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ABSTRACT. The thermal transport in a solid happens when the material is subjected to a thermal gradient. If free
electrons are absent, the thermal transport is due to the phonons, the quasiparticles corresponding to the vibrations of the
atoms of the crystal. The equation that describes this transport is the phonon Boltzmann equation. Here we show how to
solve it by means of the variational principle.

Introduction. As discussed in [1], the equation that is today known as the phonon Boltzmann
equation was first derived by Rudolf Peierls in 1929 [2]. Peierls actually studied the zones of the
reciprocal lattices before Léon Brillouin, applying his approach to evaluate the thermal transport by
phonons. In this manner he introduced, besides the Boltzmann equation for phonons, also the notion
of three-phonon Normal and Umklapp processes [3]. According to Peierls [1], the thermal transport
equation can be written as Ngyis(G, P) + Ngcart (G, P) =0, where ny,i IS the rate of change of the

number of phonons due to the presence of a temperature gradient and Ny IS the rate of change

due to the scattering of phonons against other phonons, the boundaries of the sample, and electrons,
impurities, dislocations and other defects present in the material. G, p are indicating the wave-

vector and the polarization of the considered phonons.

We discussed the solution of the Boltzmann equation in the case of the presence of isotope impurities
and electrons in some previous articles [4-8]. In these papers, we approached the solution by means
of the relaxation time approximation and by a more specific analysis, containing the true Brillouin
zone of the crystal and the three-phonon scattering matrices. In this last case, the solution was
achieved through an iterative method [9-10]. From the solution of the Boltzmann equation, we
determined the thermal conductivity of the crystals considered in the abovementioned studies. Other
methods for determining the lattice thermal conductivity are based on ab-initio and first-principle
calculations, and on molecular dynamics simulations [11-23].

Here we will consider another method for solving the phonon Boltzmann equation, based on the
variational principle. The exposition of the related theory is aimed to introduce researchers and
students of solid-state physics to a different approach to the determination of the thermal transport in
crystals. Before discussing the variation method for the Boltzmann equation, let us see the problem
in a more general context.

Variational method. Actually, the Boltzmann equation is, in its standard form, an integral-
differential equation [24]:

X (k) = [ {@() - (k) } P(k, k) dk’ (1)
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In (1), X (k) isaknown function that can be dependent on external fields. The integration is on a
vector space, which is here simply represented by the single variable k. Function P(k,k') is
positive because it is representing a measure of probability. Moreover, P(k,k') = P(k', k) .

The problem is to find the function ®(k).

Let us define the internal product of two functions ® and ¥ in the following manner:
(D, P) = j (k) ¥ (k) dk ()

Let us introduce the scattering operator P, so that:
X=POD (3)

This operator changes the function @ in another function by an integration.

Properties of the operator P are the following. It is linear and symmetric. Therefore, for any ®
and W, we can write:

(@,P¥) = (¥, PD) 4)

This property is coming from the abovementioned symmetry of P(k, k'), that is, from:

P(k,k')=P(k',k) (5)

Moreover, P is positive, so that:
(O,PD)>0 VO (6)

From (3), we deduce the relation:
(D, PO) = (D, X) (7)

According to the variational principle, among all the functions satisfying equation (7), the solution of
the integral equation is that giving the maximum value of the product (®,P®).

This fact is easy to demonstrate. If ¥ is any solution of (7), but not of (3), we have (using (6) and

(4)):
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0< (D -, P(D-P)) = (®,PD) + (¥, PV¥) — (O, P¥) — (¥, PD)

= (®,PD) + (¥, PP) - 2 (¥, X) = (O, PD) — (¥, PP) ®)

Then:
(D, PD) > (V,PY) 9)

To apply this property to the solution of the Boltzmann equation, we use a trial function, made by
known functions, which are containing some parameters the value of which we can change. Then,
these parameters are varied until the function (®,P®) attains its maximum value. Let us stress that,
in this manner, we do not find the true solution. However, in the case that we have made a good
choice of the trial function, the solution is a good approximation of the true result.

