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A new model of phonon transmission across interface between two crystals is proposed which takes into account the mismatch of crystal lattices.
It has been found that the mismatch of lattices results in phonon scattering at the interface even in the absence of defects. As it has been
shown, at the normal incidence, longitudinally polarized phonons have much larger transmission coefficient than that of transversely polarized
phonons, excluding special resonance cases. Allowance for this factor results in a calculated Kapitza resistance value that is approximately

three times greater. For the quasi one-dimensional case, an exact solution has been obtained.
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1. Introduction

When heat flows through the boundary between two crystals, the temperature at the interface experiences a
sharp jump. The proportionality coefficient between the heat flux and the temperature jump is known as the thermal
boundary resistance or the Kapitza resistance. The Kapitza resistance is a crucial parameter for calculating the heat
conductivity of nanocomposite materials. These materials are needed for the development of compact, inexpensive,
easily-fabricated heat sinks for electronic devices, primarily for computer processors [1,2]. The study of thermal
transmission across the crystal interface, on in its own, attracts the attention to the problem of phonon transmission
across the crystal interface since, in the majority of cases, the phonons are responsible for the energy transfer
across the interface. Additionally, several thermal devices, such as thermal transistors [3], thermal rectifiers [4]
and thermal logical gates [5] have been recently suggested. An accurate description of crystal lattice dynamics is
important for these purposes.

Various approximations are used in the theory of thermal boundary resistance. Two basic approaches are the
so called Acoustic Mismatch Model (AMM) and Diffusive Mismatch Model (DMM). In the first approach [6, 7],
it is suggested that the interfacial coefficients of the phonon transmission and reflection could be calculated using
the elasticity theory. However, firstly, this approximation is suitable only for calculation of the Kapitza resistance
at low temperatures. Secondly, this approximation doesnt take into account the phonon scattering at the crystal
interface. The values of the Kapitza resistance calculated within AMM occurred significantly higher than the
experimentally determined values [8].

The second approach [9] suggests, vice versa, that the interfacial scattering is very strong, and phonons
incident at the interface ‘forget’ their initial direction and uniformly scatter in all directions. The Kapitza resistance
calculated within this approach is higher than the value calculated within the AMM, but still doesn’t give the good
agreement with the experimental data [8].

Thus, it is necessary to develop more accurate model of the phonon transmission across the interface, which
takes into account the atomic structure of actual crystals. The simplest model of this kind is the one-dimensional
chain with the interface. Such a model has been detailed in papers [10, 11]. Paper [12] describes the three-
dimensional model of lattice dynamics near the interface. However, this model does not take into consideration the
lattice mismatch of the two crystals.

More complicated models are studied by computer simulation. Thus, in paper [13] it was found that longitudi-
nal phonons have the significantly higher interfacial transmittance coefficient than the transverse phonons. Phonon
transmission across the interface is studied with a Green’s function method in [14]. It is also suggested that atoms
located at the interface are randomly displaced from the position that they would occupy if they were in volume
of the crystal.

The role of anharmonicity of oscillations in the phonon transmission across the interface is considered in the
paper [15]. In the most recent study [16], it has been found that atoms at the interface oscillate with a frequency
exceeding the maximum possible frequency in a given crystal.

The presented paper proposes an analytical description of dynamics of the crystal lattice near the interface
which takes into account the mutual mismatch of the lattices. The main assumption is that displacements of atoms
at the interface are not random, but determined by forces affecting them from the side of atoms of the adjacent
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crystal. Generally the exact solution in such a model is not possible. At the same time, the essential qualitative
effects related to the lattice mismatch can be found. In particular, it is possible to explain why the transverse
phonons have much lower transmission coefficients compared to longitudinal ones. It turns out that the lattice
mismatch, even in the absence of defects, results in phonon scattering at the interface. This scattering is not
random, but has a certain structure.

2. The model

We consider the interface between two crystals having the structure of a simple cubic lattice and contacted
by both crystal surfaces (1,0,0) (Fig.1). The axis z is normal to the interface. In each of the crystals we
take into account the interaction with the atoms of the first and second coordination groups. Such a model of a
three-dimensional crystal lattice is the most simple and well-studied [17].
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F1G. 1. Shown are the interface between two crystals (viewed from the side) and the atomic
bonds considered in the model. The lattice constants are denoted as a’, a’*; the interfacial atoms
are numbered.

