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The existence of low-frequency, almost dispersionless intrinsic resonant vibrational modes in a
transition layer at clean interface between two media (a rigid and a soft crystal) with very different
elastic properties is predicted. It is shown that nonlinear interaction of bulk acoustic phonons with
fluctuation resonant vibrations of a two-dimensional transition layer leads to subharmonic trans-
mission across the interface of acoustic phonons incident from a rigid crystal with frequencies above
the highest frequency in a soft crystal, and to the second- (and multiple-) harmonic transmission of
acoustic phonons incident from a soft crystal. It is shown that contrary to subharmonic and mul-
tiharmonic generation of coherent acoustic waves, the coefficients of fluctuation subharmonic and
multiharmonic phonon transmission do not depend on the amplitude of incident acoustic wave and
are determined by temperature-dependent mean-square amplitudes of relative interface fluctuation
displacements. It is emphasized that fluctuation subharmonic phonon transmission is a nonthreshold
dynamical phenomenon which is significant for its contribution to Kapitza thermal boundary con-
ductance across the interface. In both cases of fluctuation subharmonic and multiharmonic phonon
transmission, two-dimensional resonant interface transition layer leads to the considerable enhance-
ment of the coupling between phonons in the media with very different elastic properties. It is shown
that inelastic interface dynamical phenomena can substantially contribute at elevated temperatures
to the Kapitza conductance between solids with very different vibrational spectra (such as diamond

1 JULY 1995-11

and soft crystal) and to the thermal conductance across a helium-solid interface also.

It is well known from the linear wave theory that the
transmission of the bulk acoustic waves across a sharp in-
terface of two materials is strongly suppressed in the case
of large differences in their elastic properties (e.g., den-
sity and sound velocity). If applied to thermal phonons,
this phenomenon leads to Kapitza thermal boundary re-
sistance at the interface between liquid helium (*He and
“He) and a wide variety of solids, and at the interface be-
tween two different solids also.’™® However, in the case
of a helium-solid interface the acoustic-mismatch phonon
theory of the Kapitza resistance! appears to be adequate
only for very low temperatures (usually below 0.1 K).
Experimental values of the Kapitza conductance at ele-
vated temperatures are much larger (by a factor of 10 or
100) than estimated by this approach and no satisfactory
explanation of this long-standing disagreement has been
given.?® The solidification of helium also does not sub-
stantially change the transmission of the phonons across
a helium-solid interface,® and Kapitza thermal boundary
conductance to solid helium,* as well as to solid hydro-
gen and deuterium,® is anomalously large. In a recent
paper® measurements of Kapitza thermal boundary con-
ductance between diamond and several metals were re-
ported. Such interfaces represent the interfaces between
solids with widely differing elastic properties because di-
amond has the highest sound velocity and Debye tem-
perature of any material. In these experiments it was
revealed that at the interface between diamond and such
soft metals with very low Debye temperatures as Au and
Pb, the Kapitza conductances measured at room tem-
peratures are as much as 100 times larger than expected
from the conventional acoustic-mismatch phonon theory.
From these observations it follows that there is some ad-
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ditional way, intrinsic to diamond, in which energy is
transferred across the interface. It implies, in particu-
lar, that phonons with frequencies above the highest fre-
quency in soft metal must substantially contribute to the
energy transfer.®

In a large number of works on the problem of Kapitza
thermal boundary conductance (see Refs. 2,3 and refer-
ences therein), the importance was revealed of the inter-
face transition layer which gives rise to a better match-
ing between phonons in two media. A two-dimensional
transition layer can cause, in particular, an anomalous
resonant absorption of incident bulk acoustic waves” and
a total resonant transmission of phonons across the in-
terface between two crystals with very different elastic
properties® (see also Refs. 9-11). In the present pa-
per, on the ground of rather general considerations it
is shown that intrinsic resonant modes with frequencies
within the vibrational continuum of a soft crystal can ex-
ist in the transition layer at the clean interface between
two solids (a rigid and a soft crystal) with very differ-
ent elastic properties. The origin of these modes lies in
a structure of several atomic layers of a soft crystal ad-
jacent to a rigid crystal. The strengths of the interlayer
bonds, holding a soft crystal to a rigid one, are in the gen-
eral case larger than the bulk interlayer bonds in a soft
crystal.}2716 Therefore the first (two or three) atomic lay-
ers of a soft crystal, adjacent to a rigid one, are strongly
compressed with respect to the bulk layers of a soft crys-
tal and the corresponding interlayer force constants in
the layers are larger than the bulk ones in a soft crys-
tal. (In the case of a helium-solid interface it leads to the
solidification of the first two or three layers of helium,
adsorbed on a solid, even in the case when the system is
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not under ambient pressure; see, e.g., Ref. 16.) It means
that the first several atomic layers of a soft crystal form
one “heavy transition layer” which is characterized by
the existence of intrinsic resonant modes with relatively
low frequencies. These resonant modes are the lowest
transversely quantized standing-wave vibrational modes
confined in the layer (see, e.g., Ref. 7). Their frequencies
are determined by the strengths of the bonds with a rigid
crystal of the first atomic layer of a soft crystal, adjacent
to a rigid one, and by total thickness of the transition
layer (which consists of several atomic layers of a soft
crystal). Low-frequency surface resonant modes can ex-
ist at the interface between helium (liquid or solid) and an
ordinary solid, and also at the interface between diamond
and a soft crystal (such as Au or Pb). Low-damping al-
most dispersionless surface excitations were found by in-
elastic neutron scattering in the layers of ‘He adsorbed
on different solid substrates.!® The origin of these surface
excitations may be the first two or three solidified helium
layers, adjacent to the solid, formed due to the substrate
potential.!® A “breakdown” of the acoustic phonon reflec-
tivity at a helium-solid interface was observed roughly at
the same frequencies.'” A strong phonon conversion due
to only three atomic layers of helium at the interface with
a solid was also observed experimentally,'® which testi-
fies that inelastic interface processes play a significant
role in the phenomenon of anomalous Kapitza thermal
boundary conductance.

