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A comparative investigation is made of the heat conduction of ruby, quartz, and lithium 
niobate by direct measurement and by a calculation using the Debye formula on the basis 
of phonon interaction data from measurements of the 8bsorption of hypersound. Methods 
are desc'ribed and results of measurements of the heat conductivity, ultrasound velocity, 
and hypersound absorption coefficients are obtained in a broad temperature range. 

The investigation of the heat conductivity of monoerystals on the basis of microscopic representa- 
tions proposes taking account of various phonon--phonon interactions which result in finiteness of the 
phonon lifetime. Namely this phonon lifetime indeed determines the magnitude of the coefficient of heat 
conductivity of an isotropic solid according to the classical Debye formula [i] 

= - 1 -  cv (:) 
3 

The phonon velocity is hence connected with the veloci t ies  of longitudinal and t r an sv e r se  sound in the sam- 
ple under investigation by the relationship 

3 i 2 
V~ -- V aL -' VT' . (2) 

A strict quantum mechanical computation of the time 7p for specific crystals is fraught with substan- 
tial computational difficulty (see [2], say). Hence,. it is necessary to obtain information about the behavior 
and magnitude of ~p (in addition to the well-known, but not always accessible, method of inelastic inco- 
herent scattering of cold neutrons) from independent measurements. 

Finding the phonon lifetime in real crystals from measurements of the sound absorption coefficients 
in diverse temperature bands is considered in this paper. It is interesting to note that the possibility, in 
principle, of such a relationship was mentioned by Debye in his already mentioned classical paper [1]. 
However, only the subsequent construction of a quantum theory of solids permitted establishment of this 
relationship successively and strictly taking into account of the whole set of sound wave interaction pro- 
cesses with the vibrating crystal lattice. Thus, considering just the interaction with longitudinal vibra- 
tions of the type L + L --* L as basic, we obtain the following expression for the absorption coefficient 
of a longitudinal sound wave of frequency w at a temperature T (see [3] the relationships (62.27), (K43), 

(K45)): 
1 (O~p((ok) (3) ~(co, T)=co d ~  arcig[2~ 8 -  -~D 

[(T, c%)-- As(~ h c~ 2(  ON 
8~29~V~ ~ k ~ m k ,  ) . (4) 

Averaging the vibrat ions of different  polar izat ion over  the t rue  phonon distr ibution N(ak) is the main 
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Fig. i. Dependences of the coefficient of heat conductivity A (W/M. ~ 
on the temperature T (~ for ruby (A[203) -- 3, quartz (SiO2) -- i, and lith- 
ium niobate (LiNbO 3)-  2. The solid lines denote ~ measured by the Four- 
ier method (Q = ~Sgrad T) and the points denote the h computed by the 
Debye formula (~ 2 = I/3CVVpTp). 

Fig. 2. Dependence of the mean phonon lifetime r (see) on the tempera- 
ture T (~ for ruby (A1203) -- 3, quartz (SiO2) -- i, and lithium niobate 
(LiNbO 3)-  2. The solid lines denote rp obtained from thermal measure- 
ments, and the points denote the rp computed from the coefficients of 
hypersound absorption (i)- (9). 

dif f icul ty  in the d i r e c t  eva lua t ion  of this  quant i ty .  However ,  the ra t io  between the sound abso rp t ion  coef -  
f ic ients  fo r  two d i f fe ren t  f r equenc ie s  can be taken to find the mean  phonon l i fe t ime 7p for  a given t e m p e r a -  
tu re .  We obtain the fol lowing s imp le  e x p r e s s i o n :  

aFci~ f (2-: v)(~ t 

% ~. (%, T) ~0., arctg / (2 - -  V)(%u ] '  
[ 1 -.{- 27 (co~V/ 

w h e r e  we have used the notat ion 

+T  ~2 
4 , 8 7 ( ~ - )  . (6) 

\ , , ~ /  

The f o r m  of (5) shows that  all  the quant i t ies  dependent  on the f o r c e  cons tan ts  of the c r y s t a l  and on the t rue  
shape  of its phonon s p e c t r u m  ~nd gove rn ing  the expl ie i ty  f o r m  of a (,u, T) a r e  cance led  in this case .  