The lattice constants for the crystals on the left and on the right are a”, a®, respectively. The constants of the
quasi elastic coupling with the atoms of the first and second coordination groups for the atoms of the left crystal
and for the atoms of the right crystal are B, g%, BF, pL, accordingly. We neglect the changes of the quasi elastic
coupling constants and lattice constants near the interface. It is assumed that interactions between the atoms are
due to short-range forces, and that with the atoms of the opposite crystal, only the atoms lying at the interface
interact.

We introduce the following numbering: n, is the numbering of atoms along the axis x. For the left crystal the
numbering goes from minus infinity to zero. Atoms in the interface plane are numbered as zeroes. For the right
crystal the numbering goes from zero to plus infinity. n,,n. is the numbering of atoms in the interface plane, it
goes from the minus to plus infinity. The bold marking denotes a set of indexes n = (ng, ny,n.).

Atoms located near the interface are influenced by an external potential produced by atoms from the opposite
side of the interface. Due to this influence, the crystal is deformed, and the equilibrium position of an atom
changes relative to its position in an ideal crystal. We perform the expansion of energy in the Taylor series in
displacements of atoms from the positions which the nearest-to-interface atoms would occupy if they would not
interact with atoms of an adjacent crystal. Derivatives of higher than third order, i.e. anharmonic terms, are not
taken into consideration. The following expressions are valid for atoms on both sides therefore the index denoted
the side is omitted.

Thus, we obtain:

U Tn,... Zarna Tna+ 3 ZzarnaaT Tn,all,3, (1)

n,a 1,8

where ry, o, — is the displacement of n-th atom along the axis o, & = z,y, z; U(.., T, ...) is the potential energy as
a function of the displacement.

ou
In the equilibrium position, the condition Vn, —— = 0 is fulfilled. We substitute the introduced expression
Tn,a

for the potential energy into Eq. (1), and obtain:

"y =0. 2)
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This system of 3N equations (N, number of atoms) determines the displacements ri) 5 at zero temperature in the
absence of atomic oscillations, or 0-displacements, that are displacements of atoms from the position about which
the potential energy is expanded into the Taylor series, to the equilibrium position.

Now, we set temperature to not equal to zero and atoms oscillate about the equilibrium position. Then the
total displacement of an atom consists of the 0-displacement and its displacement due to thermal oscillations:
Tna = 7‘37& + Un,o. The expression for the potential energy can be rewritten as:

)

. ou 1 02U
Ui, ) = Orm. ( na+ul’l a)+§zza7a7(rga+un,a)(rﬂﬁ+ul,6)- 3)

n,x n,a 1,8
According to the Newtons second law:

. ou oUu 0*U
Mily o = P o Z 7(7“85 +wg). 4

By using the definition of the 0-displacement (2), we have:

) U
Mo = — Zar o 5)

Thus, by taking into account only the terms of the Taylor series containing derivatives of not higher than the
second order, the O-displacements are completely excluded from the equations of lattice vibrations.

Let us define the interface, at which the average 0-displacements are much less than the lattice constant, as
ideal. Interaction of O-displacements with lattice vibrations is revealed only if the terms of Taylor series with third
and higher derivatives are taken into account. Obviously, if the model of an ideal interface could be described
properly, the real interface, the latter should be sufficiently smooth, and the interaction between atoms on opposite
sides of the interface essentially weaker than interaction between atoms of the same crystal.

3. Equation for the quasi one-dimensional case

Let’s consider first the simple case where the phonon falls normally at the interface, that is, the wave vector
components are parallel to the interface gy, ¢. = 0.

We define uL  to be the displacement of the n-th atom lying on the left side of the interface along the axis «,
and uf, 5 the d1splacement of the n’-th atom on the right side of the interface along the axis 5. Newtons second
law for the 1-th atom of the left crystal lying at the interface is then given by:

0*U
.. L R
miiy', = — T e o 1 E (6)
n;;ﬁ duf’, Ou n,@ ’ Z au aul 5 Z 8u1 ull 5 ',
We take into account that:
0?U
_vYry 7
8ufa8ufﬁ n%;l 8u1 8u Z 8u1 ull /3 ™

as follows from the fact that the energy does not change if the atoms of both crystals are displaced by an equal
distance in the same direction. Substitution of Eq. (7) in Eq. (6) gives:

0*U 02U

- L L L R L

mul,a = Z 8U/L auL (un,ﬁ - ul,ﬁ) - Z auL auR (un’,ﬁ - ul,ﬁ)' (8)
n#l,3 L, n,3 n’,3 lL,a n’,3

The first term in the right part of Eq. (8) describes the interaction of an atom with atoms of the same crystal,
the second one relates to the interaction with atoms lying on the other side of the interface.