In the present paper it is shown that the nonlinear
interaction of bulk acoustic phonons with fluctuation
resonant vibrations of a two-dimensional transition layer
leads to several inelastic interface dynamical phenomena:
(1) to subharmonic transmission across the interface of
acoustic phonons incident from a rigid crystal with fre-
quencies above the highest frequency in a soft crystal
and (2) to second- (and multiple-) harmonic transmission
across the interface of acoustic phonons incident from a
soft crystal due to the interface generation of acoustic
vibrations in a rigid crystal with frequencies multiple
to resonant frequencies. It is shown that contrary to
subharmonic and multiharmonic generation of coherent
acoustic waves, the coefficients of fluctuation subhar-
monic and multiharmonic phonon transmission do not
depend on the amplitude of the incident acoustic wave
and are determined by temperature-dependent mean-
square amplitudes of relative interface fluctuation dis-
placements. It is emphasized that fluctuation subhar-
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monic phonon transmission is a nonthreshold dynamical
phenomenon which is significant for its contribution to
Kapitza thermal boundary conductance across the inter-
face. In both cases of fluctuation subharmonic and mul-
tiharmonic phonon transmission, a two-dimensional res-
onant interface transition layer leads to considerable en-
hancement of the coupling between phonons in the media
with very different elastic properties. A substantial con-
tribution at elevated (room) temperatures of inelastic in-
terface phenomena to the Kapitza conductance between
very different solids (such as diamond and soft crystal
like Pb or Au) is estimated. The origin of the described
inelastic interface dynamical processes is different from
previously considered nonresonant high-frequency “bulk”
three-phonon processes near the interface between ordi-
nary and quantum crystals.!® The proposed nonlinear
dynamical model does not imply a significant electronic
contribution to anomalous Kapitza conductance across
the interface?® since such a contribution was not con-
firmed experimentally.® A brief description of the non-
linear interaction of bulk acoustic waves with resonant
vibrations of a two-dimensional transition layer and its
contribution to Kapitza thermal boundary conductance
was done in Ref. 21.

For a consistent macroscopic description of the low-
frequency dynamical properties of a two-dimensional res-
onant layer it is necessary to account for the disconti-
nuity (on the interatomic scale) of the elastic displace-
ments at the interface between two bonded crystals (see,
e.g., Refs. 22 and 23). A similar approach has been al-
ready used for the macroscopic description of the long-
wavelength dynamics of an adsorbed monolayer weakly
bonded with a crystal surface.?42> When the strengths
of the interlayer bonds in the transition layer are inter-
mediate between the strengths of the bulk bonds in the
adjacent crystals, the transition layer is strongly bonded
to a soft crystal but weakly bonded to a rigid one. There-
fore a center-of-mass displacement #° of the transition
layer (placed at the plane z = 0) coincides with the edge
displacement #x(z = 0) = u@2(0) of a soft crystal (sub-
script 2) [i.e., @° = U2(0)], but does not coincide with
the edge displacement @;(0) of a rigid crystal (subscript
1). If we consider the (001) interface between two (cu-
bic) crystals, the surface part of the Lagrangian function
of the macroscopic elastic motion will have the following
two-dimensional density L,:

U=d A, + 5 A0 (A2 + A2) + LA, A2 + Booo AL (AL + A2) + 1B,..A2
+5Cs0aa (D5 + A3) + 3Coayy AIAL + 5Caz. AZ(A2 + A2) + 3C.... AL (1)

Here p, is the surface mass per unit area of the interface,
A; = ui — 1;,1(0) = u;,2(0) — u;,1(0) is a pseudovector
describing the relative interface displacements (surface
displacement discontinuity),?? A;; and Cjxy, are the ten-
sors of the harmonic and quartic anharmonic force con-
stants, B;x; is a pseudotensor of the cubic anharmonic
force constants describing the interlayer interaction be-

