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Lattice thermal conductivity (LTC) of cadmium arsenide (Cd3As,) is studied over a wide temperature range (1-400 K)
by employing the Callaway model. The acoustic phonons are considered to be the major carriers of heat and to be scat-
tered by the sample boundaries, disorder, impurities, and other phonons via both Umklapp and normal phonon processes.
Numerical calculations of LTC of Cd3As, bring out the relative importance of the scattering mechanisms. Our system-
atic analysis of recent experimental data on thermal conductivity (TC) of Cd3As, samples of different groups, presented
in terms of LTC, ki, using a nonlinear regression method, reveals good fits to the TC data of the samples considered for
T <~ 50K, and suggests a value of 0.2 for the Gruneisen parameter. It is, however, found that for 7 > 100 K the inclusion
of the electronic component of TC, ke, incorporating contributions from relevant electron scattering mechanisms, is needed
to obtain good agreement with the TC data over the wide temperature range. More detailed investigations of TC of Cd3As;
are required to better understand its suitability in thermoelectric and thermal management devices.

Keywords: dirac semimetals, Cd3As,, thermal conductivity, phonon scattering

PACS: 63.20.kp, 63.20.K—, 71.55.Ak, 74.25.F-

1. Introduction

Cadmium arsenide (Cd3As;), a 3D II-V material with a
tetragonal crystal structure, is a Dirac semimetal with a charac-
teristic linear dispersion (E = fivgk) and is known to possess in-
teresting electronic properties such as high room temperature
carrier mobility (u ~ 107 ecm?-V~!l.s71), large thermoelec-
tric power (S ~ 600 pV-K’l), high carrier concentration (n ~
10%* m=3), low resistivity (p ~ 11.6 nQ-cm), and low thermal
conductivity (k ~ 10 W-m~1.K~1).[!=7) Consequently, it has
attracted a great deal of attention as a probable candidate for
various applications in opto- and magneto-electronic and ther-
moelectric devices.!”8] The interest in Cd3As, as a promis-
ing thermoelectric material arises due to not only its attractive
electronic properties but also its very-low thermal conductiv-
ity. Recently, a larger-than-unity value for the thermoelectric
figure of merit, Z (= S?/px), has been reported for CdzAs;

9-141 However, to obtain a

in the presence of a magnetic field.!
better understanding and a clear perspective of the suitability
of Cd3As; in not only thermoelectric devices but also thermal
management issues, it becomes crucial and imperative for a
detailed study of the property of thermal conductivity (TC) in
this technologically important material.

In the presence of a thermal gradient applied across a
semiconducting material sample, the heat energy is carried
predominantly by the phonons of the acoustic mode, the con-
tribution from the charge carriers is small. Correspondingly,
the thermal conductivity (TC) of the material, k, is due to
two contributions, namely, ki from the lattice, and x. from
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the charge carriers. In general, the TC of a material is known
to exhibit a typical temperature dependence: with increase in
temperature, the TC at first (for 7 <~ 5 K) is found to increase
as T3 due to phonon-boundary scattering, then reaches a max-
imum Kpax around T ~ 0.050p with @p being the De-
bye temperature, due to phonon—impurity and phonon—phonon
scatterings, and finally at higher temperatures decreases as
T—!, owing to dominance of phonon—phonon scattering. Fur-
ther, in the case of degenerate material samples, K. can become
appreciable at higher temperatures.