We seek a solution in the form of superposition of the incident, reflected and transmitted waves. We do not
take into consideration the wave scattering at the interface, so that the wave vector components of the reflected and
transmitted waves, parallel to the interface, equal zero. In this case, there are three reflected and three transmitted
waves with different polarizations. Let us assume that from the left, at the interface falls the wave of unit amplitude
and polarization 1. Then, for an atom on the left side (not necessary at the interface itself) we obtain:

= exp (iwt) (exp (—iglalng)el, + Ay exp (igFalng)el, + Ay exp (ighafn, ek, + Az exp (iqgaLnx)eé)‘)

9
Here, indexes 1,2, 3 denote polarization, A; 2 35 amplitudes of the reflected waves with different polarization, g; 2 3
are z-components of the wave vectors. é’fzg stand for the polarization vectors, e, for the component of the

L
un,(x
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polarization vector in direction of the axis «. At the interface n, = 0, so for interfacial atoms each exponent in
Eq. (9) becomes unity.

The wave vector values ¢; 23 are assumed to be known for the given frequency w, because the disperse
relation for the waves in a simple cubic lattice is known [17]. Near the interface, it also may be that the values
q2€ 5 are imaginary, that is, the oscillation is gradually damping inward into the crystal (see the paper [11] and
discussion in section 7). Subsequently, we assume that the phonon falls at the interface from the left, and so the
crystal from the side of which the phonon falls, will be called as ‘left’ for brevity.

Similarly, for crystal atoms to the right of the interface we have:

uf,’a = exp (iwt) (31 exp (—igRafnl) ef 4+ Byexp (—igfafn’) el + Bsexp (—iglta®n’) e?a), (10)

where B 7 3 are the amplitudes of the transmitted waves.

Equations (9) and (10) are the solutions to Newtons equations for the atoms lying off the interface, since ¢; 23
and w satisfy the dispersion relations for lattice vibrations. The problem thus reduces to finding the A; 53, B12.3
which would satisfy Newtons equations for the interfacial atoms. For this purpose we substitute Egs. (9) and (10)
in Eq. (8) and try to simplify the expression obtained. For the term describing the interaction of an atom with
atoms of the same crystal, we can proceed in a way similar to that in [12]. We divide both parts of Eq. (8) by
exp (iwt), and then for the first term in the right part, we have:

02U )
2 G aur, e T ) = 2 aumaunﬁ(“‘exp(_zqf“L"z”efﬁ*ZAj“‘e"p“qf otno))efs) =
*U L L L
Z au1 8u (1 exp (—iglatny) 61ﬁ++ZA Z 8u1 1fexp( igia™ng))ejs.
n#l,3 J
(11)

We take into account that the frequency and the polarization vector can be expressed in terms of the dynamic
matrix [17], for both crystals:

1 o*U ,
Weja =0 D g — (1= exp (—igja(ne — l))ess = 3 Dasla;)esn(d5): (12)
B
In Eq. (11), the summation is over the atoms of the same crystal only. To the right of the interfacial atom
of the left crystal (for interfacial atoms n, = 0), there are no more atoms of that crystal (n, < 0), that can be
formally taken into consideration in the form of the condition I, < n,. We introduce the notation:

DEX(q) :mL > (% aulﬁ — exp (ig a"ly)), (13)

1#n,8
lz<ng

which is for the dynamic matrix describing the atom lying at the interface. Here, we can ignore the fact that
ng < 0, since for an interfacial atom it was taken into account in the expression /,, < n,. So we can operate with
Eq. (13) formally.

Denote the difference of the two dynamic matrices (one for an atom in the depth of the crystal and the other
for an atom at the interface) as:

L
®Daﬁ(q_;) DO(B(q_]) Dax QJ L Z au a — €xXp (ZqL Ll )) (14)

1#n,3
lz>ng

We substitute Egs. (12), (13) in Eq. (8) and transfer the first term of the right part of Eq. (8) to the left. The
expression thus obtained can be written in new notations in the form:

02U
® ® Ly L __ R L
ZA Z Dgg(ay)ejs + “Dis(—ar)ets = — o augyaauf,ﬁ’(unxﬁ — Uy 5)- (15)

Now, we rearrange the right part of Eq.(15) by using the relation:
02U

Knap = —_—
, 57 R
/ 8Un7aaun/’ﬂ

(16)

which is the matrix of the interfacial interaction, describing the interaction of an atom with atoms lying on the
opposite side of the interface, where n, = 0 is supposed. Unlike the conventional dynamic matrix, this type of
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matrix depends on the n, because each atom at the interface is differently located relative to atoms on the opposite
side of the interface.
Substituting Eqs. (10), (16) into Eq. (15), we come to:

E:AVEZD (a)els +° Dls(—af)ets = = Knan(—els + Y (Biefs — Ajel)). (1)
B J

Then, we sum over all values of n in Eq.(17) and divide the result by a total number of atoms N at the
interface on the left. The left part of the expression is unchanged for it is independent of the number n of the
atom. In the right part of the expression, we obtain:

aﬁ = ZKI’] af- (18)

This is the averaged matrix describing the interaction of atoms across the interface. By performing such an
averaging, we do not take into account that the atoms nearest to the interface differ in their position relative to
atoms on the opposite side of the interface, and, hence, interact differently with them. Taking account of this
difference involves the appearance of scattering, which calls for mathematical technique presented below in Sec. 5.
In this section, we proceed ignoring the scattering. The problem in this case becomes quasi-one-dimensional.
Let the relation:
My;* =% (®Dls(£a)) — Kip)els, (19)
B

be the second dynamical matrix. It expresses the forces acting on atoms near the interface in terms of amplitudes
of waves differing in polarization on the left side of the interface. To write the analogous expression for the forces
acting on atoms on the other side of the interface, we introduce:

= 2 Kasey 20)
With new notations, Eq. (17) can be rewritten in the form:
My~ Aj + 1By = =M™ @1

where the summation is supposed to be performed over the repetitive index j standing for the wave polarization.

By writing Newtons second law for atoms on the right of the interface, one can rearrange the obtained
expression in a similar way. A distinction is in the fact that the averaged matrix of the interfacial interaction is
defined as:

N L
W= SN e~ @

where N’ is a number of atoms nearest to the 1nterface in the crystal on the right. The amounts of atoms near the
interface are related as inverse squares of the lattice constants. Thus, we obtain:

K5, = (%) KL, (23)

which represents the fact that the force acting on the right crystal from the side of the left one is equal, in
magnitude, to the force acting on the left crystal from the side of the right one. Finally, we have:

ML A+ 15 By = —MET, METB w1 A = IR, (24)

This is the sought-for system of equations.

4. Theorem on the interfacial interaction and the exact solution in the quasi-one-dimensional case

Let us study the matrix of interfacial interaction, K g, using the fact that the interaction energy of two crystals
is invariant with respect to the displacements by any linear combination of the lattice vectors. We consider first
the general case when the lattice parameters are incommensurate, that is, their ratio is irrational, a”/a* ¢ Q.
In this case, linear combinations of the lattice vectors and, hence, a set of rearrangements converting the system
into itself, is dense on the plane. It is reasonable to require that the energy be continuous as the function of the
relative displacement of the crystals. Since the energy is constant on the dense set and, besides, is continuous, it is
constant.

To be specific, we will demonstrate that K, = 0. We displace the first crystal by a small distance Y along
the axis y. The energy in a new state will, on the one hand, be equal to the initial one, and on the other, be a
different amount of work done by the force of interaction between crystals:
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Y
E=E+ /Kyyydy = K, Y?/2=0 = K, =0. (25)
0

For the other seven components of the matrix K, (except for K,,), the proof can be performed in a similar
way. Thus, we conclude that, with initial assumptions, the only nonzero component of the matrix of interfacial
interaction is K.

We now consider a case of resonance where a”/a’ € Q. It is obvious that the above reasoning is inapplicable.
Let a”/a® = p/q and p/q < 1. The interaction energy U of two crystals will be described by a periodical function
of their relative displacement with a period ga”. We expand it and K, into the Fourier series and substitute the
result in Eq. (16). The first, largest term of the series turns out to be:

1

——U;. (26)
¢ (ak)?

We drop the other terms and obtain the following assessment for the case of equal potentials of the interatomic
interaction:

R
Kaﬁl =

Kap ~1/¢%, a"/a" =p/q, Kap=0, a"/a"¢Q 27
Such a function experiences a discontinuity in all rational points, which is impossible from the physical point
of view. This paradox can be resolved from the consideration that this function was obtained ignoring the
interaction with 0-displacements which are large near the resonance. Accounting for the anharmonic coupling with
0-displacements leads to smearing of spikes at rational points. As a result, the actual matrix of the interfacial
interaction will be given by a smooth envelope for the function (27).