[
tween the transition layer and a rigid crystal, and d;
is a macroscopic pseudovector parameter describing the
equilibrium surface (interface) relaxation Ag; in a soft
crystal 2; see Eq. (5) below. [The latter describes the
change of the equilibrium interlayer spacing, with respect
to the bulk one in a soft crystal, between the adjacent
atomic planes of soft and rigid crystals. Surface relax-
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ation occurs both at the free surfaces of crystals (see,
e.g., Ref. 26) and at interfaces between different crystals
(see, e.g., Ref. 27).] In Eq. (1) it is taken into account
that the d,, B.ze = B.yy, and B,,, components of the
odd-order pseudotensors d; and Bj;i; are in the general
case nonzero at the considered two-dimensional interface

layer due to the locally broken inverse symmetry along

the normal to the interface even in the case when both
adjacent crystals are centrosymmetric ones. (The OZ
axis is directed along the normal to the interface from
crystal 1 to crystal 2.) In Eq. (1) we neglect the lateral
(intralayer) interface interaction (which is described by
the interface elastic moduli and residual interface stress;
see, e.g., Refs. 22,23) and the interaction between the in-
terlayer and intralayer deformations, as not essential for
the considered dynamical phenomena.

Introducing the atomic mass ms in a soft crystal and
the nearest-neighbor harmonic and anharmonic inter-
atomic force constants in the transition layer, we can es-
timate the macroscopic parameters of a two-dimensional
transition layer given by Eq. (1):
ps ~ Nmaa™2, A~ K% 2 B~L%a% C~ M2l

(2)
Here IV is the number of soft-crystal atomic layers in
a “heavy transition layer” (we assume that N ~ 2-
|

6L, IR,

duzy O

02i,1(0) =

,  0zi2(0) = s

3), K®, L°, and M? are the nearest-neighbor harmonic
and (cubic and quartic) anharmonic force constants be-
tween the atoms of the transition layer and a rigid crys-
tal, and a is the equilibrium interatomic spacing in the
transition layer. In the following we assume that, as
was discussed above, the harmonic force constant K*°
in the transition layer is intermediate between the force
constants K; and K. in the adjacent crystals and that
the elastic impedance of a rigid crystal considerably ex-
ceeds the impedance of a soft one: K; > K*® > Ko,
le 1> msz.

In order to take into account the intrinsic dissipation
in the two-dimensional interface layer, the surface dissi-
pative function with density R, per unit area should be
introduced in addition to the surface Lagrangian function
(cf. Ref. 7):

Ry = 3Teal(A2)® + (Ay)%] + 3T22(A0)%. ®3)

The boundary conditions for bulk elastic stresses
0:x(0) and displacements u;(0) at the interface plane
z = 0, which describe the macroscopic dynamics of a
two-dimensional transition layer, can be obtained from
the joint variation of the surface Lagrangian and dissipa-
tive functions and bulk elastic energy with respect to the
independent variables #;(0) and @(0) = @*:

8L, IR, 0L,  OR,

du; 0 Suf U

=0. (4)

From Egs. (1) and (4) and the requirements o,;,1(0) = 0, 0,; 2(0) = 0 we obtain the equation for the uniform (along
the interface) equilibrium static surface relaxation Ao, in a soft crystal 2:

szzzAgz + BzzzAgz + AzzAOz = —d27

AO:: - A()y =0. (5)

Since the surface relaxation A, is assumed to be less than the equilibrium interatomic spacing (Ao, < a), the
parameter d, should be relatively small and the surface relaxation is described by the smallest root of Eq. (5):

AOz ~ _dz/Azz-

Equations (4) with the use of Egs. (1), (3), and (5) can be reduced to the following boundary conditions at z = 0
for the dynamical elastic fields u; and A} = A; — Ay; (near the equilibrium positions # = 0 in the bulk of the adjacent
crystals and Ag, = Agy = 0 and finite Ag, at the interface plane z = 0):

— -8
02i,2 = Oz4,1 + PsU;,

(6)

a1 = [Asz + 2Bzaz(Bosz + AL) + Cupzz(Bos + AL)|AL + Coea AL + Cogyy ALAR + TonA,, (7
0291 = [Aze + 2Bzz(Aoz + AL) 4 Cozzz (Do + AL)|AL + Cooza A + Cogyy AL AZ + TupAy, (8)
0221 = [Azz + 2Bz Doz + 3C00 . ALIAL + [Basy + 3C,5.. 00, ]A2 + C, AP

+[Bezs + Cozzz(Ro: + AL)(AZ + A7) +T.2A.. (9)

