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The self-coordinated values of parameters of cryocrystals of orth-
odeuterium, parahydrogen, and neon (temperature, isotope con-
centrations, and the sizes of samples), which define the range of
second-sound waves existence, are found. The limiting isotope con-
centrations, below which the propagation of second-sound waves
is possible, are established. The sizes of samples, starting from
which their increase does not essentially influence the damping of
second-sound waves are found. The results are presented in three-
dimensional plots.

1. Introduction

For the first time, second-sound waves (SSW) in solid
bodies were observed experimentally in He cryocrystals
[1]. The question on an opportunity of the SSW propa-
gation in other cryocrystals was discussed in a number
of works [2-5]. For the experimental detection of SSW,
it is necessary to know the compatible areas of values
for the most essential parameters such as the tempera-
ture, impurity and isotope concentrations, and sizes of
samples. This compatibility of parameters can be ob-
tained (if the second sound damping factor is known)
from a condition of weakness of the damping of these
waves. It is possible to write down the damping coef-
ficient using the diffusion times for various dissipative
processes running in a phonon gas [6] which are caused
by umklapp processes, scattering on impurities and iso-
topes, and scattering on the sample boundaries. The
direct calculation of these times is rather difficult. It is
known that the SSW propagation is possible in a vicin-
ity of the maximum of the thermal conductivity coefhi-
cient of a cryocrystal. According to this, it is possible
to use phenomenological values of collision frequencies
connected with these times which are used in the Call-
away model to describe experimentally observable de-
pendences of the thermal conductivity coefficient on the
temperature in a low-temperature range.

The main contribution to the SSW damping factor
is given by the phonon scattering on impurities and iso-
topes and by the scattering on the sample boundaries. In
case of orthodeuterium (0 — Ds), parahydrogen (p — Ha),
and neon (Ne) cryocrystals, it is possible to produce pure
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enough samples, in which the role of impurities will be
insignificant; however, there remains an essential role of
isotopes. It is necessary to consider the phonon scatter-
ing on boundaries in an absolutely different way. SSW
propagate in crystals in the phonon gas, when the hy-
drodynamic regime in it is realized due to the fast nor-
mal processes of phonon interaction. In this case, before
reaching the boundary, a phonon will experience a set of
normal collisions. Therefore, the free path will increase
due to the boundary scattering, and the contribution of
these processes to the damping coefficient will decrease.

In the present work, we determined the coordinated
areas of concentrations of hydrogen and 22Ne isotope,
sizes of samples, and temperatures, where SSW exist.
The obtained results can be used for carrying out the
experiments on the SSW registration in orthodeuterium,
parahydrogen, and neon.

2. Existence of Second-Sound Waves in Solid
Bodies

In work [6], the general theory of secondary waves in
a gas of Bose quasiparticles which are, in particular,
second-sound waves in a phonon gas has been con-
structed for solid bodies. Meanwhile, the description
of SSW was established in the reduced isotropic crystal
model, by using the modulus of elasticity. The SSW dis-
persion equation has been found in the same work [6]
and has the following form:

Q (92 - Wﬁi{:z) — 2iWRETy = 0. (1)

Here, Wi is the SSW phase velocity in an isotropic
phonon gas, and I'y is the SSW damping factor. The
expressions for Wi and 'ty are as follows [6]:

Wi = (TS*/Cp),
L I P N S I
I't = % + [2;3 (377+C> + 204 k=, (2)

where p — phonon density, r — coefficient of external fric-
tion caused by the phonon interaction without the quasi-
momentum conservation (umklapp processes, scattering

543



V.D. KHODUSOV, A.A. BLINKINA

on impurities, isotopes, and boundaries of the sample),
7 and ¢ — coefficients of first and second viscosities, re-
spectively, and k& — coefficient of hydrodynamical ther-
mal conductivity.

For a phonon gas in the low-temperature range
Op/T>1 in the reduced isotropic crystal model, the
following expressions for the densities of thermal ca-
pacity and entropy, phonon density, Debye tempera-
ture, and average sound velocity are obtained: C =
35 = vy (2+0°). 5 = o fivy 2+ 8°), 6 =
1
/3, where V;, V; — veloci-

271V, fhna, Vs = Vi (25

ties of longitudinal and transversal sounds, 8 = V;/V],
kg — Boltzmann constant, and a — lattice parameter.
The second sound velocity

V2 (2438
Wi = -+ . 3
= (2 o 3)

We now introduce the diffusion times by the relations
Tﬁ:~ﬁ2? TZ:~<~2? Tk = %25 TR:E (4)

Wi Wi CWi r
and the notation

4
™ = 57’;, + 75 + Th- (5)

Then the introduction of the collision frequencies v;
connected with the diffusion times 7; by the relation
v; = 1/7; allows us to write I'1; in the form

1 1
I'ny= 5 |:Z/R + VNQQ] . (6)
The condition of existence of a weakly decaying SSW is
't < Q, which leads to a condition imposed on the fre-
quency ) known as a “window” of SSW existence. The
given condition is written down in a general form. There-
fore, for a more detailed study of the range of SSW exis-
tence and for finding the coordinated boundary values of
parameters, at which the existence of a weakly decaying
SSW is possible, it is necessary to specify it. We demand
the next condition to be satisfied:

I < 109. (7)

This leads to the following frequency “window” of SSW
existence:

vy Vi
0.1vy — 1702— vnvr < Qn < 0.1lvy+ 1702— VNVR.