Hence, we come to the following qualitative result: the atomic oscillations perpendicular to the plane of the
interface interact intensively with the atomic oscillations on the opposite side of the interface only in the case when
the ratio of the lattice constants is close to a rational number with a small denominator. Otherwise, this interaction
is weak.

This result can be illustrated by an interesting analogy in nebular mechanics, where the close commensurability
of revolution periods of planets, i.e., the proximity of a ratio of periods to a rational number with a small
denominator, leads to the strong long-period perturbation [18].

Using the predetermined theorem on the matrix of the interfacial interaction, one can obtain an exact solution
in the quasi-one-dimensional nonresonance case. We write explicitly the expressions for the elements of the matrix
®Daps(gj), recalling that in considered model we take into account the interaction with the atoms of the first and
second coordination groups only (see Fig. 1), indexes L, R are ommited:

_ Bi+25

®Dys(q) = - (1 — eldeay,
i) = D) B
©D,y(47) = ®Daslay) = ©Dya(g;) = 0. (28)

The remaining three components are also equal zero since the matrix is symmetrical.
We denote KL, = gF, KE = gE.
Let a longitudinally polarized wave is incident at the interface. Substituting Egs. (27), (28) in Eq. (18), we get:

L 4 9gL L
MaCL)’li = Br +25; T—;LﬁQ (1 — exp (j:z'qfaL)) — %
In addition, one can easily see that according to the theorem on the matrix of interfacial interaction all nondiagonal
components of the matrix M equal zero. Hence, when the incident wave is longitudinally polarized, the reflected
and transmitted waves also have longitudinal polarization. The system of six linear equations (23) transforms into

the simple system of two linear equations:

(29)

MIT AL+ BBy = —MIF, M B+ pRA = 87, (30)
From whence, it follows:
LBR _ MEF M BE (M- Mly)
Al _ 6 6 z,1 z,1 L ’ ) (31)

L= R+ ’ = R '
Mr,l Mm,l 7BL[3R Mm,l Mm,l 7/BLﬂR
This solution coincides with the result obtained in the paper [10] for a one-dimensional chain if one rewrite it in
the above notations.
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Later, we consider the case where the wave with transverse polarization is incident at the interface. For the
sake of specificity, we assume that the oscillations occur along the axis y. Since, according to the theorem on
the matrix of interfacial interaction we have K, = 0, the corresponding equations for the transmission coefficient
have the form:

Mly Ay =—M)7", M5 By =0, (32)

whence By =0, |[Ag| = 1.

Actually, however, Ky, is small but does not equal zero, because the 0-displacements, although small, are
nonzero. It was shown in the paper [10] that for small incident wave frequencies, the transmission coefficient is
independent of the interaction force of atoms at the interface, but determined by acoustic impedances of media on
opposite sides of the interface. However, when the interaction force of interfacial atoms is weak, the transmission
coefficient of phonons decreases fast with increased frequency. Since the heat transport is carried out by phonons of
all frequencies, we can neglect the contribution to the energy transport across the interface from atomic oscillations
parallel to the interface.

5. Fourier transform of the matrix of interfacial interaction

In order to study the phonon transmission across the interface between two crystals in more general case when
a phonon is incident at arbitrary angle, and take into consideration the scattering, a special mathematical apparatus
is required which is presented below. For simplicity, we consider the one-dimensional case, because subsequent
generalization to more dimensions is trivial.

Let us have an infinite one-dimensional chain of atoms spaced a” apart. The atoms of the chain are numbered
from minus infinity to plus infinity, and the axis x is located so that the zero-th atom has the coordinate x = 0.
We place the chain into the external potential ®(x) with a period af?, ®(z + o) = ®(x).

Let’s expand the ®(x) into the Fourier series:

(LR

1 R
Dy =5R /fb(x)exp (7271’7,]{93/0, )dx,
0
+o0
O(x) = Z ®), exp (2mikz/a’). (33)
k=—oc0

Then, the potential energy of n-th atom, ®,,, will equal ®(na’), or

“+o0
O, = > Oy exp (2mikn(a”/a")). (34)

k=—o00

One can demonstrate that the inverse rearrangement is also valid:

O = A}gnoo % n;N ®,, exp (—2mikn(a”/a™)). (35)
Actually,
;X
Nliinoo IN Z D, exp (—2m’kn(aL/aR))
- L& ~— 0 Ly R ‘ L/ R
A}gnoo N n__N<k/ZOO Py exp (2mik'n(a” /a ))) exp (—2mikn(a®/a'))
+o0 . 1 X - e +00

