependence of thermal conductivity becomes
of the exponenh equal to 1.22, 1.16, and 1.10, respectively.less pronounced as temperature increases. The results also
These values are all in reasonable agreement and are slight#ow that for the same defect density, the thermal conduc-
larger than the high temperature thermal conductivity expotivity with a vacancy defect is smaller than that with a kryp-
nentn= 1. In the temperature range 50—70 K, the values ar¢on impurity. According to Eq(15), the reciprocal of impu-
1.4, 0.617, and 1.55, respectively. Here the exponent for thaty scattering time is proportional to the square of the
fixed lattice parameter case deviates dramatically from thatlifference in mass between a defect and the surrounding ma-
for the experimental and the temperature-dependent latticierial. Table | indicates that the mass difference between a
parameter cases, and the exponents for the experimental amdcancy defect and the argon lattice is smaller than that for a
temperature-dependent cases increase further. These pheypton defect in an argon lattice. The inverse relaxation
nomena indicate that thermal expansion effects should not bi&me scalerfl of a vacancy scattering is thus smaller than
neglected at high temperatures in solid argon. that for a krypton impurity scattering, leading to a prediction
Although the trend of thermal conductivity dependenceby Eq. (5) of larger conductivity for the lattice with the va-
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cancy defect. This theoretical result contradicts the current
EMD results.

The insertion of a defect displaces the surrounding atoms
and induces strain in the lattice. The velocity of the phonons
is changed by the variation in interatomic distance, leading
to a change in direction and a phonon scattering event. Such
strain effects are neglected in E45), which only considers
the mass difference contribution to impurity scattering. The
relaxation time due to the relative displacement of the neigh-

Callaway model

u  Pure Ar
0 0.39% vacancy
A 1.5% vacancy

-
(8]
1
[ ]

-
N
L

Thermal conductivity x (W/K.m)
o o
. °

bt
s

boring atoms is given BY 20 30 40 50 60
Temperature T (K)
75 '=Asw?, 17 . . .
FIG. 4. Defect concentration effects on thermal conductivity of solid argon.
where
A 2V, oF 2% il 5 2 19) argon, 0.39%, and 1.5% cases. The values efjual 1.14,
s wzug‘ oY = R/’ 0.91, and 0.398 over the temperature range 30—60 K for the

three theoretical curves, respectively. It is further confirmed
that the temperature dependence in the thermal conductivity
deviates greatly fronk<T ! due to lattice strain resulting
from the vacancy defects.

Figure 5 presents the effects of impurity concentration
on the thermal conductivity at different temperature. The two
curves represent simulations run at 30 and 50 K. With in-
1= 7-(1+ 7-;1:(Ai+AS)w4_ (19 creasing temperature, the impurity effects on the lattice ther-

p
mal conductivity are observed to diminish.
The values ofA; and A calculated from Eqs(16) and (18) y

for vacancies and krypton mpurme; are listed in Table I.. For{v_ CONCLUSION
both vacancies and krypton impurities, the strain coefficien
A, is about three orders larger than the mass difference co- Equilibrium molecular dynamics simulation is used to
efficient A;. Since the value of\ is larger for a vacancy investigate thermal expansion and impurity effects on the
than for a krypton atom, the total inverse scattering time forattice thermal conductivity of solid argon. The simulated
krypton impurities is smaller than that for vacancies. Thethermal conductivity is not sensitive to the simulated cell
inclusion of lattice strain effects thus results in a lower ther-size. Over the temperature range 20-80 K, the simulated
mal conductivity for vacancies than for krypton and removegesults agree well with the experimental results. However,
discrepancies between the Calloway model and EMD simuthe thermal conductivity deviates greatly from the measured
lations. data below 20 K, which implies that the classical molecular
To analyze the defect scattering time further, EMD simu-dynamics simulation method is not appropriate far below the
lations were performed at a vacancy concentration density dPebye temperature. The simulation results prove that thermal
1.5%. The simulation data for these simulations as well agxpansion contributes to thermal resistance, particularly at
for simulations at 0.39% vacancy density and 0% vacancyigh temperatures. This article reports that the coefficients of
density (pure argoh were fitted in the range 30—60 K as the relaxation time scale due to impurity scattering can be
described in Sec. Il, using the paramefer A;+ A, as the quantitatively fitted from molecular dynamics. The calcula-
only fitting parameter. The fitted values Afare 4.0E-38 for tions show an order of magnitude agreement with the data
pure argon, 6.0E-38 for the 0.39% case, and 9.5E-38 for thealculated directly from theoretical models, and for the case
1.5% case. The Callaway model, adjusted to include strainf 1.5% vacancy defect density the agreement falls within
effects, was used in conjunction with the abadvealues to  15%. Based on the simulated thermal conductivity for
calculate thermal conductivity. These theoretical calculations
(curves along with simulation result§points are shown in
Fig. 4. The parametek can also be calculated directly from 1.0 —=—30K
Eqgs.(16) and(18). The directly calculated data are 2.84E-38 —o—50K
and 10.8E-38 for samples with vacancy densities 0.39% and
1.5%, respectively. The values @&f from the fitting proce-
dure are of the same order of magnitude as the directly cal-
culated values, and for the 1.5% case agree within 15%.
These results indicate that fitting of molecular dynamics
simulation results is a viable alternative to direct calculation,