We find d i r e c t l y  f r o m  (5) in d i v e r s e  t e m p e r a t u r e  and f r equency  ranges  of the sound being abso rbed :  

Tp . . . .  , 4 (~1+~- ~+-~) (+~P) < 1; (7) 

. . . . . . . .  , / - ~ -  ; ( 8 )  
a ( ~ 1 %  - -  % + 0  ' I /  

2 __ (~zet0 ~ --cz:(o~) (+X'p) 7 I (9) 
Tp - 31 '~(%(~ :1) 

The re l a t ionsh ips  (7)-(9) w e r e  used  to inves t iga te  the heat  conduct iv i ty  and sound abso rp t ion  in ruby,  
qua r t z ,  and l i thium niobate  m o n o c r y s t a l s .  
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TABLE i. Dependence of the Specific Heat Cp (J/kg, ~ of Ruby 
(A1203), Quartz (SiO2), and Lithium Niobate (LiNbO 3) on the Tem- 
perature (~ 

F 
T, ~ 20 ] 30 40 60 80 100 200 

I 

AI~O 3 I 2 7 
SiO2 I 42 70 
LiNbO 3 4 i 9 

J 

13 
90 
26 

45 
140 
80 

98 
180 
160 

145 
230 
250 

684 
460 
624 

The  L i s s  m e t h o d  [4] wi th  s o m e  s t r u c t u r a l  c ha nge s  a s s o c i a t e d  with  the  need  to  conduct  the  m e a s u r e -  
m e n t s  in a b r o a d e r  t e m p e r a t u r e  r a n g e  was u s e d  to m e a s u r e  the  hea t  conduc t iv i ty .  The  hea t  conduc t iv i ty  
of m o n o c r y s t a l s  was  m e a s u r e d  at  t e m p e r a t u r e s  f r o m  5-300~ At low t e m p e r a t u r e s  the  s i de  hea t  l o s s e s  
f r o m  the  s p e c i m e n  could  be n e g l e c t e d ,  hence ,  the  F o u r i e r  f o r m u l a  was  u s e d  in the  fo l lowing f o r m  to c a l -  
c u l a t e  the  hea t  conduc t i v i t y :  

_ QAx (10)  
SAT 

The  s p e e i m e n s  w e r e  m o n o c r y s t a l s ,  cut  a long  the  op t i e a l  ax i s  fo r  r u b y  and l i t h i u m  n ioba te  and a long  the  
p i e z o e l e e t r i e  ax i s  fo r  q u a r t z ,  in the  f o r m  of r o d s  15-30 m m  long and 3 m m  in d i a m e t e r .  Al l  the  m e a s u r e -  
m e n t  r e s u l t s  w e r e  r e c o r d e d  on the  t a p e  of a s i x - p o i n t  E P P - 0 9  p o t e n t i o m e t e r ,  fo r  whieh  de a m p l i f i e r s  of 
F16 type  w e r e  u s e d  to  i n e r e a s e  the  r e s p o n s e .  E x p e r i e n c e  showed tha t  i t  is s i m p l e r  to p r o e e s s  m e a s u r e -  
m e n t  r e s u l t s  r e c o r d e d  on the  p o t e n t i o m e t e r  t ape ,  and they  a r e  ob ta ined  with  h igh  a e c u r a e y  if t h e i r  i n c r e -  
m e n t s  AQ, A(AT) c o r r e s p o n d i n g  to  the  i n c r e a s e  in t e m p e r a t u r e  a r e  s u b s t i t u t e d  in (10) i n s t e a d  of the  a b -  
s o l u t e  v a l u e s  of the  q u a n t i t i e s .  