= k/;oo Ppr Jim n:Z_N exp (2mi(k — k)n(a® /a®)) = k/;m B, = By (36)

For what follows, Eq. (34) can be conveniently rewritten so that it would correspond to the expansion in
exponents with the wave vectors g lying in the first Brillouin zone, i.e., ¢ € (—m/a”,7/a’). To do so, we

introduce:
2 al 1 1
qkaL({’“az—ﬁQ}‘z)’ G
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and, finally, we obtain:
+oo

O, = Y By exp (igra’n). (38)
k=—o00
Equation (34) can be applied to the matrix K, og and that to use it for description of the phonon transmission
across the interface of two crystal we have to rearrange it. Really,

0 oU
Knasg = . 39
8= Gk 2 Bl (39)
The function: 5
U
P = 40
n’ auﬁ'vﬂ ( )

is periodical (the period a'?), since the potential produced by atoms of the right crystal for atoms of the left crystal
is periodical. Hence, we can introduce:

1
Ky op = ]\;gnoo N Z Kn ap exp (727rikn(aL/aR)) ,

+oo
Knap= Y Kuiap exp (2rikn(a”/a™)), (41)

k=—c

where k = (0, ky, k).

6. Equation and the theorem on the interfacial interaction in the general case

Let the wave of the unit amplitude, polarization 1 and wave vector q; fall at the interface. Notations:
q; = (0,qy,q.) are the wave vector components parallel to the interface, and n; = (0,n,,n.) are the atom
numbers along the axes y, z parallel to the plane of the interface. We seek the solution for the left side in the form
of superposition of the incident and reflected waves:

uﬁ’a = exp (iwt) (exp (—iqﬁxnxaL + iqﬁnHaL)efa
+ Z Ay jexp (iqﬁxnmaL + i(qH + 27rik/aR)nHaL) eﬁja), (42)
ik

And for the right side, in the form of superposition of the transmitted waves:
uf}ya = exp (iwt) Z By j exp (iqﬁmn;aR +i(q) + 2mik’ /a")n’)a") eﬁja. 43)
JK
We substitute Eqs. (42), (43) into Eq. (8). Then, we divide the obtained equation by expi(anHaL) and

multiply by exp (2mil/a®)njja’). Then, we sum over n so that the total number of additives would equal N, and
divide by N.
We introduce:

0%U .
Kn,ap(q)) = Z oL BuF exp (qu(n/HaR—nHaL)), (44)
an”B n,« n’,B
KL ( )_ Z 82U ( ! R_ L)) (2 . k L/ R+k/ / R/ L)) 45
kk.ap(q) = L 5uk . 8uRﬁeXp iq)(n)ja nja”))exp (27i(k;n;a”/a m'jat/av)) . (45)
o'y, 7 meT Tl

Similarly, as was done in section 3, we introduce the second dynamic matrices; the matrix describing the
interaction of the waves with the same q:

L+ .
M5, = Z( ®Da5(iqﬁz +qp + 2mik/a’t) — KO,aﬁ)eﬁjBy (46)
B
the matrix describing the interaction with the oscillations on the opposite side of the interface:
L) =Y Ko apla))eis 5. (47)

B



Phonon transmission across an interface 979

and the matrix describing the interaction with the oscillations of the same crystal, but with another qy:

L+ L
Sk,'aj = Z Ky apei jp- (48)
B
In these notations, we can finally write:
L,— L,
MEZAL 4D S A + Y T o(a)) B j = —Mg i d10. (49)
k K/

For the right crystal a similar approach gives:

R,
M1r7(:;-Bl,j + ZSE/,Q]'BI’—k’,j + leljajAk,j = *Igalélo. (50)
k’ k

Equations (57) and (58) taken together form a complete system of equations describing the transmission,
reflection and scattering of phonons at the interface between two crystals.

Thus, it is seen that, on the one hand, even in the model of an ideal interface without defects and roughness,
scattering due to the mismatch of the crystal lattices appears. Alternatively, the assumption in DMM that a phonon
incident on the interface ‘forget’ its initial direction is, generally speaking, incorrect. The scattering reveals a
quite determined structure; the wave vector of the transmitted wave, parallel to the interface, differs from the wave
vector of the incident wave by an integer number of the vectors of the reciprocal lattice of the left crystal, while the
wave vector, parallel to the interface, of the reflected wave differs from the wave vector of the incident wave by
an integer number of the vectors of the reciprocal lattice of the right crystal. For vectors of the scattered phonons
lying in the first Brillouin zone, all that remains is to rearrange them using Eq. (37).

