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Abstract: Callaway model with Debye’s approximation of phonon states density is
used to determine heat conductivity of some layered structures of Nb,  Sn _Se, type. In

total relaxation time, a term proportional to squared frequency, typical for layered structu-
res, is kept. Electronic heat conductivity is determined by Wiedemann—Franz law and BRT
model for superconductors. In both cases, heat conductivity is determined numerically in
the range of 2 — 200 K. Results correlate well with experimental data.
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1. INTRODUCTION

For devices to work more efficiently they
should have lower operating temperature, i.e. there
should be higher thermal conductivity of working
elements. Therefore, the study of thermal
conductivity is of great importance.

The fact is that the thermal properties of nano-
structures are affected by their dimensions. Thermal
conductivity of the films is a function of film thic-
kness. In superlattices and nanowires thermal
conductivity depends on the phonon properties of
two distinct layers and the conditions at the interfa-
ce. Optimizing the thickness of layers and number of
layers in some particular device could make progress
and increase thermal conductivity. Also, a question
of control of phonon transport phenomena is raised
in order to provide the desired thermal performance.

Thermal conductivity tensor in its most gene-
ral form can be found by using the Kubo formula in
which the pair correlation function figures of the
heat flux operator. In the first approximation, finding
the thermal conductivity tensor can be reduced to
solving the Boltzmann’s transport equation [4].

The model most used for the analysis of
experimental data for heat conductivity of crystal
lattice is Callaway’s which includes different
relaxation processes of phonons. In Callaway’s
model a series of approximations is made which
limits the application of this model to the area of low
temperatures [3]. Approximations are as followed:
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1. Debay’s approximation is used to describe the
phonon spectrum
2
3 V_C;) ; 0<ay, V.3
2. Dy(@)=1 2% ; 0, =—3/67
0 w> o,
3. a-is the constant of crystal lattice

4. Takes into account only the average speed of the
sound

5. Phonon scattering on the surface is diffused (not
mirrored).

6. Normal three-phonon processes of scattering
occur for low frequency longitudinal phonons

7. Relaxation time in U-process is described as
similar to relaxation time for normal processes

8. Relaxation times of various phonon scattering
processes are considered to be additive

9. Neither the crystal anisotropy nor polarization of
phonons are taken into account (no distinction
between longitudinal and transverse phonons)

Total thermal conductivity is expressed as:

K=K, +K, (N

where &, is thermal conductivity of electrons, while
K, 1s thermal conductivity of phonons.

Stationary character of heat transport process
is provided through several mechanisms of
relaxation. For electron heat conductivity those
mechanisms are as follows:
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— Collisions of electrons with impurities x,,

— Collisions of electrons with phonons «,,

— Collisions of electrons with electrons x,,

— Relaxation mechanisms of lattice thermal

conductivity are:

— Collisions of phonons with impurities &,

— Collisions of phonons with electrons x,
— Collisions of phonons with phonons

Thermal resistance of an appropriate type of
carrier can be written as the sum of thermal resistan-
ce corresponding to the different mechanisms:
K R K, YK, K,

K) R Ky+Kp+Ky

Depending on the conditions, different mec-
hanisms have different effects. In metals, the main
contribution to heat transfer is formed by an electro-
nic component, while the phonon contribution
makes only a few percent of the total thermal
conductivity. There is an opposite situation with
semiconductors and isolators in which the phonon
thermal conductivity is relatively high compared to
the electronic thermal conductivity.

2

2. NBSE, THERMAL CONDUCTIVITY

The analyzed compound NbSe, has a

hexagonal crystal structure (layer structure-layer
along which the transfer is made of heat and charge,
will be marked as a layer ab) and for the interval
T =4.5-T7K temperature exceeds in the supercon-
ductive state [2]. If it is doped with Sn the compo-
und Nb, Sn Se, for x <0.5 has the properties of

metal and for x > 0.5 it has semiconductor proper-
ties. This compound is interesting from the aspect of
thermal analysis because: it has a layered structure
(the influence of dimensions), it transits from normal
to superconducting state and depending on
stoichiometry rate of Nb and Sn it has metal or
semiconductor properties.