In literature, there exist a few investigations on the ther-
mal properties of Cd3As;, and most of them are experimental.
Among the first experimental reports on TC of Cd3As; is the
study of Spitzer et al.!') In their measurement of the TC, they
reported a very low room-temperature value of ~ 2.6 W/m-K—
2.9 W/m-K for undoped samples. Another early investigation
on TC was the study by Armitage and Goldsmid!'®! on differ-
ent samples over the temperature range 7 ~ 8 K-300 K. They
found that, with increasing temperature, the lattice thermal
conductivity (LTC) of Cd3As; falls continuously as k. ~ 7~
for T >~ 10 K, reaching a value of about 1 W/m-K at 300 K,
suggesting predominance of phonon—phonon scattering. They
have also suggested that a maximum may exist just below 8 K,
with imperfection scattering playing a major role at liquid he-
lium temperatures. Combarieu and Jay-Gerin,!!7! in their mea-
surement of the specific heat of Cd3As; at low temperatures
(1.7 K < T <~ 30 K), showed that the specific heat is domi-
nated by the lattice contribution. They found a value of 111 K
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for @p. Bortkowski et al.'8! have reported measurements of
TC over the temperature range from 4.2 K to 40 K in Cd3As;
samples oriented in different crystallographic directions. They
found the TC to depict a well-defined maximum around 6 K
and to be characterized by anisotropy. Zhang et al.!''l reported
the observation of low TC, one order of magnitude lower than
the conventional metals or semimetals with similar electrical
conductivity. In their analysis of the temperature-dependent
TC of undoped CdszAs;, the significant enhancement in TC
observed below 50 K is found to follow a 7! dependence,
suggesting that phonon—phonon scattering is the main reason
for the low value of TC. Recently, Wang et al.!'% reported
measurements of the temperature dependence of TC of four
CdsAs; single crystals with different carrier concentrations in
the presence of a magnetic field. They found that for their
four crystal samples in zero magnetic field, as the tempera-
ture increases over a wide temperature range (10 K < 7T <
500 K), « first decreases rapidly in the low-temperature range,
becomes weakly temperature dependent in the intermediate-
temperature range, and then increases in the high-temperature
range. Pariari ef al.,!'?! in their study on the effect of magnetic
field on validity of the Wiedemann—Franz law, also reported a
similar temperature dependence of TC in the Dirac semimetal
Cd3As; in zero magnetic field over 20 K < T' < 350 K. The
sharp increase in x they observed below 50 K also suggests the
smaller contribution to the total TC at low temperatures from
electronic thermal conductivity (k). Recently, Yue et al.,!'"]
using first principles calculations and temperature-dependent
high-resolution Raman spectroscopy, described the ultralow
LTC of Cd3As, for T > 100 K, based on soft-mode-enhanced
phonon—phonon scatterings. They ascribed the observed!!’!
anomalous temperature dependence of TC around 450 K to
an interplay between the phonon—phonon Umklapp scattering
rates and the soft optical phonon frequency.

So far, there have been only a few reports!?°-2?1 with re-
gard to theoretical investigations of thermal transport proper-
ties of Cd3As,. Lundgren er al.,?!) in their analytical study of
the thermoelectric properties of Weyl and Dirac semimetals,
used a semiclassical Boltzmann approach to investigate the ef-
fect of various electron relaxation processes due to charged
impurities, short-range disorder and electron-electron inter-
actions on the electronic contribution to TC. They ignored
the k. contribution from phonons to the TC. Recently, solv-
ing the Boltzmann transport equation using an iteration tech-
nique, Amarnath et al.??) studied the temperature dependence
of k. considering contributions from various electron scatter-
ing mechanisms. Their attempt to explain the TC data of Wang
et al.,""% Zhang et al.!"" and Pariari ef al.,''?! in terms of
only the electronic contribution could obtain agreement only
for T >~ 100 K.

We note here that these studies indicate that the tem-

perature dependence of TC of CdszAs; exhibits a typical
behavior.!!%-131 With decrease in temperature from 7' ~ 400 K,
the TC is found to, at first, show a decreasing trend in the
range 400 K > T > 200 K, before showing a significant (k ~
T~ increase below 7 ~ 50 K, then reach a large value (~
50 W-m~!- K1) near the maximum &gy around 7 <~ 10 K,
and finally show a decrease for lower temperatures. It may also
be noted that in all the samples of Cd3As; referred to above,
the decrease of TC from the boundary scattering is not seen
down to T ~ 5 K, and has been ascribed to the large crys-
talline size.!'%! Further, there have been theoretical investiga-
tions with regard to electronic contribution to TC, and there
have not been much attention paid to lattice contribution. In
the present work we present a detailed study of LTC of Cd3As;
using the Callaway model!>} over a wide temperature range
(2 K < T <400 K). Further, taking into account the relevant
electron and phonon scattering mechanisms, we analyze the
available TC data, in terms of both the components, namely,
ki and K, using a nonlinear regression method, and suggest a
value for the Gruniesen parameter. In Section 2, we give the
details of the Callaway theory of LTC employed in our study.
Our results and discussion are presented in Section 3.