It is impossible to solve the infinite system of Egs. (57) and (58) analytically. However, if the function @,
in terms of which the matrix K, s is determined in Eq. (39), is rather smooth, the coefficients of its expansion
into the Fourier series decreases rapidly, as do the matrices Ky o3 describing the scattering. In this case, one
can choose a finite number of the terms from the system (57, 58) and solve it numerically. In the case when the
matrices K g are large, even at large values of k, one can consider the assumption of the DMM as being valid.

To facilitate the numerical calculation of the problem, it is reasonable to invoke the theorem on the matrix of
the interfacial interaction in the general. Lets expand the function ® into the Fourier series:

400
O(z) = Z @), exp (2mikx/a’t). (51)

k=—o00

On substitution into Eq. (39), we find that the matrix K{;a 5 1s expressed in terms of the components of @ as:
Klf,aﬂ = koD (52)

Thus, Ko ,),ys = 0 and K1, 0),.5 = 0. We use the fact that according to Eq. (23), Kga = (aL/aR)QKCfB and
that for K }fa the expression analogous to Eq. (39) is valid. We obtain:

K()L,aﬁ = /6504365,6’.7:- (53)

Thus, the atomic oscillations parallel to the interface do not contribute to the transmission of phonons without
scattering at the interface.

7. The uniform crystal limited case

To test the system (49, 50), let us formaly apply it to the case of uniform crystal. We will formally name the
plane (1,0,0) in the crystal with simple cubic lattice as a boundary. Which means a* = a* = a; gF = g = 34,
pE = pE = By. Obviously enough, in this case, the phonons will not reflect at the ‘interface’ because there can be
no reflection in a uniform medium so |B;| = 1, A; = By = B3 = 0. Let us check that it follows from the system
(49, 50).

In the considered case, the matrix of interfacial interaction does not depend on the number of atoms:

02U

Kaaplan) = Kasla) = 2, 5o exp (i (0 = my)a) , (54)
n/HvB n,x n’,
and all different matrices Klfk,’a 5 degenerate into a single matrix
L R aQU . /
Kiy ap = K ap = Kap(q)) = Z 9l DuE Bexp (qu(nH —nH)a). (55
n’HnHﬁ n,o n’:
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Ay

I

q||1 q" 2 qy

F1G. 2. A surface of constant frequency in the Brillouin zone. It is shown that a phonon with the
component of the wave vector parallel to the interface, g); passes through it. When an incident
phonon has the component of the wave vector parallel to the interface g2, on the opposite side
there appears an inward-damping oscillation with the damping coefficient « (shown by dashed
arrow)

The second dynamical matrices also degenerate into a single one:

L,+
M= =) (¥Dap(Faf, +a) — Kap)ese, (56)
B
the matrix describing the interaction with the oscillations on the opposite side of the interface:
IE(ay) = Kaplay)e;s, (57)
B
and
L+
Siay =0 (58)

After a similar transformation of the right crystal matrices, an infinite system of equations (49, 50) becomes a
system of six equations:

al
R+ R R
Maj Bj + Ioszj = 7Ionl‘ (59)
Let us verify that B; = exp (iq.a), A; = By = B3 = 0 is a solution. Indeed, after the substitution, we obtain:
Iy exp (iqza) = —Myi*

MY~ Aj+15B; = —M4*

al
ME* exp (iqea) = I (60)
We substitude equations (56, 57) into the first equation of the system (60) and obtain:
> Kaplayeigexp (iqea) = = > (Dap(Eal, + qy) — Kag)eis. (61)

B B

By defenition (55) Kap(q) (1 —exp (iqea)) = Dag(ql, + q)), from which it follows that (61) holds
identically. The second equation in the system is quite similarly checked (60).

8. Refraction of phonons at the crystal interface

Let’s give a qualitative description of refraction of phonons at the crystal interface. To do so, we display the
surface of the constant frequency w in the Brillouin zone (Fig. 2) and make a projection of this surface onto the
plane (g,,q.). If the component qj| of the incident phonon is lying in the limits of this projection, it is easy to see
that for the transmitted phonon the wave vector component normal to the interface, q., is equal to the ¢, of that
point in the Brillouin zone which was projected into the point qj;.

If the component q)| of the incident phonon lies beyond the projection, the transmitted phonon does not appear,
because there is no the ¢, such that the phonon with the wave vector (g, q|,,q||.) has the frequency w. In this
case, there occurs an oscillation directed into the depth from the interface, with the damping coefficient x and wave
vector parallel to the interface q)|. The specific cases of such oscillations are well known Rayleigh waves [19].
Just as there are three branches of oscillations for the given w, q)|, one should perform the above procedure for
each of them.

