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Using the experimental data of diamond thermal conductivity we obtain the data of normal and resistive proc-
esses of phonon interaction in Callaway approach. As the result we obtain the concentration values of “C in dia-
mond single crystal, under which the isotropic scattering is weak, and the temperature range of second sound waves

existence in diamond.
PACS: 63.10.+a, 63.20.1s, 63.20.Kr

1. INTRODUCTION

Modern technologies give us opportunity to obtain
isotopic pure perfect single crystals. It’s been experi-
mentally established that the thermal conductivity coef-
ficient of such crystals has maximum in low tempera-
ture range [1]. Especially it becomes apparent in dia-
mond crystals. This fact is caused by a special role
played by normal processes (where the conservation
law of quasi-impulse is present) in interaction between
phonons. In perfect single crystals the propagation of
weakly damping second sound waves, similar to Hell
ones, is possible. The most probable at that are the nor-
mal processes of phonon interaction comparatively to
resistive ones (where the conservation law of quasi-
impulse fails). The major contribution to second sound
waves damping makes isotopic phonon scattering. For
the first time second sound waves were registered in
NaF [2] single crystal and solid ‘He [3], where the
isotopic damping is absent at the temperature range of
10...20 K.

Using the data of normal and resistive processes of
phonon interaction (umklapp processes, phonon scat-
tering on impurities, isotopes and on bounds of sam-
ple), obtained while the description of experimental
data of diamond thermal conductivity coefficient in
Callaway model, the concentration values of “C are
obtained, under which the isotopic scattering is weak,
the temperature range of second sound waves exis-
tence in diamond is established. Starting from “C
isotope concentration equal to 0.1 % and less the sec-
ond sound waves registration is possible in the tem-
perature range near maximum of thermal conductivity
of diamond at T=104 K. This temperature is one order
higher than the temperature of second sound waves

registration in NaF and solid *He .
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2. EQUATIONS OF GAS DYNAMICS
OF QUASI-PARTICLES WITH TAKING
INTO ACCOUNT EXTERNAL FIELDS

In the kinetic theory the state of gas of quasi-
particles is characterized by distribution function of

quasi-particles N =N (p, r, t), which satisfies ki-
netic equation which has a form of Boltzmann equation:
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where g= g(j ) :ag(f )/ap is the group velocity of
quasi-particles; & = ¢U) (p.r,t) is the Hamiltonian of
quasi-particle, which is equal to its local energy; (N )
is the collision integral of quasi-particles, which takes
into account the processes of collision, merge, fission

and radiation of quasi-particles.
If we designate T, as a character time of phonon in-

teraction concerned with N-processes (where phonon
energy and quasi-impulse conservation laws are accom-
plished), and 1z as a character time of resistive proc-
esses of phonon interaction (where these laws fail), the
condition of predomination of normal processes is writ-
ten as

TN <<7p. (2)

If at some moment of time the system of quasi-
particles moves out of its equilibrium state, then in time
Ty quasi-local balance is established, which is character-

ized by distributive function N(g" ), which turns to zero

the collision integral because of N-processes , and it is
written as :
o[ -pu |
Ny =l exp——2-1] , 3)
To(1+6)
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where u is drift velocity in gas of quasi-particles,
® =(T-1y)/T, is relative temperature.
In the sate of gas of quasi-particles, which is close to

local statistic balance, the solution of equation (1) in the
gas dynamical approximation we search as:

NU>=N§)+&W”,05N“)

<N ) , )

where NV
tion, which depends on gas dynamical quantities, and
SN depends on its gradients.

If we input thermodynamical potential F) as:

is the local equilibrium distributive func-

F :—TZln(1+N(()j)), 5)
k,j
then knowing it as a function of 7, u, A . which satis-
fies thermodynamical identity:

dFy =—-SydT —Pdu , (6)

we obtain impulse density P, heat capacity C and en-
tropy S densities, components of density tensor of
quasi-particles p, :
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Applying the standard procedure [4] from kinetic
equation (1) it is possible to obtain a system of gas dy-
namical equations, that describe an isotropic gas of
quasi-particles in linear approximation on drift velocity
u in reduced isotropic crystal model:

P+STV9=—m+ﬁAu+(§~+g)Vdivu;

CO+ Sdiva = RAD, (8)
where P=p-u, p is the density of quasi-particles
number, r is the external friction coefficient, caused by

processes of phonon interaction without quasi-impulse
conservation (umklapp processes, phonon scattering on

impurities, isotopes and sample boundaries), 7, ¢ are

the first and second viscosity coefficients, K 1is the
thermal conductivity coefficient.

3. PROBLEM SETTING AND ITS SOLUTION
IN REDUCED ISOTROPIC CRYSTAL
AND CALLAWAY MODELS

The secondary waves (SW) propagation in Bose gas
of quasi-particles in solids was studied in work [4] bas-
ing on gas dynamics equations of quasi-particles, espe-
cially SSW in phonon gas in dielectric crystals.

The solution of equations (9) for all variables we’ll

search as exp [i (Qt —ﬁr)] with frequency Q2 and wave

vector k . From the compatibility condition of system
of equations we obtain the dispersion equation for sec-
ondary waves (SW) [4]:
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From the dispersion equation (9) follows that W} is
the phase velocity of SW and quantity I’y is the damp-
ing coefficient of SW. Expressions for Wy u I';; have a
simple structure for SSW phonon gas dynamics in re-
duced isotropic crystal model [4]:

W = (TSZ/C[J)% ;

Iy =+ %[fmi}ize 2, (10)
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obtained in reduced isotropic crystal model in low tem-
perature range. By low temperature range we mean the
range  of  temperature  where Op/T>>1;

Op =27hV, [kga is the Debye temperature, V,,V, are

t
the velocities of transverse and longitudinal phonons,
B=V,/V,, a is the lattice parameter. Diamond single

crystal has the highest Debye temperature
(®, =1845K ) among other crystals, that’s why the

temperature in order of 100 K and lower can be consid-
ered as low for diamond.

