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Thermal conductivity of crystalline quartz from classical simulations
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We calculate the thermal conductivity of crystalliaeand 8-quartz in the high-temperature ran@®0 K to
1100 K) using nonequilibrium molecular dynamics simulations and an empirical interatomic potential. We find
that finite-size effects associated with the nonequilibrium dynamics are not negligible, which implies that
reliable results for the bulk thermal conductivity of quartz must be obtained by extrapolation to infinite sizes.
The calculated thermal conductivity is nearly temperature independent over a wide range of temperature, in
agreement with experiment.
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[. INTRODUCTION effects. Finite-size effects are expected to be larger in quartz
than in vitreous silica, because phonons in vitreous silica are
The thermal conductivity of oxide ceramics is important scattered not only by dynamical disorder, but also by static
both in the physics of dielectric materials and in technologi-(topologica) disorder, and therefore have a shorter mean free
cal applications where such materials are used as substratesth.
for microelectronic devices, as thermal barrier coatings, and The scope of this paper is to evaluate the capability of
in the production of refractory materials. Heat conduction inNEMD calculations to provide an accurate estimate of the
solids can occur either via lattice vibrations, or via electronicthermal conductivity in crystalline SiODWe do so by calcu-
excitations, or via radiative processes. Electronic contribulating the lattice contribution to thermal transport along the
tions to the thermal conductivity are typically small in insu- optical ([0001]) axis of quartz.
lators, for temperatures much smaller than the excitation gap. The qualitative agreement between our calculations of the
Similarly, radiative contributions become important only atthermal conductivity of crystalline quartz with experimental
very high temperatures, due to theT® dependence of the data suggest that thermal conductivity of quartz is dominated
radiative term. As a consequence, we restrict our analysis tby the lattice contribution and that the NEMD can be used to
the lattice contribution. Nonequilibrium molecular dynamics determine thethermal conductivity of crystalline quartz. We
(NEMD) is increasingly employed as a means for calculatingalso find that the results are affected by important finite-size
the lattice contribution to thermal conductivities, provided aneffects, and that full convergence of the results as a function
adequate description of atomic bonding in the material obf the simulation size can be computationally exceptionally
interest is available. This method has been extensively testetemanding. This suggests that the NEMD approach will pro-
and applied to silicoh® and zirconief Of the oxide ceramics, vide a useful tool for the development of crystalline,
the silicon oxides are arguably the most technologically im-SiO,-based ceramics for thermal conductivity-sensitive ap-
portant. Therefore, the present study focuses on silicon oxplications, but highlights the need for methodological devel-
ides. Recently, the thermal conductivity of vitreous silica wasopments capable of reducing the load of the computation.
determined using NEMD and the empirical interatomic po-
tential of van Beest, Kramer, and van Sant@wreafter
“BKS”).! Even though qualitative agreement with experi- Il. METHOD
ment was found over a wide temperature range, the calcu-
lated thermal conductivity at high temperatufe> 500 K)
was about a factor of 2 smaller than experiments. The dete
mination of the thermal conductivity of amorphous materials J,
via computer simulations are often complicated by the sen- K= Tz’
sitivity of the structure to the detailed molecular dynamics
procedure used to produce the amorphous structure. On thehereJ, and dT/dz are the heat flux per unit area in and the
other hand, calculations of thermal conductivity of crystal-temperature gradient along thkedirection, respectively. The
line materials is unambiguous—independent of the initialthermal conductivity can be calculated from either
configuration provided that the simulation is of sufficient du-nonequilibriunt*-**or equilibrium molecular dynami¢g2!
ration to ensure steady-state temperature profiles are estadimulations. We adopt a nonequilibrium molecular dynamics
lished through phonon scattering and provided that the simumethod of velocity rescaling to produce a constant heat flux,
lation cell is sufficiently large to avoid spurious finite size as proposed by Jund and Jull@fio calculate the tempera-

The thermal conductivityg, is the ratio of the thermal
F_urrent to the temperature gradigfourier’s law),
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. . 2. ical local temperature profile for temperature gradi-
FIG. 1. Two measurements of the time-dependence of the tem- FIG. 2. Typi perature profi P g

) ent calculation.
perature in two slabs, 3.8 nm from the center of the slab where the

heat was added. ]
average has converged within=10° MD steps.