If the frequency of the incident wave exceeds the maximum possible in the given branch, in the crystal, an
inward-damping oscillation at any value of q) occurs. Oscillations of this kind were predicted in the model of a
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one-dimensional chain in paper [11]. Probably, it is such oscillations that were found in numerical simulations in
work [16].

The maximum frequency of the transverse oscillations for a simple cubic lattice lies inside and not on the
boundary of the Brillouin zone [17]. At some frequencies, the surface of constant frequency for these oscillation
branches is closed (Fig. 3). In this case to every qy|, lying inside the projection of the isofrequency surface onto the
plane (gy, ¢.), correspond two values of ¢,. To these two values of ¢, correspond different values of the derivative
Ow/0q,, and, hence, different directions for energy propagation.

9x

-

q”\ qy

FIG. 3. It was shown that to each component qj|, lying inside the projection of the isofrequency
surface onto the (gy,q.), correspond two values of ¢,. To these two values of ¢, correspond
different values of the derivative dw/dq,, and, hence, different directions for energy propagation
(shown by solid arrows)

The transmitted waves should have the same sign g, as the incident (and the reflected the opposite) due to the
principle of causality. In addition, because of the energy conservation law, the energy flux direction is the same
for the incident and transmitted waves. If we assume that the incident wave is one in which the energy propagates
towards the interface, then the value of g, in such a wave can be both positive and negative. Correspondingly, one
should take the sign of ¢, in the transmitted and reflected waves. The uncertainty is thus eliminated.

An interesting effect occurs when the parallel-to-the interface component of the wave vector, g, of the
incident phonon is beyond the Brillouin zone of the right crystal (Fig. 4). In this case, the phonon is refracted
and undergoes the Bragg scattering simultaneously. Then it appears that the refracted phonons have the opposite
direction of propagation, in the plane of the interface, relative to the incident phonons. Thus, inverse refraction
takes place.

qu
K W
0 q||2 ﬂ/aR q||1 0

F1G. 4. Schematically displayed is the surface of the constant frequency in the Brillouin zone.
It was shown that the incident phonon with the parallel-to-interface wave vector component g
lying outside the Brillouin zone of the right crystal, is refracted in the opposite direction

It is interesting to note, that the energy flux in the direction perpendicular to the interface should be conserved
for each solution of the system of Egs. (57), (58). However, for each solution, the energy flux in the plane of the
interface can be different on the opposite sides from the interface. This means that at the interface not only the
temperature may undergo a jump but the thermal flux parallel to the interface plane as well.

9. Conclusion

In this paper, we have studied the model of the interface between two crystals taking into consideration the
mismatch of crystal lattices. The basic assumption of the model is that displacements of atoms near the interface
are not random but determined by interaction with atoms of the other crystal. We have shown that in the harmonic
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approximation, such displacements have no effect on phonon transmission across the interface. The equation was
set up, which determines the amplitudes of the transmitted and reflected waves of lattice oscillations. The exact
solution has been derived for the quasi-one-dimensional case.

It was shown that the mismatch of lattices leads to the scattering of phonons at the crystal interface. In other
words, the scattering appears even in the case of the ideal interface in the absence of defects and roughness. On
the other hand, such scattering occurs non-uniformly in all directions but has a certain structure.

It has been established that the finiteness of the lattice parameter results, at certain angles of incidence, in
the backward phonon refraction at the interface. A new family of lattice oscillations has been described, which
includes only the atoms lying near the crystal interface. It was predicted that at the plane parallel to the interface,
the heat flow experience a discontinuity at the interface.

The main result of our study is that we have shown that the oscillations of atoms in the plane of the interface
interact weakly with the oscillations of atoms on the opposite side of the interface, except for specific resonance
cases. In the case of normal incidence of phonons at the interface, the transmission coefficient of the transversely
polarized phonons is much less as compared to that of the longitudinally polarized phonons. For an arbitrary
angle of incidence, the transmission coefficients of phonons of any polarization are less than that calculated
with the elasticity theory, even in the case of low frequencies. Allowance for this factor leads one to conclude
that the calculated value of Kapitza resistance is approximately three times greater. Calculation of the interface
thermal resistance, performed by means of the method proposed in the work [20], gives significantly lower values,
as compared to those experimentally obtained. Accounting for the smallness of the transmission coefficient of
transversely polarized phonons explains this discrepancy.
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