Usually, the trial function is of the following type:

() =Y () (10)

In (10), n; are the parameters we can change, and ¢ (k) are the known functions. Then, we can
write the elements of the matrix and vector corresponding to operator P and function X, that is
P; and X; according to the set of functions ¢;:

Pj = (¢1.P¢;) (11)
Xi =(X,¢) (12)

Therefore, we have:
(D, PD) = %(nm Pnidi) = %Uiﬂj (4,Pg;) = %Pij 7 1j (13)

(@, X) =2 (i, X) = 2mi (X, ) = 2. X my (14)

According to the variational principle, parameters n; must satisfy the equation:

J
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Equation (15) can be solved by means of an algebraic or numerical approach. However, let us stress
once more that the choice of functions ¢ is quite important, because from it we have a solution

which is close to the true solution or not. However, we have also to choose the functions ¢ in order

to have the products (11), (12) that can be easily calculated. Therefore, these two constraints have to
be matched opportunely.

The method outlined here is also known as the Rayleigh—Ritz method, after Walther Ritz and Lord
Rayleigh. It is widely used to approximate eigenvalues and eigenvectors.

Phonon Boltzmann equation. Let us express the phonon distribution n(g, p) in term of the
deviation function y, :

n(g, p) = Ngp = ngp + l//qpngp A+ ngp) ) (16)

where ngp is the equilibrium Bose-Einstein distribution. In (16), the phonon distribution in the

material is supposed being disturbed by the presence of a thermal gradient.
Writing the Boltzmann equation in the form given in the previous section, we have that it is like:

on®
®.vT (17)

p_ pp p_
Xq = Z,qu' Vapr Xq =V o1
qp

In (17), we have the phonon group velocity vg, and the gradient of the temperature, which is
perturbing the equilibrium of phonons.

We can deduce the deviation function y, applying the Rayleigh-Ritz variational procedure to the
trial function:

d(a, p) = Y alé (g, p) (18)

In (18), {4} is a set of functions that need to be suitably chosen.

According to Srivastava in [25], we can obtain the thermal conductivity x« as:

kgT?
k=—S—3alXP, XP =3 X4 (@, p) (19)
Q|VT| rp q

We have here the volume of the crystal ©Q and the Boltzmann constant kg . The coefficients a
are obtained by solving the system:

MMSE Journal. Open Access www.mmse.xyz


http://www.mmse.xyz/

Mechanics, Materials Science & Engineering, March 2017 — ISSN 2412-5954

Xp—ZapHPrp, Py —Z¢r(q PP ¢ (d', p') (20)

As we have discussed in [9] and [10] for instance, the phonons are scattered through three-phonon
processes and therefore the matrix elements I1} pp can be written as:

S QUE[®(a, p)+@(q; p) - (@ p )P =X X1 apal  (21)
ap 9'p'q"p” re' pp’

In (21), we find the intrinsic transition probability rate for the three-phonon scattering processes:

won 27 o
Qgpﬁ’q.p.=7\< p"I H 1ap,q'P)|* NN o 1+ N ) Sy + gy — o) (22)

We have, in (22), the phonon angular frequency for given wave-vector and polarization. # is the
reduced Planck constant or Dirac constant. & represents the function delta of Dirac. In (22) we find
also the Hamiltonian H, used to describe the set of interacting phonons.

Actually, the explicit form of (17) is:

:qu,qZp" by (‘/’qp T¥ap ~Yarp ) qu: qu: Q" (qu “VYap _Wq"p") (23)

Calculating the thermal conductivity. From what we have previously told, it is clear that the
evaluation of the thermal transport by means of the variational approach is a non-trivial task. We have
solved it in a previous paper [26], where we considered the variational approach to determine the
thermal conductivity of the rare gas crystals. To account for the crystal lattice, we used an isotropic
model made of successive shells surrounding the atoms of the crystal. The potential describing the
interaction among atoms was a Lennard-Jones potential.

In the framework of the model, we can calculate the dispersions of the longitudinal and transversal
angular frequency of phonons by means of the eigenvalue equation:

( hzo )[1—cos (@-h)][(O,U) + B(hyhh Jey, = ngp Eqp (24)

In the equation (24) we find the mass M of each reticular center, h runs over all the neighbors of
the central atom considered as origin (h is the modulus), U is the Lennard-Jones potential,

Oy = h™d/dh and ph) = OﬁU . &qp are the unit vectors of polarizations.