These boundary conditions consistently describe the low-frequency dynamics of the transition layer and account
both for the interface discontinuity of elastic stresses [due to surface mass p,; see Egs. (6)] and for the interface
discontinuity of elastic displacements A; = u;2(0) — u;,1(0), ¥ = u;2(0) [due to the weak interlayer interaction at
the interface; see Egs. (7)—(9)]. More general boundary conditions can also be obtained within the framework of the
macroscopic approach when the elastic displacement @® of the transition layer coincides neither with #;(0) nor with
i2(0) and two independent relative interface displacements Agl) = uf — u;,1(0) and Agz) = u;,2(0) — uf should be
introduced (the corresponding linear boundary conditions are described in Ref. 23). Due to the interface anharmonic
force constants Bji; and Cigim, the surface relaxation Ag, [Eq. (5)] accomplishes a static renormalization of the
parameters Ay, A., B2z, and B,,, in the interface equations of motion (7)—(9). Such a renormalization can be
essential in the general case (and can result in the so-called “supermodulus effect” in some bimetal superlattices; see,
e.g., Ref. 27). Therefore in the following we introduce renormalized parameters, namely,

A;:c = A;y = A:cz + ZBza:mAOz + mezzAg;”
B} = Bzz::z: + C:c:z:zonza B}

zxx zzz

A:z = Azz + 2BzzzA0z + 3szzzA0za
= Bzzz + 3szzzA0z- (10)
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With the use of these parameters, the boundary condi-
tions (7)—(9) can be written in a more concise form:

0zi1 = AlAy + Big Ay} + Cirm AL AJA! + Tk Ay
(11)

To describe the low-frequency interface resonant mode
polarized in the boundary plane, we look for the solution
of bulk and interface equations of motion in the following
form:

. w .
Uyl = Upz1€XP | —2—2 —wi |,
Ct1

. w .
Upy = Ugg2€XP | 21—2 — zwt) ,
Ct2

Ugy = Uz €XP(—iwt), (12)
where p and ¢;; are the bulk densities and (longitudi-
nal and transverse) sound velocities in the adjacent crys-
tals. The above mode has a zero parallel to the interface
component of the wave vector k: kj = 0. Using the
boundary conditions (6), (10), and (11) (in the linear
case A* > B*A', A* > C*A'?), we ascertain that the
low-frequency resonant mode with the following disper-
sion relation and the form of the displacement distribu-
tion exists at the interface between crystals with very
different elastic properties:

ZZ
p3w2 ~ A;w — tw (ZZt + ot + Fw:c) bl (13)
Zy
o1 ;2o oy (14)
Uox2 Z1t

where Zoi,t = /A%, 22Ps and Z;; = pc, are the longitu-
dinal and transverse elastic impedances of the interface
layer and the adjacent crystals. From Eq. (13) it follows
that in the considered case when

Zy K Zo K 21, ZE <K Z1Zs, (15)

and p, > paa, A% /ps < (72p2)/(p2a?), the resonant
frequency wo) = \/A;z/ps ~ \/K’/Nmz is lower than
the upper cutoff (Debye) frequency of a soft crystal,
Womax =~ 1/ Kz2/m2, and the damping of the interface
resonant (pseudosurface) mode is caused mainly by the
emission of bulk transverse elastic waves in a soft crystal
2 and by the intrinsic interface dissipation (which also
finally results in the emission of noncoherent thermal
phonons in a soft crystal to which the transition layer
]

h hw
AL (TY2) = (AL (T)?) = o
(B4 (TY?) = (A4, (1)) = g coth (20

2Wo||

where N is the number of soft-crystal atomic layers in a
“heavy transition layer” [see Eq. (2)].

The anharmonic interaction of incident acoustic waves
(with near-double-resonant frequency w) with fluctua-
tion resonant interface vibrations is described by the
term B}, ;e(w)A{(wo) in right-hand side (rhs) of Egs.
(11) and results in the interface stress 0,;; with near-
resonant frequency. Therefore the incident from a rigid
crystal high-frequency phonons excite the interface os-
cillations with near-resonant frequencies which in turn
emit phonons in a soft crystal. In the inverse inelas-

). @b -
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is strongly bonded). Equation (14) shows that the res-
onant mode is indeed accompanied by large dynamical
relative interface displacements &{) = gy — Up1 ~ MUp2-
A similar conclusion follows also from the consideration
of the discrete-lattice equations of motion in a simple
one-dimensional model of the interface when the nearest-
neighbor harmonic force constants K, ,,,; (between the
adjacent n and n+1 atomic layers in the transition layer)
are different from the bulk force constants in a soft crys-
tal at least in the first two near-surface layers, namely,
K, > Kg§, > K{, > Kz and N = 2 in relations (2).

With the use of boundary conditions (6), (10), and
(11), we can show that the low-frequency stretch in-
terface resonant mode polarized along the normal to
the boundary also exists in the system at frequency
wol = /A%, /ps. In the case of A3, = Ay and uniform
interface vibrations (with k; = 0), the two modes po-
larized in the interface plane have the same resonant fre-
quency wq| = /A%, /ps. For surface modes with nonzero
ky, the lateral interface elastic moduli delete the degen-
eracy between the frequencies of longitudinal and shear
surface modes and cause a small dispersion of the modes
(see, e.g., Ref. 8).