2. Theory

The thermal conductivity of a material, k, is defined by

the relation[23-26]

U= —kVT, (1

where U is the heat flux density in the material produced
by the temperature gradient VT'; k, in general, is a tensor.
As stated above, the total TC « is due to two contributions,
namely, the LTC, ki, and the electronic TC, k:

K=K + Ke. )

In literature, different approaches have been used to study the

(24311 In the present work,

thermal conductivity of materials.
assuming the heat in the material to be transported mainly by
the acoustic phonons, we obtain the expression for the lattice
contribution, ki, by solving the Boltzmann transport equa-
tion for phonons in the relaxation time approximation. The
heat transports via longitudinal acoustic (LA) and transverse
acoustic (TA) phonon modes are quite different and depend
on their characteristic frequencies and dispersion.[?°=?1 The
phonon dispersion of CdzAs, shows that LA and TA modes
overlap.!"” Due to lack of experimental data on the phonon
spectrum for this Dirac semimetal, we do not considered here
the individual contributions from the LA and TA modes. As-
suming the material to be isotropic, we use the Callaway
model which uses Debye approximation and considers the av-

116301-2



Chin. Phys. B 31, 116301 (2022)

erage contribution from the LA and TA modes. In the Call-

away model, & can be expressed in the form:[?3-2]
KL = K1 + K2, 3)
where
3 -Op /T c
ki = HT / dxg (x) 7°(x) @)
Jo
and
OD/T C N 2
|7 a0 (/e (o)
K =HT? /T . (5)

dxg (x) (7°(x) /7" (x) 7" (x))

Here, g(x) = x*¢*/(¢*—1)%, @p is the Debye temperature and
H = ki /(6x*vh*), with v=! = [(1/v;) + (2/v)]/3 denoting
the averaged sound velocity.!?*! In Eq. (5), 7V denotes the re-
laxation time for normal (N) phonon processes (N-phonon,
N-process) which are non-resistive, and T* is the sum of all
resistive (R) processes including those due to Umklapp (U)
phonons: (t*)~! = ¥;(7;)~!, where 7; is the phonon relax-
ation time corresponding to the i resistive scattering process.

~1 -1 _

The combined relaxation rate (t€)~' is written as (7¢)

(TN)fl 4 (,L.R)fl_[23—26]

2.1. Phonon relaxation times

In the temperature range of interest (1 K < 7 < 400 K),
the flow of heat in a Cd3As; sample is considered to be hin-
dered by the scattering of the phonons, at lower temperatures
by the sample boundaries, the various impurities and disorder
in it, and at higher temperatures by other phonons, mainly via
the U-processes.

2.2. Phonon-phonon scattering

The ideal thermal resistance of a material, due to phonon—
phonon interactions, arises mainly from the Umklapp three-
phonon processes.>3-201 However, the N-phonons which do
not contribute directly to the thermal resistance, are known

(30,31

to influence the other resistive processes. ' A proper de-

scription of the relaxation times for these processes requires a

[29-311 1 literature, differ-

knowledge of the phonon spectrum.
ent forms for the phonon—phonon relaxation times have been

suggested, based on the crystal symmetry and their dependen-

cies on @ and T.3% The phonon—phonon relaxation rates can
be expressed as?9-3?1
L BT (6)
™o
and
1
— = Byw’Texp(—6p/3T), (7

v

where the scattering coefficients Bnx and By, respec-

tively, characterize the N- and U-phonon—phonon scattering

strengths, and are given by 231!
BNy = (kB/h)S_S(h'}’ZV()/MVS)’ ®)
BU:hJ/Z/MvzeD. (9)

Here, M is the average mass of an atom, V = a?c its vol-
ume, and ¥ is the mode averaged Gruneisen parameter. *°! The
value of the exponent s in Egs. (6) and (8), in the case of N-
phonon rates, depends on the crystal symmetry and the phonon

mode. 32

2.3. Phonon—-impurity scattering

The scattering rate for the scattering of phonons by impu-

rities is expressed as[>+20!