ture profile, we divide a long simulation cell into a series of  Figure 2 shows a typical time-averaged temperature pro-
thin parallel slabs and measure the temperature in each. Hefile used to compute the thermal conductivity. This data was
is added to the slab at the center of the simulation cell at @btained using a %420 SiQ, unit cell simulation cell
fixed rate and removed from a slab at one end of the simuwith a heat flux of 2.9% 10'° J/n? s at 500 K(the heat flux
lation cell at the same rates by rescaling velocities there afaries slightly with temperature due to the temperature-
every time step. After sufficient time, this established a temdependence of the equilibrium lattice parametethough
perature profilegradieny that decreases from the center to the entire temperature profile is nonlinear because of the un-
the ends of the simulation cejberiodic boundary conditions physical manner in which heat is added/removed at the heat
are enforceyl Since a thermal flux is imposed and the tem-source/sink, the profile is very nearly linear over a substan-
perature gradient is measured, we calculate the thermal corial range between the heat source and sink. Therefore, the
ductivity through Eq(1). In the present calculation, we em- temperature gradient is extracted by excluding the 5 slabs
ploy a simulation cell consisting of¥44x 20 hexagona(9  around the heat source and 5 slabs around the sink. To fur-
atom) unit cells (with the long direction parallel tp0001]).  ther improve the accuracy, we make use of the fact that the
The molecular dynamics simulations were performed using 8ystem is symmetric about the position of the heat sink, SiO
velocity Verlet algorithm with a 0.97 fs time step. We use theundergoes a phase transition frasguartz tog-quartz be-
popular classical BKS interatomic potential;; =0;q;/rj; tween 800 and 900 K. As a consequence the simulations
+Aije‘biifii—Cij/ri6-, wherer;; is the separation between atoms were performed with the experimentally determined crystal

i andj and the other variables are parameters of the potentiatructure(and lattice parametgmt each temperature. Both
which can be found in the original BKS referenic®Ve  crystal structures are hexagonal with the same number of
evaluate the long-range Coulomb terms using the Ewaldtoms per unit cell.

summation method. The Ewald method is more computation-

ally demanding than other methods based on the truncation

of the interaction at finite distanc@€ddowever, the dynami- ll. FINITE SIZE EFFECTS

cal properties of silicates are known to be very sensitive to imulatiorsd d that the th |
the choice of the potential as well as to the details of the, Recent simulatiorrsdemonstrated that the thermal con-

long-range truncatio®? Therefore, in this work we evaluate ductivity is nearly independent of the size of the simulation

Coulomb terms exactly and defer a comparison with truncaC€!l in the plane perpendicular to the heat flux. In the same
tion methods to a future study. work, however, the thermal' condgctlvny was shqwn to de-
The time required to establish a steady-state temperatuREnd on the length of the simulation cell in the direction of
profile varied with temperature from12 ns at 1100 K to the heat flux. Thls_arlse_s_ f_rom phonon scatiering from the
~2 ns at 500 K. Following the suggestion of Schelling andlavers whc_are _heat is art!f|C|aIIy added or removeq_from the
Phillpot# we compute the average temperature in each slaBYStem- Kinetic theory gives the thermal conductivity as
through (T(2))y=1/MZM-1 Ty _1(2), where (T(2))y is the x=te,0l, 2
temperature at averaged over the finéll time steps of the
simulation, Ty_(2) is the temperature at in time stepN ~ Wherel is the phonon mean free path, is the constant
-m, andN is the total number of time steps during the entirevolume lattice specific heat, and is the sound velocity.
simulation. A simple measure of the convergence of the mea=rom Eq.(2) the phonon mean free paths estimated to be
sured temperature is the degree to which the temperature #/c,v =2 nm with ¢,~3 J/(cn® K), v~6 km/s, andx
two slabs, equidistant from the slab into which heat is added=4 W/(m K). The estimated mean free path and simulation
agree. The simulation is terminated when this difference isell sizes are on the same order of magnitude. If the distance
less than 3 K. Figure 1 shows the average temperatures Petween the layers where heat is added or removg@) is
two slabs, that are equidistat slabs awayfrom the slab comparable with the phonon mean free path, then an effec-
into which heat is added, verst. This data shows that the tive mean free pathy; can be defined 4s

012302-2



BRIEF REPORTS PHYSICAL REVIEW B0, 012302(2004)

0.4

-
[3)]

o- quartz - quartz

o

w
-
o

1k (WimK)™

3]

g

o
o

Thermal Conductivity (W/mK)

008 010 012 0.14 0.16 0 . . . .
1/L{hm ™) 200 400 600 800 1000 1200

Temperature (K)