To consider a subharmonic acoustic phonon transmis-
sion across the interface, we assume that the double-
resonant frequencies 2w and 2wo, are higher than the
upper cutoff frequency wamax of a soft crystal 2. (Oth-
erwise we can consider a subharmonic transmission of
acoustic phonons with a near-triple-resonant frequency
w =~ 3wp; see below.) In the linear system the incident
from a rigid crystal acoustic phonon with near-double-
resonant frequency w ~ 2wy will be totally reflected from
the interface. But at the interface fluctuation vibra-
tions, either zero temperature or thermally excited, of
the transition layer with near-resonant frequencies always
have nonzero temperature-dependent amplitudes of the
relative interface displacements A(’;i = A({i(T). Since we
assume that low-frequency interface resonant modes are
almost dispersionless and, according to Eq. (14), one has
&6 = gz in these modes, the temperature dependences
of the mean-square amplitudes <A£i (T)3?) of relative in-
terface fluctuation displacements can be described [in the
small-amplitude limit (AZ(T)2) < a?] in a model of a
two-dimensional array of (anisotropic) Einstein oscilla-
tors:

hwo
2Nm2woJ_ coth (2kBT) ’ (16)
Itic process of second- (or multiple-) harmonic genera-
tion, the incident soft-crystal phonons with near-resonant
frequencies excite the interface oscillations with near-
double- (and near-multiple-) resonant frequencies which
emit high-frequency phonons in a rigid crystal.

To describe in the main approximation the subhar-
monic acoustic phonon transmission, we have to solve
the linear boundary problem and find the relative inter-
face displacements A} (w) induced by the incident wave.
By solving Egs. (6), (10), and (11) in the linear case in
the assumption (15) for longitudinal rigid-crystal acous-
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tic waves with amplitude u; normally incident at the in-

terface, we obtain the amplitudes of reflected ru; and

transmitted tu; waves as well as the amplitudes of the

displacement of the transition layer u® = tu; and of rel-

ative interface displacement A, = u® —uy(1 +7):
_ ZuZuw +i[Zu(AY, — pew?) — ZuA}]

- , 17
"7 ZuZaw + i Zu(Az, — pew?) + Za Az (7)
s 217 A
p=2 = et e B —~, (18)
ur  ZuZuw +i[Zu(AY, — paw?) + Zz ALL]
Ay =u® —u(1+7)
2Zyw(ipsw — Za1) (19)

21 Znw + 1| Zu(AZ, — pow?) + Za ALy’
where A}, = A}, — iwl.

From Eq. (18) we see that for low-frequency waves
(with w <€ w1 < wW2max), the coefficient of acoustic
power transmission across the interface is small, T'(w) =
[t|2Z21/Z11 ~ 4Z2/Zy < 1, but we have a strong res-
onant enhancement of the coefficient for w ~ wg, (see
also Ref. 8). For low-damping interface oscillations (when
A* =~ A*), the coefficient of resonant harmonic power
transmission, T%y(w), of longitudinal acoustic waves can
be approximately written in the assumption (15) in the
form of a é function, which is convenient for the further
calculation of phonon heat flux across the interface [see
Eq. (24) below]:

*
Tha(w) = 205 5w — wou). (20)

u
The coefficient T (w) of resonant harmonic power trans-
mission of transverse acoustic phonons is correspondingly
equal to [2m A} /Z1:]6(w—wq). Using Eqgs. (6), (10), and
-(11) in the linear case for the arbitrary ratio between Z2
and Z,Z; [instead of the assumption (15)], we can show
that for given resonant frequencies the coefficients of reso-
nant harmonic phonon transmission reach their maximal
values of Tft{’f{ (wo|;,.) = 1 (when correspondingly r» = 0)
for thl = Z1t,1Z2¢,. This resonant surface phenomenon
is similar to the acoustic clearing of an interface between
two media due to a macroscopic quarter-wavelength tran-
sition layer with acoustic impedance equal to a geomet-
ric mean of the impedances of the contacting media (see,

e.g., Ref. 8).

In the high-frequency domain w > wsmax, effective
acoustic impedance of a soft crystal is a pure imaginary
one Zy = —iZ}, and Eq. (17) describes in this case
(almost) total reflection of incident rigid-crystal acous-
tic waves, when |r| ~ 1 and in a soft crystal there
are only evanescent high-frequency waves decaying into
the bulk. To describe fluctuation subharmonic trans-
mission of high-frequency phonons, we consider rigid-
crystal longitudinal waves normally incident at the in-
terface with amplitude u; and near-double-resonant fre-
quency w = 2wq + € (€ is a small detuning). In the
assumption ZJ; < Zj; for the high-frequency dynami-
cal impedance of a soft crystal, from Eq. (19) we find
the relative interface displacements Aj induced by the
incident wave: |Ap/u;| =~ 8/3. With the same as-
sumption we find that the interface stress with near-
resonant frequency v = wq| + € is described by the term