() = Aot (10)

where A = VoI” /47v?, with I” denoting the strength of the scat-
tering from isotopes and point defects, such as substitutional
impurities as well as possible strain in a specimen. The value
of I' depends on the concentration of impurities and their mass
and radius differences. 331!

2.4. Phonon—disorder scattering

The disorder associated with the imperfections in a solid,
such as strain due to impurities, isotopes and dislocations, can
also be a source of scattering for phonons. The scattering rate

for phonon—disorder interaction is expressed as?”!

(") = Dow?, (11)
where Do denotes the phonon—disorder scattering strength.

2.5. Phonon-boundary scattering

The scattering of phonons by sample boundaries is as-
sumed to be independent of temperature and frequency, and

reads30-31]

(%) =v/Lg, (12)

where Lg represents an effective phonon mean free path of the
order of the cross-sectional dimensions of the specimen. It in-
cludes effects resulting from sample size, geometry, specular
reflection of phonons at the surface, etc., which may lead to
deviation from the expected 77 behavior. Lg can be written in

the formB%
1 /1-p\ 1\!
Lg=|— | — — . 13
. (Lc(1+l7>+l> )

For a sample of length [ and cross-sectional sides b and ¢, the
Casimir length Lc = (4bt/)'/2. The value of the specular-
ity parameter p varies from O to 1; whenever p > 0, partial
specular reflection occurs to decrease the effect of boundary
scattering.

116301-3
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3. Results and discussion

We have performed numerical calculations of i (7)
using Egs. (3)-(13), for characteristic parameters of
CdzAsy: 11722331 g = 3189 A, ¢ =5.185 A, v, = 3500 ms™!,
and vy = 2160 ms~!. The Debye temperature depends on the
phonon spectrum and is known to be different for the three
acoustic modes. However, due to lack of experimental data on
phonon spectrum, we take the average value of @p = 111 K
reported in Ref. [17]. Unlike the treatment of Asen-Palmer et
al.,BB11 we do not consider the individual contributions from
the LA and TA modes. In the case of N-phonon scattering
rates for the bulk tetragonal system, the frequency exponent
s in Egs. (6) and (8) is usually taken as 2 for LA and 1 for
TA phonons.[30’34] However, in literature, other temperature
and frequency dependent N-phonon relaxation rates have also
been considered to explain experimental data on TC.[?434

With a view to first understand the temperature depen-
dence of the total LTC and the relative importance of the
individual contributions due to the various phonon scatter-
ing mechanisms limiting LTC in Cd3As, over a wide tem-
perature range, we choose to illustrate the same for parame-
ters characterizing sample A of Wang et al.['%! (see Table 1).
It may be mentioned here that, while the boundary scatter-
ing coefficient Lg is determined by the sample surface spec-
ularity parameter p (0 < p < 1), the phonon—phonon scat-
tering coefficients By and By depend crucially on the mate-
rial Gruneisen parameter y. In the absence of clarity on the
roles of LA and TA phonons and the frequency dependences
of their phonon scattering rates on the thermal conduction pro-
cesses, we present here calculations of ki considering two val-
ues for the frequency exponent, namely s = 1, often consid-
ered typical of TA phonon frequency dependence and s = 2,
as characteristic of LA phonons. Figure 1 depicts kj, as a
function of temperature, calculated using Eqs. (3)—(13), with
(t®) 1= (2B) T (e =1 4 (2P0) = 4 (2Y) 71, for typical val-
ues of the scattering parameters: p = 0.2, I' = 1.2 x 1074,
Dy =10"" s and taking Y= 0.2 and s = 1. Curves a, b, ¢
and d represent the temperature dependences of the individ-
ual contributions due to scattering from sample boundaries,
disorder, impurities, and other phonons, respectively. Curve
1 denotes the behavior of the total contribution, xj. It is
found that each of these scattering mechanisms is operative
over certain ranges of temperature. For the values of the pa-
rameters chosen, at very low temperatures (7 < 4 K), where
phonon-processes are frozen out, ki is predominantly deter-
mined by boundary and disorder scatterings with character-
istic 73 and T2 dependences, respectively. With increase in
temperature, ki reaches a maximum of Kpax ~ 10 W/mK at
Tmax ~ 8 K, where phonon—impurity scattering is found to be-
come important. With further increase in temperature, ki is
found to decrease as T~! because of phonon—phonon scatter-
ing. Our calculations also indicate that the influence of the