using Egs. (16) and (18), for determination of the M\

04 T T T . r T
' . Impurity concentration (%)
The temperature dependence of theoretical thermal con-
ductivity is also fitted with exponential functions for the pure FIG. 5. Thermal conductivity of solid argon at different temperatures.

whereR; andR indicate the radii of the impurity and host
atoms andy indicates the Gmeisen parameter. Typical val-
ues of the paramete®, reported forK * impurities in NaCl
and vacancies in KCI are listed in Table I. Adding strain
effects[Eq. (17)] to the mass difference terfiq. (15)] leads

to the following relation for point defect scattering:

0.8+

0.6

Thermal conductivity x(W/K.m)
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samples with vacancy defects and impurity atoms of krypton, A. V. Inyushkin, A. Taldenkov, and V. I. Ozhogin, Phys. Rev58, 9431
it is found that phonon scattering on impurities due to lattice (1997.

strain is much stronger than that due to mass differenc
Argon with vacancy defects is thus found to have a lower
thermal conductivity than argon with krypton impurities at 12, ¢

the same defect concentration.

ACKNOWLEDGMENTS

One of the authorgY.C.) acknowledges the financial
support of the China Natural Science Foundat®d276011,
50275026 and the 863 High Technology Prograifroject
No. 2003 AA404160D

1J. M. Ziman,Electrons and Phonon&Clarendon, Oxford, 1960

2|, N. Krupskii and V. G. Manzhelli, Phys. Status Sol@4, K53 (1967).
3F. Clayton and D. N. Batchelder, J. Phys6C1213(1973.

4J. S. Dugdale and D. K. MacDonald, Phys. R@8, 1751 (1955.

5D. K. Christen and G. L. Pollack, Phys. Rev.1R, 3380(1975.

6J. Callaway, Phys. Rew13 1046(1959.

Y. C. Tai, C. H. Mastrangelo, and R. S. Muller, J. Appl. Ph§§, 1442
(1988.

8W. S. Capinski, H. J. Maris, E. Bauser, |. Silier, M. Asen-Palmer, T. Ruf,

M. Cardona, and E. Gmelin, Appl. Phys. Lettl, 2109(1997).
9M. Asen-Palmer, K. Bartkowski, E. Gmelin, M. Cardona, A. P. Zhernov,

1P, G. Klemens, Proc. R. Soc. London, Ser2@8 108 (1951).

1G. V. Paolini, P. J. D. Linda, and J. H. Harding, J. Chem. Phg§, 3681
997.

heghi, K. Kurabayashi, R. Kasavi, and K. E. Goodson, J. Appl.
Phys.91, 5079(2002.

13p, Stachowiak, V. V. Sumarokov, J. Mucha, and A. Jez Bowski, Phys. Rev.
B 58, 2380(1998.

V. G. Plekhanov, Mater. Sci. Eng., R5, 139 (2001).

15H. Kaburaki, J. Li, and S. Yip, Mater. Res. Soc. Symp. P5@8 503
(1998.

3. G. Wlz, J. B. Saulnier, M. Lallemand, B. Perrin, P. Depondt, and
Mareschal, Phys. Rev. B4, 340(1996.

173. R. Lukes, D. Y. Li, X. G. Liang, and C. L. Tien, J. Heat Transf&s,
536 (2000.

181, J. Porter, L. Ju, and S. D. Yip, J. Nucl. Mat@#46, 53 (1997.

19B. K. Agrawal and G. S. Verma, Phys. Re\26, 24 (1962.

200. G. Peterson, D. N. Batchelder, and R. O. Simmons, Phys. F.
703(1966.

21p, K. Schelling, S. R. Phillpot, and P. Keblinski, Phys. Re\63 144306
(2002.

22G. A. Pollack, Rev. Mod. Phys36, 748 (1964).

23], Corner, Trans. Faraday S, 914 (1948.

24E. A. Guggenheim and M. L. McGlashan, Proc. R. Soc. London, Ser. A
255, 456 (1960.

Downloaded 04 Sep 2005 to 165.123.34.86. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