02z = Bl AsAL cos(yt) in Eq. (7). This surface force
is applied to the interface oscillator with the damping
given by the imaginary part of Eq. (13). From the ex-
pression for the response of the oscillator to the driving
force with near-resonant frequency,?® we readily find the
average absorption I(€) (per unit time and unit area) of
the acoustic energy by the interface oscillator:

I(e) ~ TBE=uE(AL) X
~ 4p, €2 + 22’

(21)

where A = (Z3 + T'zz)/(2ps) is a parameter describ-
ing the damping of the oscillator [see Eq. (13)]. After
the normalization of the interface absorption I(€) by the
flux of the energy Iy = u?w?Z; ~ 4u?w?Z; in the in-
cident rigid-crystal acoustic wave, we obtain the coeffi-
cient of the power transmission T'(w) which finally de-
termines the heat flux due to the transmission of acous-
tic phonons from rigid crystal 1 to soft crystal 2. In
the considered case of low-damping interface oscillations
A € wo (when Z; +T'zp € Zj), from Eq. (21) it follows
that the coefficient of fluctuation subharmonic transmis-
sion, Tigy(w,T), of longitudinal rigid-crystal phonons
into transverse waves in a soft crystal can be written
in the form of a § function:

B2 (AL (T)?
Tesu(w,T) = 16A<* OZl(l s

(w - 2(.4)0”). (22)

In the case of longitudinal acoustic phonons nor-
mally incident at the interface from a rigid crystal with
frequency w close to 2wq,, the coefficient of fluctua-
tion subharmonic power transmission, Thgy(w,T), into
longitudinal waves in a soft crystal has a resonant form
similar to Eq. (22):

Tn B2 (AL (T)?
TI{‘SH(“J»T) = (Bo: (T)7)

16A%,Z1;

O(w—2wo1). (23)

Using Egs. (6), (10), and (11) we can show that for
oblique incidence at the interface of high-frequency rigid-
crystal phonons, the corresponding coefficient of fluctu-
ation subharmonic transmission also has a characteristic
resonant form similar either to Eq. (22) or to Eq. (23).

In the case of rigid-crystal transverse (or longitudinal)
phonons normally incident at the interface with near-
triple-resonant frequency w =~ 3w (or with w ~ 3wo.),
the coefficient of fluctuation subharmonic power trans-
mission into transverse (or longitudinal) elastic waves in
a soft crystal has a resonant form similar to Egs. (22)
and (23) and is proportional to {[Cress(AL (T)?) +
(1/3)Clayy (AL, (T))]?/(A2:Z10)}6(w — Bwgy) (or to
[C22,.(AL.(T)*)/(A2.Z0)]6(w — 3wo1)). Similar prop-
erties possess the coefficients of fluctuation subhar-
monic transmission of rigid-crystal phonons incident with
higher-order near-multiple-resonant frequencies. It is
important that, contrary to subharmonic generation of
coherent acoustic waves, the coefficients of fluctuation
subharmonic transmission do not depend on the ampli-
tude of incident acoustic waves and fluctuation subhar-
monic phonon transmission is a nonthreshold dynamical



1022

phenomenon, which is significant for its contribution to
Kapitza thermal boundary conductance across the inter-
face.

The heat flux ¢1(T) (per unit area of the interface)
due to the transmission of acoustic phonons from rigid
crystal 1 to soft crystal 2 with the coefficient of power
transmission Tap(w,T) can be written as follows (see,
e.g., Ref. 16):

0 (T) = %/Owlm n(w, T) Dy (w)heo (v ) (Tap (w, T))dw.
(24)

Here n(w,T) is the Bose-Einstein distribution func-
tion for phonons with frequency w at temperature T,
D;(w) is the density of phonon states in a rigid crys-
tal 1, (v,) and (Tap(w,T)) are the average (over the
three acoustic phonon branches) values of the z com-
ponents of the group velocities and coefficients of power
transmission of the incident phonons. Kapitza thermal
boundary conductance ok (T') is proportional to the tem-
perature derivative of the heat flux across the interface:
ok (T) x 8¢:(T)/OT.