In the case of x<0.5, the compound has
metal conductivity and the main share in thermal
conductivity is electronic thermal conductivity
which is calculated by Wiedeman-Franz law as:

n Ly T LT

P oY (6
Pot A(TJ *’3@

3)

where p, =5.56-10"° Qm, 4=5.85-10"° Qm,
0 =222K is Debay’s temperature, and

[

T 3 z
J{QJ = Jf—edz is Debay’s integral.
) il -f

Graphical representation of dependence of
equation (3) is given in Figure 1.

guz

TE)
Figure 1. Dependence of K. on temperature

The phonon component of heat conductivity is
determined from the expression for heat
conductivity of bulk while the layered structure is
taken into account through additional term B; @” in

total relaxation time [6]:

n
Ky

% vr(x,T)C, (x)dx =

_k Kk, \’ ; x'e
_FBZV(?BJ ! J'(e” —l)zf_l(x,T)dx

where k, is Boltzman’s constant, 7 - Dirac’s con-

ot

“

ho |, -17510° m/s is the average speed
B
of sound in compound, 7(x,7)- is total relaxation

stant, , —

time of phonons. Relaxation time of phonons is
determined from

(%, T)= 5 + Bo' + B’ (5)

where the first term corresponds to the scattering of
phonons on borders (d is the corresponding length
of the average free path), the second term corre-
sponds to scattering of phonons on dot impurities
and the third term is typical for scattering of pho-
nons on dot impurities for layered compounds.
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For the case where x > 0.5 the compound is

acting as a semiconductor and phonon component of
thermal conductivity dominates. In this case, thermal
conductivity is determined by expression (5) with
corrected relaxation time

(x,T)= 5 +Bw'+ B + BT w'e "

0

(6)

where the last term describes scattering of phonons
on phonons (the so-called U-processes).

B x(W/mK)

0

Figure 2. Dependence of K’;» on temperature (green line

corresponds x =0, while red line corresponds x =0.30)

]
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Figure 3. Dependence of K‘/’i on temperature (x =0.60 )

When the compound has entered the super-

conducting state electronic thermal conductivity is
given as [1]:

. L,T
) oy (0)
+A4 — | J5| =
P [T) (Tj
7 2 (7N
2j )idx +2y1n(1+e’y)+ J
ve T +1 1+e’
X
2T xdx
ve +1
where  y=1.1 Koo _7-7  just fitted  value
k, W T
A(0) : : ,
T 1.1 is better for presentation of experimental
BT C

data for thermal conductivity of specified layered
compound [2] than the ratio given by BCS theory

Pl

the value of which is 2() _{ 7.
BT C
2 100 1%

*T(K)

Figure 4. Dependence of K‘S on temperature

In superconducting state, phonon thermal

conductivity is determined from (4) where the total
relaxation time is corrected by adding one more term
[1,2] which describes scattering of phonons on elec-

trons:
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where K{%] and KO(%) are Besels functions of

the first and zeroth order of an imaginary argument.

o W(W/mK)
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Figure 5. Dependence of K'; on temperature

Parameters of heat conductivity are taken
from [2] and are given in table 1.

Table 1. Heat conductivity parameters

X

Parameter 000 | 030 | 060
B, 10*’ 1.25 4.05 14.3
B, 10 K's? 1.34
B; 10" 5.15 7.7 12.8
d mm 110 75 190
b 6
B, 10™ 0.3 200

All calculations are performed numerically in the
temperature interval from 2 — 200 K with the help of
Mathematica 7.0.