phonon—impurity scattering is significant even at higher tem-
peratures (T >~ 100 K). The dashed curve in Fig. 1 depicts
the temperature dependence of x; calculated for the same set
of parameters listed above, but with s = 2. We notice that in
this case, although the variation of k; is similar to that calcu-
lated with s = 1, its magnitude is slightly greater in the range
8 K < T < 120 K. With a view to investigate the role of N-
phonons in determining LTC, we have also performed calcu-
lations of its components, k] and k», as given by Egs. (3)-(5),
again, for the parameters of sample A of Wang ef al.['% Curves
a and b in the inset in Fig. 1 show, respectively, the temperature
dependences of the contributions kj and k. Curve 1 repre-
sents the dependence of the total x;.. We find that although the
contribution from k», which is due to the N-phonons, is very
small for T < 50 K, it is found to become important at higher
temperatures and then tend to saturate ki, for 7 > 100 K; it is
sensitive to the value of I".[3!]

r 16 ~  Curve a: K
F <z Gurve b
g %/
104k <, b
E C To 100
g E TTK)
£ 103¢ b d
~ E Curve a: ph-boundary
E r Curve b: ph-disorder
— 9 Curve c: ph-impurity
) 10 E Curve d: ph-phonon
2 F Curve 1: kg, (s=1)
L Dashed: &1, (s =2)
10" ¢ T T
/ N
109 & L N P
1 10 100
T (K)

Fig. 1. Temperature dependence of LTC, k., of Cd3As; calculated for the
parameters of sample A of Wang et al.''% Curves a, b, ¢ and d depict
individual contributions from phonon-boundary, phonon—disorder, phonon—
impurity and phonon—phonon scatterings, respectively, to the total kj, (curve
1), calculated with s = 1 in Eq. (6). The dashed line depicts the overall kj.
calculated with s = 2. Inset shows the contributions from x; (curve a) and
(curve b) to ki (curve 1), calculated with s = 1.

In the following, we analyze the recent experimental TC
data available for six samples of Cd3As,, i.e., four of Wang
et al.,''" one of Zhang et al.,'""! and one of Pariari et al.!'?!
in terms of LTC, ;. In our analysis, we attempt to obtain
fits to the data by treating the scattering parameters p, I", Dy
and 7y as fitting parameters, keeping in view of the relative im-
portance of the various phonon scattering mechanisms deter-
mining ki (T'), and noting that, while the parameters p, I and
Dy are sample dependent, Y is characteristic of the material.
Further, to obtain a good fit with the experimental data for
a sample of known dimensions, we vary first the value of p
between zero and unity to obtain a fit with the low tempera-
ture data, and then that of I" and Dy to match the data near
the peak value of TC. Using these approximate values of the
sample-dependent parameters, we determine the value of the
intrinsic high-temperature phonon scattering fitting parameter
Y by a nonlinear regression procedure. This is repeated for
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each sample. Finally, we systematically finely tune the val-
ues of p and I to arrive at a single value for ¥, the parameter
which is characteristic of the material Cd3As,. We find that,
with these values of the fitting parameters, p, I', Dy and 7,
thus obtained, the value of 0.2 for the average Gruneisen pa-
rameter Y describes well the TC data of the six samples con-
sidered. We note here that the value of 7y, which reflects the
strength of the phonon—phonon interactions, needs to be sub-
stantiated by experimental studies for Cd3zAs;. In the case of
ZrTes, also a Dirac semimetal, a value of 1.25 is reported from
DFT calculations. 33!

