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The latticr thermal conductivity of InSb has been calculated in the temperature range 
2-800 K in the frame of Dubey's model, which makes use of G uthrie's classification of three-phonon 
scattering events. Excellent agreement has been found between the theoretical and experimental 
values of the phonon conductivity over a wide range of temperatures. The temperature dependence 
of three-phonon scattering relaxation rate has been calculated for both class 1 and class II events 
in the study of phonon conductivity of lnSb. The percentage contributions of transverse and 
longitudinal phonons have been studied separately in the temperature range of investigation. The 
role of four-phonon processes is also included at high temperatures. The percentage contributions 
of the three-phonon normal and umklapp processes towards ~3-p~ have also been investigated. 

1. Introduction 

The lattice thermal conductivity of InSb has been studied by several workers 
[1-5] experimentally as well as theoretically at Iow and high temperatures, and it is 
now established that the Callaway [6] model could not get good agreement in the 
high temperature region. It should be noted that the Callaway model is an exception 
due to the fact that it does not make any distinction between transverse and 
longitudinal phonons. Holland [1] modified the Callaway model, making it applicable 
at all temperatures by considering the two mode conduction of phonons. 

The three phonon scattering relaxation rates were further studied by Guthrie 
[7] by dividing the phonon-phonon scattering events into two classes: Class I events 
in which the carrier phonon is annihilated by combination, and class II events in 
which annihilation takes place by splitting. Recently, considering the rate of -1 "C3ph, N 
and z3ph,-1 v and following Guthrie's classification of the phonon-phonon scattering 
events Dubey [8] studied the thermal conductivity of a sample by proposing a new 
expression for ~3-p~ as 

-- 1 -O/otT mi(T) Z3ph=(BN,I+ Bu,le ) g ( w ) T  + 

q- (BN, I1 "j- Bv,  II e - O/~T)g(w)T m"(T) . ( 1 ) 
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Terms are explained in the foilowing Section. The aim of the present work is to 
calculate the lattice thermal conductivity of InSb in the frame of the expression for 
the three-phonon scattering relaxation rate proposed by Dubey. The separate 
contributkon of.transverse and longitudinal phonons towards the total lattice thermal 
conductivity has also been studied by calculating their percentage contributions. The 
percentage contribution of the three N and U processes scattering relaxation rates 
toward z3-p~ have been studied. 

2. Theory 

In the present model Dubey [8] used the same frequency dependence g(w) for 
N and U-processes due to the fact that #(w) depend only on polarisation branches. 
At the same time, the same value of ro(T) is used to both N and U-processes due to 
the fact that Guthrie [7] obtained the same value of ro(T) for both processes. The 
temperature exponent ro(T) has four values 1, 2, 3 and 4 for transverse phonons and 
three values 1, 2 and 3 for the longitudinal phonons corresponding to the different 
temperature ranges. Due to lack of an expression for the exact value of m(T) ,  Dubey 
1-8] suggested the use of the average value of the upper and lower bounds of ro(T) 

reported by Guthrie [7]. Thus, the expression for ro(T) used in the present 
communication is given by 

m,(T)  = Xmax(e x . . . .  1) - I + 0.5 Xmax (2) 

for class I events and 

m.(T) =0.5 +0.5Xmaxe~ x . . . .  1)- 1 (3) 

for class II events, where X m a x = h w m , J K B T ,  h is the Planck constant divided by 2n, 
K n is the Boltzmann constant and Wma . is the phonon frequency at the boundary of 
the Brillouin zone. 

The Guthrie [7] classification leads to the participation of transverse phonons 
in class I events only, while longitudinal phonons participate in class I as well as in 
class II. A s a  result, Dubey [8] proposed an expression for r3ph,-t r for transverse 
phonons as 

Z 3p 1, T = ( BrN, i + Brv.  je - O/'T)w T . . . .  (T) . (4) 

Similarly, the expression for "C3ph. L -  t for longitudinal phonons is given by 

T, 3p 1. L : (BLN, I + BLU, te - ~ T . . . .  (T). 