FIG. 3. 1/« calculated at four different temperatures is plotted

with error bars as 1, is changed for different cell sizes. FIG. 4. Comparison of the calculatéfiled squaresand experi-

mentally measure(Ref. 3) (open circlegthermal conductivity as a

function of temperature. The data at 500 and 800 K were obtained
1.1 4 (3) for a-quartz and those at 900 and 1100 K were obtained for
I off B l, L, B-quartz. The calculated thermal conductivity is plotted with error

L . ) bars and the experimental transition temperature is 846 K.
In order to check the effect of finite, we carried out simu-

lations using three different cells, with,={12,16, 2Qc, re- . -

spectively, wherec is the temperature-dependent lattice pa- Figure 4 also shows the thqrmal conductmty versus tem-

r:fmeter a,lon the optical ax[©001]. The lateral size was perature, extracted from experiment. This thermal conductiv-
9 P ' ity was determined from the relatioe=D+c,p, WhereDy is

fixed to 4X 4 repeat units of the quartz basal plane. The total e : :
number of atoms in the three simulation cells was 1728-lhe thermal diffusivity Cp IS the molar heat capacityandp

2304, and 2880, respectively. Figure 3 shows the therma the inverse molar specific volumdé The computed and

ductivit lculated at f diff . i ith xperimental thermal conductivities are in qualitative agree-
conductivity calculated at four different temperatures With o ne \we notice that the thermal conductivity calculated for
the three cells. At all temperatures the value ok Hikcreases

i amorphous Si@in the same temperature range by Jund and

L?;giigeﬁwsé?gliué’hiingt%ifjtel?ngg:lts)\}v:?r?vﬁvig 51?3(5) Julier? was affected by a similar discrepancy with experi-
z z I i 1 i

" limit. A linear fit to the data of Fig. 3 has been at- ment, but of different sign, their calculated values being

i ted. but for t i b 800 K it id about a factor of 2 smaller than experimental values. Their
empted, but Tor temperatures above It provides a.\culation was affected by the uncertainty about the actual
vanishing lower limit for 1k, which means that we are un-

ble t ¢ imit fok. based h s structure of amorphous SyOSuch an uncertainty is removed
abe to set an upper limit ok, based on the present SiMu- o0 55 \we consider a crystalline structure. Because we find
lations. Such a large uncertainity in the asymptotic valu

&hat BKS yields systematically higher values fer it is
cannot be fully ascribed to statistical errors in the simulationﬁ- s : :
. . ikely that the atomistic structure of amorphous Sig3ed in
(the error bars in Fig.)3as in some cas€s.g., at 500 K and y P 2

. . Ref. 2 is not very representative of real glass, a likely con-

800 K) these errors are quite small. I_nstead, the uncertalntgequence of the very fast quenching rate employed to gener-
seems to be connected with the nontrivial dependence of 1/ate it25
on 1/L,. This indicates that finite cell length corrections are Siﬁce the calculated thermal conductivity is larger than
significant and that extrapolation of the data to infinite size he measured thermal conductivity, the conclusion that the
;?nt 3? molr € prortjlemagq tr}(ﬁ.n prev||(ously tho:fgh:hwetaonc%lectronic and radiative contributions to the thermal conduc-

a te dv.a l:qestGZbuse n thls Wr?r. arte smal dei an i ostehtivity are unimportant stands. Of course, the veracity of the
reported in Ret. © because the choice to avoid runcaling Nk giction depends upon the degree to which the interatomic
Coulomb tails of the interatomic potentials, as discusse

b its | iderable i 1 e tential describes the system. After the current paper was
Iaoa(zive' results in a considerable increase of the computation bmitted, the authors came to know that a relevant paper

was published® They calculated thermal conductivity of
various silica structures including-quartz from equilibrium
IV. RESULTS AND DISCUSSION molecular dynamics and obtained a good agreement with

Figure 4 shows the thermal conductivity, determined vig€Perimental data. Thermal conductivity ef-quartz has
the simulation method described above, versus temperatur@®en decomposed into long range and short range compo-
In spite of the large uncertainties, it is interesting to observd1€Nts at 250 K. Therefore, nonequilibrium and equilibrium
that the calculated temperature dependencex @ rather ~Methods complement each other.
weak, in accordance with experiments. This is at variance
with the typical 1m* (with a«=1) scaling of the thermal