Figures 2(a), 2(b), 2(c) and 2(d), respectively, show the
fits we have obtained for the data of samples A, B, C, and D of
Wang et al.,''% which are in the form of single crystals with
needle-like shapes. The solid dots, in each of the figures, de-
note their data obtained for 8 K < 7' < 300 K. It may be noted
that the data for all the samples of Ref. [10] show a variation

(a)

151 Sample A of Ref. [10]

Curve a: K,

Curve b: ke

Curve 1: k =k +ke (s=1)
Dashed: k= kp+ke (s =2)
Dotted: &, (s =2)

Dots: data

10f

Kk (W/mK)

200

400
T (K)
28T (¢)
24 Sample C of Ref. [10]
20 Curve a: K,
Curve b: ke
16 Curve 1: k=K +ke (s=1)

Dots: data

rk (W/mK)

1 1
200 300

T (K)

1
0 100 400

rk (W/mK)

£ (W/mK)

of TC typical of the behavior of x; (T') corresponding to tem-
peratures T > Tax: the TC is seen to decrease suddenly for
8 K < T <~ 50 K and then to increase slowly for 7" > 50 K.
Curves a in Figs. 2(a)-2(d) represent the variation of & (7')
calculated using Eqs. (3)—(13), with s = 1. The values of the
fitting parameters used to obtain the fits are listed in Table 1.
We notice that our calculations of ki (7') obtain good fits for all
the four samples of Ref. [10], only over the low temperature
range, T < 40 K, and that curves a underestimate the data for
higher temperatures. The dotted line in Fig. 1(a) depicts the
variation of &3 (T') calculated with s = 2. We further note that
the temperature dependence of x; calculated with s =1 (curve
a) is similar to that calculated with s = 2 for T < 50 K, and
represents the data more closely for higher temperatures. It
may however be mentioned that the deviations of ki (7') from
the measured TC noticed in Figs. 1(a)-1(d) for higher temper-
atures becomes larger with increasing temperatures.

- (b)
Sample B of Ref. [10]

24

20
Curve a: Kk,
Curve b: ke
16 Curve 1: k =Kp+ke (s=1)
Dots: data
12}
8
4 M
0
bl 1 1 1 1 1 1 1 1 1 1 1 1 1
0 100 200 300 400
T (K)
281 (d)
24 Sample D of Ref. [10]
C :
20 Gurve b ke
Curve 1: K=K +ke (s=1
16 Dots: data - ( )
12

1 1 1 1 1 1
200 300

T (K)

Fig. 2. Temperature dependences of TC of four samples of Cd3As; of Wang et al.:['! (a) sample A, (b) sample B, (c) sample C, and (d) sample
D. Curves a and b, respectively, represent our calculations of the contributions ki, and k. to the total k (curve 1), with s = 1. Dots denote
experimental data. In (a), the dotted and dashed lines, respectively, represent ki and k calculated with s = 2.

With a view to obtain a quantitative agreement with the
experimental data over the entire range of temperatures, we
now examine the contribution of the electronic component
Ke(T) to the overall behavior of TC. It may be noted that the
electronic TC, k., in semiconductors, though much smaller
than the lattice component (k. /& ~ 0.01), is expected to be-
come important at higher temperatures, especially in degen-
erate systems. It is known to display a typical temperature
dependence: [>*?>! with increasing temperatures, ke, at first in-
creases rapidly, then tends to saturate at higher temperatures;
it is very small at very low temperatures and becomes signifi-

22,24

cant at higher temperatures.'?>?*! Here, we employ the Boltz-

mann transport formalism for electrons and express k. in the

form[2425]
_ ! K Kt (14)
=7 Ko |’
With the coefficients K, given by
= ;/VZT(E]() (Ex — Ex)"
" en2 () F
x (=0 f | OE)E; dEy. (15)