+ (BLN, II + BLU, 11 e - O/~ T . . . . .  (r), (5) 

where B N and Bv are the scattering strength of three-phonon normal and umklapp 
processes, respectively, suffixes N and U are used to represent normal and umklapp 
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processes, 0 is the Debye temperature of the sample and ct is a constant, O(w) is the 
function of phonon frequency w, g(w)=w 2 for longitudinal phonons and w for 
transverse phonons which are the same as obtained by Herring [9]. 

The phase and group velocities of phonons inside the conductivity integral 
have been corrected by using a modified dispersion relation [4, 10] 

k = (w/v) (1 + rw2), (6) 

where k is the phonon wave vector, w is the phonon frequency, r is a constant which 
depends on the dispersion curve of the sample under study and can be calculated 
with the help of the experimental dispersion curve and vis the phonon velocity. 

Assuming spherical symmetry of Brillouin zone for all three polarization 
branches, one longitudinal and two transverse, and that each phonon contributes 
separately towards the total iattice thermal conductivity, the contribution of each 
branch can be expressed as [6] 

2 2 2 2 w/KaT Ki=(1/6n2)~zcq w /KnT  )(e ¡ - 1 )  -2 

ehW/r'rk2dk + AK, (7) 

where the integral is performed over the first Brillouin zone, suffŸ i stands for 
polarization branches. VO is the group velocity corresponding to the polarization 
branch, AK is the correction term [6] due to the three phonon N-processes and its 
contribution can be ignored [11-13] compared to the contribution due to the first 
term in Eq. (7) and z~ 1 is the combined scattering relaxation rate given by 

z 7 1  = z ~  1 + Zp-, ~ + ~3p~h + - T4ph, (8) 

where zn - I i s  the boundary scattering relaxation rate [14], z~ I i s  the point defect 
scattering relaxation rate [ 15], z3p~ is the three-phonon scattering relaxation rate [8] 
and z~/h is the four-phonon scattering relaxation rate [16, 17]. The expressions used 
for the scattering relaxation rates are given in Table I. The expression for the lattice 
thermal conductivity in the frame of SDV [I0] model can be expressed as 

K = K T + K L ,  (9) 

where KT and K L are the contributions due to transverse and longitudinal phonons, 
respectively, and are given by 

O~/T 

O 

02/T 

+(�91 ; 
Ot/T 

Zc.TX4eX(e x -  1)-2(1 + Rlx2)2(1 + 3RIx2) - ldx+ 

zc, Tx4eX(e x -  1)- 2(1 + R2x2) 2 (1 + 3R2x2) - ldx, (10) 
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where 

031T (c)f 
K L  = ~ L ,  L x 4 e ~ ( e  ~ -  1)-2(1 -t-R3x2)2(l -k3R3x2) - l d x +  

O 

04/T 

ir); + ~ Z~ .Lx4e~(e  ~ -  1)-2(1 +R,,x2)2(1 +3R 4x2)  - I d x ,  

03/T 

(11) 

K a  ( - K - ~ ~  3, R i = r i ( K B T / h )  2, O i = h w i / K n ,  

i =  1, 2, 3 and 4, r~ and r 2 ate dispersion constants for transverse phonons in the 

ranges 0-1q and 1/2kmax-km~ ~, respectively, r 3 and r4 are the same for 
longitudinal phonons, VT~ and vr2 are the transverse phonon velocities in the range 

Table ! 

Scanering relaxation rates. In these expressions vis the average phonon velocity, L is the Casimir length 
of the crystal, A is the point defect scattering strength, Vis the atomic volume, f~ is the atomic fraction 
of the i-th impurity whose mass is m~, mis the mass of the host lattice, d m = m - m i ,  B's ate constant and 

k,.,. is the zone boundary of the first Brillonin zone 

Scattering processes Relaxation rates 

Crystal boundary [14] 

lmpurities [I 5] 

Three-phonon processes 

Normal processes [9] (N-processes) 

Transverse 

Longitudinal 

Transverse 

Longitudinal 

Umklapp processes (U pror 

Klemens [25] 

Klemens [26] 

Holland [1] flor transverse) 

Callaway [6] 

Klemens [26] 

Four-phonon processes [16, 17] 

z ¡  I = viL 
V I 'Am'~  2 

41Zl)si 

~ 3-, k 

,[-1 
3ph,N 

Tr~ = B r w T  4 at low temperatures 

z~.~ = BLw 2 T 3 

~r~ = B ' rwT  at high temperature 

ZL~ l = B' �91 

-1 
"[3ph,U 

~g: 1 = Bvw2T3e - s / 'r  at low temperature 

~~ 1 = B~w T3 e -  S/,r 

T~ 1 = Brvw2/s inh  (hw/KnT)  lq - km. , 

zg~ i = O, O - k . . .  