A . V. CONCLUSION
conductivity in crystals at high temperature. Moreover, as

already mentioned, SiQ transforms from a-quartz to We have performed the first molecular dynamics simula-
B-quartz between 800 and 900 K, but no major changes aréon to obtain the thermal conductivity af- and g-quartz
observed in the thermal conductivity. using the BKS SiQ interatomic potential. The simulations
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were performed by imposing a thermal flux and measurinditatively true), then the accuracy of a NEMD calculation of
the temperature gradient and extracting the thermal conduthermal conductivity increases linearly with the computa-
tivity through Fourier's Law. Just as in the experimentaltional speed. This suggests that NEMD will be an increas-
measurements in the 500<KT <1100 K range, the thermal ingly useful tool to predict the thermal conductivity of ce-
conductivity was found to be roughly temperature-ramics. Future work will then have to focus in more detail on
independent. The observation that the predicted thermal cofhe reliability of interatomic potentials for these systems.
ductivity is greater than in the experiments suggests that

electronic and radiative contributions to the thermal conduc-

tivity of quartz are relatively unimportant. However, this ACKNOWLEDGMENTS

conclusion rests upon the reliability of the empirical inter-

atomic potential. Large finite-size effects prevent a more ac- This work was supported by NASA under Grant No.
curate determination of the thermal conductivity. However, ifNAG3-2665. Computer time was provided by the W. M.
finite-size effects scale with the inverse of the length of theKeck Computational Materials Science Laboratory. S.S. and
simulation box(which is qualitatively, but perhaps not quan- Y.-G.Y. ackowledge useful discussions with Paul Tangney.

*Current address: Department of Physics, Chung-Ang University, 1355(1986.

Seoul, Korea. 14, Miiller-Plathe, J. Chem. Phy4.06, 6082(1997.
1B. W. H. van Beest, G. J. Kramer, and R. A. van Santen, Phys!®D. Bedrov and G. D. Smith, J. Chem. Phykl3 8080(2000.
Rev. Lett. 64, 1955(1990. 16J. Che, T. Cagin, W. Deng, and W. A. Goddard, J. Chem. Phys.
2P, Jund and R. Jullien, Phys. Rev.3®, 13 707(1999. 113 6888(2000.
3H. Kanamori, N. Fujii, and H. Mizutani, J. Geophys. R&8, 595  17J. Li, L. Porter, and S. Yip, J. Nucl. Mate55, 139 (1998.
(19689. 183, G. Wolz and G. Chen, Phys. Rev. @&, 2651(2000.
4P. K. Schelling, S. R. Phillpot, and P. Keblinski, Phys. Rev6B 19y H. Lee, R. Biswas, C. M. Soukoulis, C. Z. Wang, C. T. Chan,
144306(2002. and K. M. Ho, Phys. Rev. B43, 6573(1991).
5A. Maiti, G. D. Mahan, and S. T. Pantelides, Solid State Com-2°A. J. C. Ladd, B Moran, and W. G. Hoover, Phys. Rev.38,
mun. 102, 512(1997). 5058 (1986).
6p. K. Schelling and S. R. Phillpot, J. Am. Ceram. S84, 2997  2!R. Vogelsang, C. Hoheisel, and G. Ciccotti, J. Chem. PI3g;.
(200D. 6371(1987).
7C. Oligschleger and J. C. Schon, Phys. Rev6® 4125(1999. 223, Horbach and W. Kob, Phys. Rev. &, 3169(1999.
8A. Baranyai, Phys. Rev. (54, 6911(1996. 23CRC Handbook of Chemistry and Physig4st ed (CRC Press,
°R. H. H. Poetzsch and H. Béttger, Phys. Rev. 38, 15 757 Boca Raton, 2000
(1994. 24M. A. Carpenter, E. K. H. Salje, A. Graeme-Barber, B. Wruck,
10p. J. Evans, Phys. Let91A, 457 (1982. M. T. Dove, and K. S. Knight, Am. Mineral83, 2 (1998.
M. J. Gillan and M. Dixon, J. Phys. @6, 869 (1983. 25K, Binder, J. Horbach, and W. Kob, Comput. Sci. Erf. 60
123, Berber, Y.-K. Kwon, and D. Tomanek, Phys. Rev. L&, (2003.
4613(2000. 26A. J. H. McGaughey and M. Kaviany, Int. J. Heat Mass Transfer
13G. V. Paolini, G. Ciccotti, and C. Massobrio, Phys. Rev.34, 47, 1799(2004).

012302-4