3. CONCLUSION

As it can bee seen from Figure 1, electronic
thermal conductivity of a compound with metal
conductivity x < 0.5 increases with temperature,
especially for the temperature interval above 100 K.
As phonon heat conductivity for materials with
semiconductor properties, e.g. whenx > 0.5, does
not increase in this temperature interval, Figure 2
and 3, it is clear that electronic subsystem is respon-
sible for this increase. Estimation of the share of

electronic thermal conductivity in the overall ther-
mal conductivity for the case of normal state and
x < 0.5 are around 10-30%. In the area of tempera-
tures below 10 K, phonon-phonon interaction is
negligible. In the layered materials acoustic phonons
polarized normally to layer ab do not participate in
the processes of scattering on electrons [5]. Therefo-
re, the coefficient B, for them is zero. In the area of

superconductive transition, all phonons are with
equal probability scattered on electrons. Electron-
phonon interaction is the highest for the compounds

with x =0.3. Coefficients B, and B, are of higher

values when x is higher, indicating larger defects in
the crystal structure of the compounds in which Nb
replaces Sn, than in the case of a pure compound.

4. ACKNOWLEDGMENT

This work was done under the project of the
Ministry of Education and Science of the Republic
of Serbia no. OI171039. The authors express their
deepest gratitude to the recently deceased Academi-
cian Prof. Dr. Bratislav Tosi¢ for his help and sup-
port over many years of research.

5. REFERENCES

[1] J. Bardeen, G. Rickayzen and L.
Tewordt, Theory of the Thermal Conductivity of
Superconductors, Phys. Rev. 113-4 (1959) 982—
994.

[2] V. L. Beletskii, O. A. Gavrenko, B. A.
Merisov, M. A. Obolenskii, A. V. Sologubenko, G.
Ya. Khadzay, H. B. Chashka, Thermal conductivity
and electrical resistivity of layered compound Nbl-
xSnxSe2, FNT, T.24, No.4 (1998) 360-366.

[3] J. Callaway, Quantum Theory of the
Solid State, second edition, Academic Press, Inc.,
Boston 1991, 168—188.

[4] B. T. Geilikman, Research in low tempe-
rature physics, Atomizdat, Moscow 1977.

[5] M. Kaveh, M. F. Cherry and M. Weger,
New Mechanism for the electrical resisitivity of
layer compounds:TiS,, J. Phys. Cl14, 1981., pp.
L789-L797

[6] T. M. Tritt, Thermal Conductivity-
Theory, Properties and Applications, Kluwer Aca-
demic/Plenum Publishers, New York 2004.



S. K. Ja¢imovski, et al., Heat conductivity of some layered structures
Contemporary Materials, I1I-1 (2012) Page 85 of 85

O
TOIUIOTHA ITPOBOJHOCT HEKMX CJIOJEBUTUX CTPYKTYPA

Caxerak: 3a U3padyyHaBame TOIUIOTHE MPOBOJHOCTH KOJI HEKHX CJIOjeBUTHUX CTPYK-
typa Tuma Nb,_Sn _Se, xopuctu ce Kamapejes Monen ca [ebajeBoM ampoKCHMAIH]OM

rycTHHE ()OHOHCKHX CTama. Y YKYITHOM BPEMEHY pelakcalyje y3eT je U WiaH IPONopLUo-
HaJlaH KBaJpaTy (pEeKBEeHIMje KOjU je TUNUYaH 3a CIOjeBUTE CTPYKType. EmekTpoHcka
TOIUIOTHA IPOBOJHOCT onpehyje ce uz Buneman—@pannosor 3akona u BPT moznena 3a
CyneprnpoBoiHUKe. Y o0a ciydaja TOIUIOTHa INPOBOAHOCT ce ozapehyje HyMepHuku y
uHTepBaity ox 2 no 200 K. Pesynraru cy y n00poj carfiacHOCTH ca €KCIIEPUMEHTATHHM
HojanuMa.

Kibyune peun: pononu, Kanajer mozesn, [lebajeBa anpokcumaiiyja, TOIJIOTHA MPO-
BOJHOCT.