(8)
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Equation (8) yields the desired relation between the pa-
rameters

vy > 100vp. 9)

3. Definition of the Coordinated Values of
Parameters, at Which SSW Exist in
Cryocrystals

The expression for the scattering frequency due to resis-
tive processes is as follows:

VR = Viso + VBeff + VU. (10)

Here, 15, — frequency of phonon scattering on isotopes,
UBeft — frequency of scattering on boundaries of a sample,
vy — scattering frequency due to umklapp processes.
The collision frequency on isotopes is taken into ac-
count for all crystals with the use of the formula [7,8]

(11)

Viso (:17)

3 2
- <M/[) :174T4C’d,

4rVE\ M
where Cy = Ny/N — concentration of isotopes, AM — a
difference between nuclear weights of isotopes and that
of the basic substance, M — weight of basic atoms, and
x — dimensionless variable.

We considered the phonon scattering on boundaries
which depends on a relation between the free path length
of phonons due to normal processes [y = 7 Vs and that
in the sample bulk D. SSW exist in dielectrics if the
hydrodynamical mode in the description of phonons is
realized. Thus, the inequality {5 < D is valid. Phonons
that are in the sample bulk will experience a set of nor-
mal collisions before reaching the boundary. As a re-
sult, the way which is passed between two collisions with
boundaries essentially increases. Using the known for-
mulas for the Brown movement, it is easy to show that
the trajectory between two collisions with a boundary
will be of the order of D?/ly [9]. This implies that the
effective frequency of phonon collisions with the bound-
ary is

5
VUBeff — .
¢ D2I/N

(12)

For the numerical estimations and the calculations of
conditions for the existence of weakly decaying SSW
in cryocrystalls of orthodeuterium and parahydrogen
and in crystals of neon, we used data given in works
[3,4,10,11] and presented in a tabular form in work [12].
We give here only Table for the averaged frequencies of
phonon collisions.
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Expressions for the average collision frequencies in the Callaway model for various crystals

Crystal o— Dy p—Ha Ne
vn, s 1 1.4 x 108715 1.9 x 1087° 1.3 x 10774
=37 =40 =13
vy, st 1.3 x 109T3e[ T } 1.4 x 109T3e[ T } 4 x 106T5e[ T ]
Viso, 81 1.3 x 109T4Cy 2.3 x 108740y 9.5 x 10"T*Cy
VBeff, 5”1 9 x 1037-%/D? 4.3 x 103T—5/D? 0.2 x 103T—%/D?2.

D, cm

0.5

Fig. 1. Range of the self-coordinated parameters for crystals of

orthodeuterium

Using these average values of frequencies of phonon
collisions and inequality (9), we build the plots of self-
coordinated values of the parameters (T',Cy, D) deter-
mining the range of SSW existence in the considered
cryocrystals. These plots are presented in Figs. 1-3.

4. Conclusions

The values of parameters lying on surfaces are limitind
values of the self-coordinated parameters, at which the
SSW propagation is possible. The range below these sur-
faces corresponds to the SSW existence in cryocrystals.
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Fig. 2. Range of the self-coordinated parameters for crystals of

parahydrogen

The analysis of the resulted plots enables us to estab-
lish the limiting values of isotope concentrations, below
which the SSW propagation is possible. For orthodeu-
terium, parahydrogen, and neon, Cyj;y, are, respectively,
3.1 x 1075, 2.7 x 107, and 1.3 x 103, In addition, it
is seen from plots that, starting from the sizes of the
order of 0.5 cm, an increase in the sample size weakly
influences the range, where SSW exist.

Choosing the certain parameters in the range of SSW
existence from inequality (8), it is possible to find a fre-
quency spectrum of weakly decaying SSW. For example,
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107

T,K

Fig. 3. Range of the self-coordinated parameters for crystals of
neon

let us consider parahydrogen: if we take a crystal with
D = 0.7 cm, the isotope concentration Cy = 3 x 107° at
T = 2 K, the frequency range is 0 < Qy; < 4.9 x 106 s~ 1.
The knowledge of this spectrum is very essential for at-
tempts to register SSW in experiments on the observa-
tion of the thermal pulse evolution.
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XBUWJII APYT'OI'O 3BYKY ¥ KPIOKPUCTAJIAX

B./l. Xodycos, A.A. Bainkina
Peszmowme

3HaliIeHO y3ro[2KeHi 3HaUYEHHs IapaMeTPiB KPIOKPUCTAJIB OpPTO-
JiefiTepiio, mapaBOAHIO Ta HEOHy (TeMIlepaTypH, KOHIEHTPAIlil i30-
TOmiB, JOMIIIOK Ta PO3MiIpiB 3pa3KiB), 0 BU3HAYAIOTL 00JIACTDH
iCHyBaHHSI XBHJIb JIDYTOr'o 3BYyKYy. BCTaHOBJIEHO I'DaHUYHI KOHIIEH-
Tparil i30ToniB, HIXKYE 3a AKI MOXKJINBE IOUINPEHHS XBUJIb JIPYTO-
ro 3BYKY, & TAKOXK BU3HAYEHO PO3MipH 3Pa3KiB, IOYNHAIOYH 3 AKUX
1X 30iIbIIIEHHsT HE BIUIMBAE HA 3araCcaHHsl XBUJIb JIPYTOro 3ByKy. Pe-
3yJIbTATH HAaBEJEHO Yy BUIVISAI TpUBUMIpHUX rpadikis.
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