In Eq. (15), T(E) denotes the overall momentum relaxation
time of the electrons with energy E} and velocity v, with other
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quantities having their usual meaning.**->?! Considering the
electrons in CdzAs; to undergo scattering from charged impu-

s,[20211 e have computed

rities, disorder and acoustic phonon
the overall electron relaxation rate assuming Matthiessen rule:
(t(Ex))~" = Li(m (Ex)) ™", the explicit expressions for the in-
dividual i electron relaxation rates, (7,(E;))~", being given in
Refs. [20,21]. Curves b in Figs. 2(a)-2(d) represent the results
of our calculations of k. performed using Eq. (14) for char-
acteristic parameters of the CdszAs, samples of Refs. [22,33]:
deformation potential constant, D = 30 eV, and disorder scat-
tering parameter, ngVp = 0.16 (A%, In order to obtain fits
to experimental data on TC, k, at the higher temperatures
(T > 200 K), we have treated the charged impurity concentra-
tion, N;, as a variable parameter, to alter the magnitude of k.. It
is observed that, as expected, k. is small and shows an increase
in magnitude from zero at 0 K to ~ 2 W/mK at 400 K. It is also
clear that k. can become larger than x;, at high temperatures
(T >~ 200 K). Curves 1 in Figs. 2(a)-2(d) denote the temper-
ature dependences of the total TC, k¥ = Kk, + ke, with K3, calcu-
lated with s = 1 (curves a). Our calculations are seen to obtain
good fits to the data of Ref. [10] for samples B, C and D over
the entire range of temperatures (8 K < T <~ 400 K). The val-
ues of NV; used for calculating x, to obtain the fits are also listed
in Table 1. In the case of sample A, the data is found to show
a deviation from curve 1 for T >~ 300 K. We have, therefore,
performed calculations of ki (T') for characteristic parameters
of sample A, taking s = 2. The dashed curve represents the
results of our calculations of the total TC, k¥ = K, + k., with
ki calculated with s = 2 (dotted curve), and k.(7T') calculated
using Eq. (14). However, the dashed curve is found to show a
larger deviation from data than that shown by curve 1.

In the case of samples C and D of Wang et al.,!'%! we note
that the carrier concentrations of these samples are larger than
those of samples A and B. Further, their data shows a slow
monotonic increase in TC at higher temperatures, suggesting
increased electronic contribution to k. Accordingly, we first
attempt to fit the high temperature data (7 > 350 K) with elec-
tronic contribution alone, and then fit the data at lower tem-
peratures following the procedure described above for sam-
ples A and B. The parameters used to obtain the fits are listed
in Table 1. It may be noted that a good representation of the
data is obtained over the entire temperature range. However, a

slight departure from the data is noticed at intermediate tem-
peratures (50 K < T < 200 K). This may be ascribed to the
lack of sufficient knowledge regarding the phonon dispersion
and the consequent simplifications made in our model.

We now present our analysis of the wider-temperature-
range (5 K < T < 375 K) TC data reported for the other two
samples, one of Zhang et al.!''l and the other of Pariari et
al.'"?! The filled dots in Figs. 3 and 4 represent the data for
both the samples. The data show that, with increase in temper-
ature from T ~ 5 K, the TC, k, at first decreases substantially,
from a large value, following a 7~! dependence mainly due to
phonon—phonon scattering till about 50 K—-100 K, and then in-
creases slowly, possibly due to the contribution from &.[1%-13]
The low-temperature (7' ~ 5 K) large value of k is found to
be 35 W/m-K for the sample of Ref. [11] and 17 W/m-K for
the sample of Ref. [12]. We note here that these two sam-
ples possess large electron concentrations in characteristic of
degenerate semiconductors (see Table 1). Further, apart from
not exhibiting the decrease of k;. from the boundary scattering
for T < Thmax, they show temperature dependences for typi-
cal TC in a semiconductor. In our analysis of their data, we
have therefore performed calculations considering contribu-
tions from both k3 and x; using Egs. (3)—(13) and (14), respec-
tively, for characteristic parameters of the samples. Accord-
ingly, we first obtain fits for the high temperature (7 > 350 K)
data with electronic contribution alone, and then follow the
procedure described above to obtain the fits to the data at the
lower temperatures considering the lattice contribution. In
Figs. 3 and 4, curves a represent the variation of the lattice
contribution, ki , and the curves b represent the electronic con-
tribution, k., for the samples of Zhang et al.!'!! and Pariari
et al.,['?) respectively. The parameters used to obtain the fits
are listed in Table 1. Here, we note that, in the absence of TC
peak and sufficient information about the dimensions of the
Cd3As; sample of Ref. [12], the value of Lg (instead of p) was
varied to match the data near the ‘peak’ value of TC; more-
over, the large value of 10 mm obtained for L is suggestive of
a large phonon mean free path.!'!"'2] We find that, with these
parameters, very good fits to the data are obtained over the en-
tire temperature range. For instance, our calculations for the
sample of Zhang et al. show that at 300 K, x5 = 1.87 W/mK,
which is close to their estimated value of 1.91 W/mK.[!!]