If to introduce diffusive lengths of free path and re-
lated with them diffusive times by following expres-
sions:

. - K p
Tﬁ:,, 2,T§:~—2,T,;=—,TR=7,(11)
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I can be written in the following way:
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The condition of weak damping SSW existence
(I'; << Q) leads to next condition imposed on fre-

quency Q , known as SSW existence “window” [4]:
(13)

where the collision frequencies v, are related to diffu-

min{vﬁ,vé;,v,;} >>Q>>vp,

sive times T, by the expression v, =1/t .

The calculation of kinetic coefficients of phonon gas
dynamics in the model of reduced isotropic crystal rela-
tively to elasticity coefficient in [4] shows that basic
role plays phonon viscosity. The number, similar to

. C
Prantl number in gas theory Pr= N—?z , for phonon gas
PK
for most of crystals is equal to 10> with a great degree
of accuracy.
Further on we’ll take into account that in reduced
isotropic crystal model energy and quasi-impulse con-

servation laws allow ¢+t /+g and [+t /+g

umklapp processes.

Using the Callaway [5] model for description of ex-
perimental data of thermal conductivity of diamond in
low temperature range [6], we can calculate frequencies
of phonon collisions, caused by normal and umklapp
processes and also by scattering on isotopes and sample
boundaries:
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where ¢, = 7’ is the isotope concentration, AM is

the difference in isotope and the basic atom masses, M
is the mass of basic atom, {(n) is the Riemann zeta-

function, p is the diamond crystal density,

A=7,2-10"K>, B=1,5-10" cm/K, C=670K,
D =0,33 cm are phenomenological constants obtained
from experiment [6].

4. RESULTS ANALYSIS AND CONCLUSION

For making numerical estimations and obtaining the
condition of weakly damping second sound waves exis-
tence in diamond single crystal we use the following
data:

p=3,512g/lem’, £=0,68, V, =1.81-10°cm/s,

V., =1.235-10° cm/s, W, =0.76-10° cm/s,
where V,, V, and W, were calculated in reduced iso-
tropic crystal model [4]. Using the Callaway model we

examine inequality (13) to obtain the “window” of SSW
existence or at least its low limit and the isotope
concentrations (the main isotope is “C, AM =1) of
such “window”. Substituting expressions (14) into
inequality (13) we obtain SSW existence “window” in
diamond single crystal. It’s convenient to introduce

function f(T)=v, /(v, +v,, +V,), which value range

f(T) >>1 will provide the SSW existence “window”.
The following figure gives temperature dependence of
function f(T) for different concentrations of “C iso-
tope:

In the figure we can see that diamond has the SSW
existence “window” in the region of 7 =80 K , start-
ing from ¢, 10 and less. Such form of curves is
provided by competition of normal and resistive proc

esses. In high temperature range (higher than
T =80 K ) umklapp processes predominate, in tem-

perature range lower than 7 =80 K normal processes

and processes of phonon scattering on impurities and
boundaries predominate.
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Thus the carried out analysis gives us reason to af-
firm that SSW in diamond crystal can be registered at

temperatures in the range of 7 ~100 K , if "C isotope

concentration is lower than 107 .
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BO3MOKHOCTb HABJIIOJEHMSI BOJIH BTOPOI'O 3BYKA B U30TONMUYECKH OBOTALLIEHHOM
MOHOKPHUCTAJUJIE AJIMA3A
B. JI. Xooycos, /.M. /Tumeunenxo
Hcnons3ys sKcriepuMeHTaNIbHBIC JaHHBIE 110 TEIUIONPOBOIHOCTH ajMasa, B Mojienid Kanapast moiryueHa nHpOpMaIus o Hop-
MAaJIbHBIX M PE3UCTUBHBIX Mpoleccax (JOHOHHOTO paccesHus. Kak ciecTBre MoyveHbl KOHIEHTPAMU puMecH u3otona C B
MOHOKpHUCTAJUIE aiMasa, IPH KOTOPHIX N30TOMHYECKOE paccesHHe (POHOHOB CTAHOBHTCS HE3HAYHTENIBHBIM, a TAKXKE MPOMEXY-

TOK TEMIIEPATypP, B KOTOPOM CYIIECTBYIOT BOJIHBI BTOPOI'O 3BYKa.

MOKJIUBICTb CIOCTEPEXKEHHS XBUJIb IPYT'OI'O 3BYKY B I3OTOIIIYHO 3BATAYEHOMY
MOHOKPHUCTAJII AJIMA3Y
B. I. Xooycos, I.M. /lumeunenko
BukopucToByoUH eKCliepUMEHTalIbHI 1aHi TeIUIONPOBIHOCTI anMasy, B Moaeni Kamases 3100yTo iHpopMariro mpo HopMma-
JIbHi Ta PE3UCTHBHI npoLecu (JOHOHHOTO Po3CisHHA. SIK HACIiOK, 3100y TO BEIMYMHM KOHLEHTPALlil 130TOm9HuX noMimok *C
B MOHOKpUCTaJIi alMasy, 3a SKUX i30TOIIYHE PO3CisHHs (OHOHIB CTa€ HE3HAYHUM, A TAKOXK IPOMIKOK TEMIIEpaTyp, B SIKOMY

ICHYIOTB XBHIJII IPYTOTO 3BYKY.
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