Let us remember that the Lennard-Jones potential is:
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I I

In (25), we have two parameters U, I, which are specific of the material.

The Hamiltonian necessary for giving the intrinsic transition probability (22) is:

=23 Y alh- G -8)F +3 2 ¥ 00 G -8)Jen-af 20

I (h=0) | (h=0)

Vector | gives the atomic positionsand «a(h) = Oﬁ’U . &, Iisthe displacement of the atom from its
average position given by vector | (the same for 1+h).

Let us define the dimensionless quantities y=q/Qp, ¥Y'=q'/Qp, Y'=q"/Qp, in which Qp is
the radius of the Debye sphere, and @(q, p) = f,(y) (Uq -U), where ug =q/q and u=VT/VT|.

In the framework of the isotropic model, the result does not depend on u [26]. Then, equation (21)
becomes:

XY Y Qpap©=XXliaral

ap a'p'q"p” rr pp' (27)

@=f2(y)+ fa(y)+ oy +2af,(y)fp(y)—2bfo(y)fo(y)—2¢ Fr(y) fp(y")

In (27), a, b and c are the cosines Ug -Ug, Ug-Uge and Uy respectively.

q Ug" “Ugrs

Functions f,(y) are those that we must describe by the trial functions:

@, (y)
f __9op) 28
o(Y)=~— ay { g } (28)

In (28), we have R the maximum value of the exponent involved. We have also the reduced angular
frequency:

1/2
&, (y) =M (ﬁ“"j g (29)

In it, we find h; which is the nearest-neighbor distance and U, , the parameter of the Lennard-
Jones potential (25).

MMSE Journal. Open Access www.mmse.xyz


http://www.mmse.xyz/

Mechanics, Materials Science & Engineering, March 2017 — ISSN 2412-5954

The choice of the trial function of the form given in (28) was made in agreement to the behaviour of
the Boltzmann equation in the long wavelength limit.

For g — 0, we have that [26]:

(Vgp - VT)
Wap o€~ (30)
q
That is:
1 0w,
fo(y)c———— (31)
P y oy
According to Srivastava, using (19) we have the thermal conductivity [26]:
2
16 UgAN TbP AP (32)

K=—
27T O M I12kgT? 1

In (32), we have N the number of atoms in the crystal and parameter |, =4.37511 for a F.C.C.
lattice. We have also used:

_64 > VT N,

al=Tb}; T (33)
' ' 9" kT2 QQ}
1 0w, \*
=] y”{ﬁ} c?p(y)n?,(y)[l+ n%(y)] dy (34)
0
In dimensional terms, (32) means:
] = energy® - time
volume- mass- energy - temperature
energy? - time? (32)

- length 3 . mass- temperature -time

~ energy? ~ power
length - energy - temperature -time  length - temperature
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In [26], we have calculated the matrix elements in (27) and numerically found coefficients bP to
use in (32). The result for the thermal conductivity in solid argon is shown in the Figure 1.

For solid argon, the parameters of the interatomic potential and the nearest-neighbor distance at 10 K
and 80 K, as deduced from [27] are in the following data: U0=0.58356x10‘13erg ,

r, =3.4447x108cm, h, =3.7559x108cm at 10K, and h, =3.8571x108cm at 80 K.
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Fig. 1. Thermal conductivity of solid argon (in mW/(cm-°C)) as a function of temperature. The
result of the variational calculation is given by the line. The experimental points are from [28-33].

In the calculation of the thermal conductivity we applied the variational procedure in the temperature
range between 7 K and 80 K. We have not considered the temperature below 7 K in order to avoid
the boundary scattering, which is responsible for the peaks at low temperature that we see in the
experimental data.

Summary. In this paper we have shown how a variational method can be used to solve the phonon
Boltzmann equation for the determination of the thermal conductivity of a crystal, such as a crystal
of solid argon, where only the phonons are transporting the heat. The exposition of the theory is
maintained to an introductory level, aiming to show to researchers and students a different approach
to the problem of the thermal transport by phonons, different from those previously exposed in [4]
and [5]. The variational method is based on the use of a set of trial functions, that need to be chosen
in order to have a solution which is quite close to the true solution. Here we have used, to solve the
phonon Boltzmann equation, a set of trial functions which have the same behaviour of the deviation
function in the long wavelength limit. The fact that the choice was a good one is also given, a
posteriori, by a good agreement with the experimental data.