Tgs I = B vw  2 T 3 

ro  ~ = B'vw2 T at high tempr 

~g*t~ = B w l  T2 
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0 - - 1 / 2 k m ,  and 1/2km, ~ - k m ,  ~. I)LI and vL2 are the same for longitudinal phonons,  w~ 
and w3 are the frequencies of transverse and longitudinal phonons  at 1/2km,,, 

respectively, and w2 and w,, are the same at km,,. 

3. Results and discussion 

- t - t and the point-defect The boundary  scattering relaxation rates S.T, z8.L 
scattering strength A have been adjusted at 2 K and 8 K, respectively. At low 

temperatures, T3-p~,N�87 Z3ph,-I u. Thus an approximate  value of  BrN,, ,  B~.s. ~ and BLs, n 
- l The three- have been calculated at 15 K ignoring the contr ibut ion due to ~3ph, u. 

phonon  U-processes dominate  over N-processes at high temperatures. Therefore, one 

can neglect the role of  three-phonon N-processes. Bru,~, B/.u,t and BLv,, at 200 K 
have been estimated. The four -phonon  scattering strength Bur  and But. are calculated 
at 600 K. The experimental data  ate taken from the earlier repor t  of  Hol land [18] 

and other  constants  related to the dispersion curve are taken from the earlier report  

of  Dubey  et al [4].  
Using the constants  and parameters  reported in Table II, the lattice thermal 

conductivity of  InSb has been calculated in the temperature range 2-800 K in the 
frame of  the expression proposed by Dubey  [8]  by calculating the contr ibut ion of  

the transverse and longitudinal phonons  separately. The results shown in Fig. 1 are 

in good  agreement with the experimental data,  also near conductivi ty maxima in 
which region Dubey  and Verman [4] did not  observe good agreement. The separate 

Table II 

Values ofconstants and parameters used in the calculation of phonon conductivity of 
lnSb in the temperature range 2-800 K 

of 1 (cm/s) 2.28 x 105 
Vr2 (cm/s) 0.82 x 105 
VLt (cm/s) 3.77 x 105 
VL2 (cm/s) 3.77 x 105 
01 (K) 56 
0 2 (K) 62 
03 (K) 101.5 
04 (K) 170 
0 o (K) 172.5 
a 1.5 
ti (s') 9.665 x 10 -z7 
r2 (s 2) 2.618 x 10 -27 
r3 (s 2) 0 
r4 (s 2) 1.37 x 10 -27 
~¡ (s- t) 4 x 105 
T~~ s -1) 4.2x 105 
A (s 3) 4.2 x 10 - '~ 

Brs.t(deg -m) 1.0 x 10- iz 
Bro.i (deg -m) 4.25 • 10 -6 
BLN.I (S" deg -m) 1.0 x 10- 23 
BLt:.l (S" deg-'*) 1.0 x 10- zo 
BLs., (s �9 deg -m) 1.0 x 10 -el 
BLO.H (S" deg -m) 2.0 x 10-17 
Bar (s- deg- 2) 1.0 x 10- 2, 
BuL (s- deg- 2) 1.0 x 10- 23 
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Fig. 1. Total lattice thermal conductivity of InSb in the temperature range 2-800 K. Solid line shows the 
calculated values and circles are the experimental points 
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Fig. 2. The percentage contributions % K r and % KL towards the total lattice thermal conductivity of 
lnSb due to transverse and longitudinal phonons, respectively. Dashed and dot-dash lines represent % Kr 

and % KL, respectively 
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percentage con t r ibu t ions  of  t ransverse  and longi tud ina l  phonons  towards  the to ta l  

latt ice thermal  conduc t iv i ty  can be s tudied with  the help  of  Fig. 2. F r o m  Fig. 2 it 

can be seen that  at  high t empera tu res  the t ransverse  phonons  are main ly  responsible  

for the transfer  of  heat,  which is in agreement  with the results r epo r t ed  by previous  

workers  [1, 5, 19-23].  I t  is also clear that  in the iow tempera tu re  region the ra t io  