In order to compare the contributions to the heat flux
and, correspondingly, to the Kapitza conductance of fluc-
tuation subharmonic and nonresonant harmonic phonon
transmission, we have to take into account a steep depen-
dence of the density of phonon states in a rigid crystal
[D1(w) o< w?] in the low-frequency domain w < w1 max
and that the coefficient Txru of nonresonant harmonic
transmission of acoustic waves across a sharp interface
between acoustically strongly mismatched crystals is of
the order of Tnru =~ 4Z1Z2/(Z1 + 22)? ~ 4Z2/Z, < 1
[see Eq. (18)]. For T > 2hwo which (approximately)
corresponds to room temperatures used in [6], from
Egs. (22)-(24) we can estimate the ratio between the
heat flux gisu(7T) due to fluctuation subharmonic (one-
half-harmonic) transmission across the interface with a
resonant transition layer of high-frequency rigid-crystal
phonons (with w > w2 max) and of the heat flux ¢;nru(T)
due to nonresonant harmonic transmission across a sharp
interface of low-frequency rigid-crystal phonons (with
w < W max K W1 max):

asu(T) _ B**3(af(1)?)
qainru(T) AZjwo

(25)

According to Eq. (16), this ratio increases with in-
creasing temperature. For soft crystals with relatively
low melting temperatures (such as crystals of Pb and
Au) or quantum crystals of 3He and *He, at elevated
temperatures the mean-square amplitudes of relative in-
terface fluctuation displacements can reach the large
values of (AJ(T)?) ~ A2/B*? [when the harmonic-
oscillators approximation (16) fails]. (Extremely large
thermal vibrations of weakly bonded adsorbed atoms
have been recently observed on crystal surfaces at ele-
vated temperatures.?®) In the case of large thermal vi-
brations of soft-crystal atoms in the interface layer, the
ratio between fluctuation subharmonic and nonresonant
harmonic heat fluxes (25) reaches the large value of
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A/Zywo ~ Zo/Zy > 1. At elevated temperatures the
contribution to the heat flux ¢;(T") due to fluctuation
subharmonic transmission of rigid-crystal phonons inci-
dent with near-triple-resonant frequencies w ~ 3wq (and
with higher-order near-multiple-resonant frequencies) is
of the same order of magnitude as the contribution due
to fluctuation one-half-harmonic phonon transmission. It
means that the additional heat flux from a rigid to a soft
crystal due to fluctuation subharmonic transmission of
rigid-crystal phonons incident with frequencies above the
highest frequency in a soft crystal increases with increas-
ing ratio between Debye temperatures of rigid and soft
crystals. (In the case of diamond and Pb or Au this
ratio is approximately 25 or 14, respectively.?) At ele-
vated temperatures the phonon heat flux giru(7") due
to resonant harmonic transmission [with the coefficient
Tru(w) given by Eq. (20)] of rigid-crystal phonons across
the interface with the transition layer also has a relatively
large value of g1ru(T)/qinru(T) =~ Zo/Z2 > 1. There-
fore due to fluctuation subharmonic and resonant har-
monic phonon transmission, a two-dimensional interface
transition layer can substantially contribute at elevated
temperatures to the Kapitza conductance between crys-
tals with very different vibrational spectra.

To describe the main features of inverse inelastic pro-
cess of acoustic second-harmonic generation at a two-
dimensional transition layer, we consider the normal in-
cidence from a soft crystal of transverse acoustic waves
with frequency w < wzmax and amplitude uy. In this
case we have reflected and transmitted transverse waves
with frequency w and transmitted longitudinal waves
with double frequency 2w and amplitude u; . By solv-
ing in the assumption (15) the linear boundary problem
for the waves with frequency w, we find the amplitudes
of reflected ru; and transmitted tu, waves as well as the
amplitudes of the displacement of the transition layer
u® = (1 + 7)uz and of the relative interface displacement
Aq = u® — ugt [cf. Egs. (17)—(19)]:

_ ZwZaww +i[Z21 A}y — Z1:(AL, — paw?)]

= : ; 26
Z1tZaww + [ 220 A%l + Z1e (AL, — paw?)] 26)
2175 A
Z14Zoyw + i Zas Asly + Z1:( A%y — psw?)]
2Z2(Z LAY
w = uy : 26(Z1sw + 1A}) ., (28)
Z1Znw + i[Z2: A3, + 214 (AL, — psw?)]
Al =u® — uit
272117
_ 1142tW (29)

~ 2 T + i[Z2t A%, + Z11 (A%, — psw?)]

From Eq. (27) we see that for low-frequency waves
(with w < wo < w2 max), the coeflicient of harmonic
acoustic power transmission across the interface is small,
T(w) = |t|?Z11/Z2 =~ 4Z2t/Z1: < 1, but we have a
strong resonant enhancement of the coefficient for w =
wo|- For low-damping interface oscillations, the coeffi-
cient Ty (w) of resonant harmonic power transmission
of transverse waves can be approximately written in the
assumption (15) in the form of a § function, similar to
Eq. (20):
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2m AL,
T}%H(‘U) = Z1s O(w — wou)- (30)

The coefficient T} (w) of resonant harmonic power trans-
mission of longitudinal phonons is correspondingly equal
to [2m A%, /Z1|6(w — wol ).