References

[1] Petterson, S. (1991). Solving the phonon Boltzmann equation with the variational method.
Physical Review B, 43(11), 9238-9246. DOI: 10.1103/physrevb.43.9238

[2] Peierls, R. (1929). Zur kinetischen Theorie der Warmeleitung in Kristallen. Ann. Phys. (Leipzig).
395(8), 1055-1101. DOI: 10.1002/andp.19293950803

MMSE Journal. Open Access www.mmse.xyz


http://www.mmse.xyz/

Mechanics, Materials Science & Engineering, March 2017 — ISSN 2412-5954

[3] Peierls, R. (1985). Bird of Passage: Recollections of a Physicist. Princeton University Press.
ISBN-10: 0691083908.

[4] Sparavigna, A. C. (2016). The Boltzmann equation of phonon thermal transport solved in the
relaxation time approximation — | — Theory. Mechanics, Materials Science & Engineering Journal,
2016(3), 34-45. DOI: 10.13140/RG.2.1.1001.1923

[5] Sparavigna, A. C. (2016). The Boltzmann equation of phonon thermal transport solved in the
relaxation time approximation — Il — Data analysis. Mechanics, Materials Science & Engineering
Journal, 2016(3), 57-66. DOI: 10.13140/RG.2.1.2026.4724

[6] Sparavigna, A. C. (2016). On the Boltzmann equation of thermal transport for interacting phonons
and electrons. Mechanics, Materials Science & Engineering Journal, 2016(5), 204-216. DOI:
10.13140/RG.2.1.2824.0885

[7] Omini, M., & Sparavigna, A. (1995). An iterative approach to the phonon Boltzmann equation in
the theory of thermal conductivity. Physica B: Condensed Matter, 212(2), 101-112. DOI:
10.1016/0921-4526(95)00016-3

[8] Omini, M., & Sparavigna, A. (1997). Effect of phonon scattering by isotope impurities on the
thermal conductivity of dielectric solids. Physica B: Condensed Matter, 233(2), 230-240. DOI:
10.1016/50921-4526(97)00296-2

[9] Omini, M., & Sparavigna, A. (1996). Beyond the isotropic-model approximation in the theory of
thermal conductivity. Physical Review B, 53(14), 9064-9073. DOI: 10.1103/physrevb.53.9064

[10] Omini, M., & Sparavigna, A. (1997). Heat transport in dielectric solids with diamond structure.
Nuovo Cimento, Societa Italiana di Fisica, Sezione D, 19, 1537-1564.

[11] Broido, D. A., Malorny, M., Birner, G., Mingo, N., & Stewart, D. A. (2007). Intrinsic lattice
thermal conductivity of semiconductors from first principles. Applied Physics Letters, 91(23),
231922 (3 pages). DOI: 10.1063/1.2822891

[12] Ward, A., Broido, D. A., Stewart, D. A., & Deinzer, G. (2009). Ab initio theory of the lattice
thermal conductivity in diamond. Physical Review B, 80(12), 125203 (8 pages). DOI:
10.1103/physrevb.80.125203

[13] Ward, A., & Broido, D. A. (2010). Intrinsic phonon relaxation times from first-principles studies
of the thermal conductivities of Si and Ge. Physical Review B, 81(8), 0852051 (5 pages). DOI:
10.1103/physrevb.81.085205

[14] Narasimhan, S., & De Gironcoli, S. (2002). Ab initio calculation of the thermal properties of Cu:
Performance of the LDA and GGA. Physical Review B, 65(6), 064302 (7 pages). DOI:
10.1103/physrevb.65.064302

[15] Karch, K., Pavone, P., Windl, W., Strauch, D., & Bechstedt, F. (1995). Ab initio calculation of
structural, lattice dynamical, and thermal properties of cubic silicon carbide. International Journal of
Quantum Chemistry, 56(6), 801-817. DOI: 10.1002/qua.560560617

[16] Fugallo, G., Lazzeri, M., Paulatto, L., & Mauri, F. (2013). Ab initio variational approach for
evaluating lattice thermal conductivity. Physical Review B, 88(4), 045430 (9 pages). DOI:
10.1103/physrevb.88.045430