Table 1. Sample parameters and scattering parameters determined from analysis of experimental data on TC of Cd3As, samples of different groups.

Fitting parameters

Sample Dimensionsz Carrier cgl:ceritgation P L (mm) ra 074) Do (1 0-19 9 Charged impurizgy .
Lxbxt(mm’) n(10* m™) concentration N; (10> m™?)
A of Ref. [10] 6.1x0.5x0.5 0.15 0.2 0.74 1.20 1.0 0.78
B of Ref. [10] 8.1x2.8x2.1 0.44 0.3 3.12 1.28 5.0 2.0
C of Ref. [10] 8.2x2.6x%x2 1.39 0.2 2.62 0.90 8.0 12
D of Ref. [10] 84x25x%x22 3.30 0.15 2.51 0.8 14 28
Ref. [11] - 10 - 10 1.2 2.0 120
Ref. [12] 3x2x0.6 6.8 0.5 1.66 1.3 3.0 97

116301-6



Chin. Phys. B 31, 116301 (2022)

40 Sample of Ref. [11]

Curve a: Ky,
30 Curve b: Ke
Curve 1: k=K +ke (s=1)
Dots: data

x (W/mK)

200 300 400

T (K)
Fig. 3. Variation of TC as a function of temperature for the Cdz As, sample of
Zhang et al. U1 Curves a (dotted line) and b (dashed line), represent our cal-

culations of the lattice and electronic contributions, respectively, to the total
TC (curve 1). Dots depict the TC data of the sample in Ref. [11].

0 100

20
Sample of Ref. [12]
16 Curve a: Ky,
Curve b: ke
12 Curve 1: kK =Kp+ke (s=1)

Dots: data

Kk (W/mK)

200
T (K)

Fig. 4. Temperature variation of TC for the Cd3 As, sample of Pariari et al.!'?]
Curves a (dotted line) and b (dashed line), respectively, represent lattice and
electronic contributions to the total TC (curve 1). Dots depict the TC data of
the sample in Ref. [12].

4. Conclusions

We have presented a model for evaluating LTC and an-
alyzed the wide temperature TC data on Cd3As, samples of
different research groups using the Callaway model. Good
fits with the experimental data are obtained for all the samples
considered. A unique value for the Gruneisen parameter char-
acterizing the intrinsic phonon—phonon scattering mechanisms
is obtained. The calculations show that, even for high temper-
atures, LTC is significant. The temperature dependences of
both the contributions, LTC and electronic TC, are studied.
The present invesitigation brings out the relative importance
of the phonon-scattering mechanisms operative in the CdzAs,
system. Recently DFT calculations have reported some details
of the phonon spectrum of Cd3As,, suggesting possible con-

19.351' A more detailed study

tribution from optical phonons.!
of TC of Cd3As;, taking into account the anisotropy of the
material and the details of the phonon dispersion and consid-
ering the separate contributions from the LA and TA phonon
modes as well as from the optical phonons to both the lattice

and electronic components of TC, is in progress.
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