From Egs. (9) and (29) in the assumption (15) we find,
for near-resonant frequencies w = wq|+€ the amplitude of
relative interface displacements A; and generating inter-
face stress o,, 1 for second-harmonic longitudinal waves
in crystal 1,

4u?
Al= s 31
L1+ (2ps€/29)?° (31)
0221 = 2B}, A% cos(2wt). (32)

Since u12 =~ |0,:,1|/(2wZy;), from Egs. (31) and
(32) we find the form of the coefficient Thpy(w,T) of
resonant interface power transmission of transverse soft-
crystal phonons into longitudinal second-harmonic acous-
tic waves in a rigid crystal:

4Zyu?, wB*2_u?
Tt — - zzx 26 _ . 33
RDH(w) Z2tu§ AmmZU (w wOH) ( )

In the case of longitudinal acoustic phonons normally
incident from a soft crystal with amplitude uy; and
frequency w close to wg,, the coefficient TﬁDH(w) of
resonant power transmission into longitudinal second-
harmonic acoustic waves in a rigid crystal has a resonant
form similar to Eq. (33) and is (approximately) equal
to [#B22,u2/(A..Z1)]6(w — woL). In both cases the co-
efficients of resonant second-harmonic transmission are
proportional to the square of the amplitude of incident
soft-crystal acoustic waves.

Another channel of second-harmonic phonon transmis-
sion is determined, as in the case of subharmonic trans-
mission, by the interaction of incident soft-crystal acous-
tic waves with fluctuation resonant vibrations of the
transition layer. Fluctuation generating interface stress
for second-harmonic elastic waves in crystal 1 is deter-
mined by Eq. (11), instead of Eq. (31), as follows:

Oz21 = BX A1 AL cos(2wt). (34)

From Egs. (31), (33), and (34) in the assumption
(15) we find the coefficient Tipg(w,T) of fluctuation
second-harmonic transmission of transverse soft-crystal
phonons into longitudinal waves in a rigid crystal:

2r B2 (A (T)?)
Tt w.T) = zzx (7] )
FDH( ’ ) A;ZZII

(w - on). (35)

The coefficient Thpy(w,T) of fluctuation second-
harmonic transmission of longitudinal soft-crystal
phonons into longitudinal waves in a rigid crystal has

a resonant form similar to Eq. (35):

2rB*2 (AL (T)?
ThontonT) = TEHCLD,

(w—wol). (36)

The coefficient of fluctuation third-harmonic power
transmission of near-resonant transverse (or longi-
tudinal) soft-crystal phonons into elastic waves in a
rigid crystal also has a resonant form and is propor-
tional to {[Cuewa (AL, (T)2) + (1/3)Coayy (AL, (T)*)]?/
(42,210} — wop) (or to  [C2.(AL(T)Y/
(A%,Z11)]0(w — wo1)). properties possess the coefficients
of fluctuation multiharmonic transmission of soft-crystal
phonons across the interface. It is important that in all
cases the coefficients of fluctuation multiharmonic trans-
mission do not depend on the amplitude of incident soft-
crystal acoustic waves.

From the comparison of Egs. (35),(36) and (22),(23)
we see that the coefficients Tll?’lgH(w,T ) of fluctuation
second-harmonic phonon transmission are similar to the
coefficients Té’;H(w,T) of fluctuation subharmonic (one-
half-harmonic) phonon transmission which reflects the
reciprocity of these inelastic interface dynamical pro-
cesses and their contribution to the phonon heat flux
across the interface.

In conclusion, the existence of low-frequency almost
dispersionless intrinsic resonant vibrational modes in the
transition layer at the clean interface between two media
(rigid and soft crystals) with very different elastic prop-
erties is predicted. It is shown that nonlinear interaction
of bulk acoustic phonons with fluctuation resonant vi-
brations of a two-dimensional transition layer leads to
subharmonic transmission across the interface of acous-
tic phonons incident from a rigid crystal with frequen-
cies above the highest frequency in a soft crystal, and to
second- (and multiple-) harmonic transmission of acous-
tic phonons incident from a soft crystal. It is shown that,
contrary to subharmonic and multiharmonic generation
of coherent acoustic waves, the coefficients of fluctua-
tion subharmonic and multiharmonic phonon transmis-
sion do not depend on the amplitude of incident acous-
tic waves and are determined by temperature-dependent
mean-square amplitudes of relative interface fluctuation
displacements. It is emphasized that fluctuation subhar-
monic phonon transmission is a nonthreshold dynamical
phenomenon which is significant for its contribution to
Kapitza thermal boundary conductance across the inter-
face. In both cases of fluctuation subharmonic and mul-
tiharmonic phonon transmission, a two-dimensional res-
onant interface transition layer leads to considerable en-
hancement of the coupling between phonons in the media
with very different elastic properties. A substantial con-
tribution at elevated (room) temperatures of inelastic in-
terface phenomena to the Kapitza conductance between
very different solids (such as diamond and soft crystals
like Pb or Au) is considered. The existence of low-
frequency resonant modes at the clean interface between
crystals with very different vibrational spectra can be
verified by infrared-absorption®? or Raman-scattering3!
spectroscopies which have already been used for the in-
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vestigation of two-dimensionally localized and planar vi-
brational modes at buried monatomic layers and inter-
faces.
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