[17]Ju, Y. S. (2005). Phonon heat transport in silicon nanostructures. Applied Physics Letters, 87(15),
153106 (3 pages). DOI: 10.1063/1.2089178

[18] Volz, S. G., & Chen, G. (2000). Molecular-dynamics simulation of thermal conductivity of
silicon crystals. Physical Review B, 61(4), 2651-2656. DOI: 10.1103/physrevb.61.2651

[19] Turney, J. E., Landry, E. S., McGaughey, A. J. H., & Amon, C. H. (2009). Predicting phonon
properties and thermal conductivity from anharmonic lattice dynamics calculations and molecular

MMSE Journal. Open Access www.mmse.xyz


http://www.mmse.xyz/

Mechanics, Materials Science & Engineering, March 2017 — ISSN 2412-5954

dynamics  simulations.  Physical Review B, 79(6), 064301 (12 pages). DOI:
10.1103/physrevb.79.064301

[20] Ladd, A. J., Moran, B., & Hoover, W. G. (1986). Lattice thermal conductivity: A comparison of
molecular dynamics and anharmonic lattice dynamics. Physical Review B, 34(8), 5058-5064. DOI:
10.1103/physrevb.34.5058

[21] Sellan, D. P. (2012). Predicting phonon transport in semiconductor nanostructures using
atomistic calculations and the Boltzmann transport equation (Doctoral dissertation, University of
Toronto). Available at https://tspace.library.utoronto.ca/handle/1807/32882

[22] Li, J., Porter, L., & Yip, S. (1998). Atomistic modeling of finite-temperature properties of
crystalline B-SiC: Il. Thermal conductivity and effects of point defects. Journal of Nuclear Materials,
255(2), 139-152. DOI: 10.1016/50022-3115(98)00034-8

[23] McGaughey, A. J., & Larkin, J. M. (2014). Predicting phonon properties from equilibrium
molecular dynamics simulations. Ann. Rev. Heat Transfer, 17, 49-87. DOI:
10.1615/annualrevheattransfer.2013006915

[24] Ziman, J. M. (1962). Electrons and Phonons, London, Claredon. ISBN-13: 978-019850779,
ISBN-10: 0198507798

[25] Srivastava, G. P. (1990). The physics of phonons. Bristol, Adam Hilger. ISBN-13: 978-
0852741535

[26] Omini, M., & Sparavigna, A. (1993). Thermal conductivity of rare gas crystals: The role of three-
phonon processes. Philosophical Magazine B, 68(5), 767-785. DOI: 10.1080/13642819308220158

[27] Wallace, D. C. (1972). Thermodynamics of Crystals. New York, Wiley. ISBN-13: 978-
0471918554

[28] White, G. K., & Woods, S. B. (1958). Thermal conductivity of the solidified inert gases: Argon,
neon and krypton. Philosophical Magazine, 3(32), 785-797. DOI: 10.1080/14786435808237015

[29] Berne, A., Boato, G., & De Paz, M. (1966). Experiments on solid argon. 1l Nuovo Cimento B
(1965-1970), 46(2), 182-209. DOI: 10.1007/bf02711421

[30] Christen, D. K., & Pollack, G. L. (1975). Thermal conductivity of solid argon. Physical Review
B, 12(8), 3380-3391. DOI: 10.2172/4234979

[31] Clayton, F., & Batchelder, D. N. (1973). Temperature and volume dependence of the thermal
conductivity of solid argon. Journal of Physics C: Solid State Physics, 6(7), 1213-1228. DOI:
10.1088/0022-3719/6/7/012

[32] I.N. Krupskii, V.G. Manzhelii (1969) Multiphonon Interactions and the Thermal Conductivity
of Crystalline Argon, Krypton, and Xenon, JETP, 28(6), 1097-1100 (Russian original - ZhETF, 55(6),
2075, June 1969).

[33] Daney, D. E. (1971). Thermal conductivity of solid argon, deuterium, and methane from one-
dimensional freezing rates. Cryogenics, 11(4), 290-297. DOI: 10.1016/0011-2275(71)90185-8

MMSE Journal. Open Access www.mmse.xyz


http://www.mmse.xyz/