% K r / %  K L depends  upon  the factor  

2(VL ~~. ~/Vr~~,'r) = 2(VL/VT) 2 

which indicates  tha t  at  very low t empera tu re  % K r  is larger than  % K t .  At higher  

t empera tu re  t owards  the conduct iv i ty  max ima ,  ~o K r  begins to decrease  while the 

reverse is true for longi tud ina l  phonons .  At  a cer tain tempr  the t ransverse  

con t r ibu t ion  begins to increase again.  This na ture  of such var ia t ion  in the curve is 

due to the role of  the point-defect  scat ter ing [10]. A s imilar  naturr  is also ob ta ined  

by Sha rma  et al. [10] for Ge,  Dubey  and Verma  [24] for Si, Awad  and D u b e y  [23] 

for Mg2Ge and Mg2Si and AI-Edani  et al [5]  for InSb and GaAs .  

Table III 

The value of the temperature exponent ro(T) used to calculate the 
lattice thermal conductivity of InSb. mr.l(T ) is the temperature 
exponent of the three-phonon scatte¡ relaxation rate due to 
transverse phonons for class I events, whereas mL.M(T) and mL.~T) 
are the same due to longitudinal phonons for class I and class I1 

events, respectively 

TI-K] mT, I(T) roL. I(T) roL. Ir(T) 

2 4 3 0.5 
4 4 3 0.5 
6 4 3 0.5 
8 3.8783 3 0.5002 
10 3.1120 3 0.5017 
20 1.6962 3 0.5606 
30 1.3329 2.8530 0.6672 
40 1.1926 2.1865 0.7579 
50 1.1249 1.8173 0.8212 
60 1.0874 1.5937 0.8650 
70 1.0645 1.4490 0.8954 
80 1.0495 1.3507 0.9169 
90 1.0392 1.2810 0.9327 
100 1.0318 1.2299 0.9445 
200 1.0079 1.0594 0.9852 
300 1.0035 1.0266 0.9933 
400 1.0020 1.0150 0.9962 
500 1.0012 1.0096 0.9975 
600 1.0008 1.0066 0.9983 
700 1.0006 1.0049 0.9987 
800 1.0005 1.0037 0.9990 
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T--I --1 T-I Fig. 5. The percentage contributions % 3~,,N and % r3ph. • towards ~,~.L for class 11 events for lnSb in 
the temperature range 2-800 K. Solid and dashed lines represent % z3~,. v -  1 and % z~-~h,s, respr 

The temperature exponents can be calculated for both transverse and longitudi- 
nal phonons in the temperature range of study with the help of Eqs (2) and (3) and 
the results obtained are reported in Table III. It can be seen that at Iow temperatures 
mr.t(T) and mL,~(T) tend to 4 and 3, respectively, which is similar to the results 
obtained by Herring [9], It can be seen that at high temperatures mr, i(T), mL,~(T ) 
and mL.,(T) tend to unity, Thus zf~h reduces to z~~oc Tdue to e -~ which tends to 
unity at high temperatures, which is similar to the earlier finding of Herring [9]. 

The percentage contribution of three-phonon N and U processes can be 
analyzed via Figs 3-5. From these Figures, it can be seen that at low temperatures 

-1 for both transverse and longitudinal phonons. As a z3ph.- 1 N dominates over ~3ph.v 
result, the three-phonon N-processes play a dominating role in the lattice thermal 

-~ which shows that -~ dominates over Z3p*.N, conduct!vity. At high temperatures, Z3ph.V 
the lattice thermal resistivity is mainly due to three-phonon U-processes. These results 
are similar to those obtained by previous workers [8, 20, 23]. 
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