S t r u c t u r a l l y  the  a p p a r a t u s  was a s t a i n l e s s  s t e e l  tube  with an 0.15 m m  wa l l  t h i c k n e s s  and 56 m m  d i a -  
m e t e r ,  and having  i n n e r  c i r c u l a r ,  s t a i n l e s s  s t e e l  c o m p r e s s i o n  s t r u t s  in the  f o r m  of r i n g s .  One end of the  
tube  was  p l a c e d  in a e r y o s t a t  and the  m e a s u r i n g  c h a m b e r  wi th  the  c r y s t a l  be ing  s t ud i e d  was  i n s e r t e d  
t h r o u g h  the o t h e r  end.  The  m e a s u r i n g  c h a m b e r  was  ana logous  to the  L i s s  a p p a r a t u s .  The  tube  was  e v a c -  
ua t ed  to  10 -7 m m  Hg, a f t e r  which  l iquid  h e l i u m  was  p o u r e d  into the  e r y o s t a t .  The  t e m p e r a t u r e s  w e r e  
m e a s u r e d  by e o p p e r - c o n s t a n t a n  t h e r m o e o u p l e s .  T h e r m o c o u p l e s  which  had  0.05 m m  d i a m e t e r  l e a d s ,  w e r e  
moun ted  on the  c r y s t a l .  The  s p a c i n g  be twee n  the  t h e r m o c o u p l e s  a r r a n g e d  on the c r y s t a l w a s  m e a s u r e d  to 
0.001 m m  a c c u r a c y  by  us ing  a " k a t i t o m e t e r . "  A c c o r d i n g  to our  c o m p u t a t i o n s ,  the  e r r o r  in m e a s u r i n g  the  
hea t  conduc t ion  as  a func t ion  of the  t e m p e r a t u r e  r a n g e  was  2-5%. P r e s e n t e d  in  F ig .  1 a r e  r e s u l t s  on the  
hea t  conduc t i v i t y  of ruby ,  q u a r t z ,  and l i t h i u m  n ioba t e ,  u s e d  for  the  c o m p u t a t i o n s .  

The  s p e c i f i c  hea t  was  m e a s u r e d  on an a p p a r a t u s ,  which is  a h e r m e t i c a l l y  s e a l e d  hol low v e s s e l  wi th in  
which  the  c r y s t a l  u n d e r  i n v e s t i g a t i o n  would be s u s p e n d e d  by  f ine  cot ton  t h r e a d s .  A m a n g a n i n  w i r e  h e a t e r  
was wound on the  c r y s t a l .  The  m a n g a n i n  w i r e  t h i c k n e s s  was  0.01 r a m .  The  t e m p e r a t u r e  was m e a s u r e d  
by c o p p e r - c o n s t a n t a n  t h e r m o e o u p l e s ,  fo r  which  the  t h i c k n e s s  of the  l e a d s  was 0.05 r am.  The  v e s s e l  with 
the  c r y s t a l  was  p l a c e d  in a l i q u i d - h e l i u m  c r y o s t a t .  To cool  the  c r y s t a l  i n i t i a l l y ,  the  v e s s e l  was f i l l ed  wi th  
g a s e o u s  h e l i u m .  The  v e s s e l  was  e v a u e a t e d  to 10 -7 m m  Hg to p e r f o r m  the  m e a s u r e m e n t s .  A m a n u a l  po -  
t e n t i o m e t e r  of R-306  t ype  was  u sed  to v e r i f y  the  o p e r a t i o n  of the  a u t o m a t i c  p o t e n t i o m e t e r  and the  r e s u l t s  
of the  m e a s u r e m e n t s  ob t a ined .  

The  da ta  on s p e c i f i c  hea t  m e a s u r e m e n t  w e r e  p r o c e s s e d  by m e a n s  of the  f o r m u l a  

QAt h (11) 
Cp = ' A/h AT,~ ~ " 

mAT I 1-[-. 
h ~, At n AT h / 

The  me thod  of m e a s u r e m e n t  c o n s i s t e d  in the  p e r i o d i c  he a t i ng  and s u b s e q u e n t  coo l ing  of the  c r y s t a l .  
of the  c r y s t a l  h e a t i n g  and the  coo l ing  p r o c e s s  with the  h e a t e r  d i s c o n n e c t e d  w e r e  r e c o r d e d  on the  t ape  of the  
a u t o m a t i c  p o t e n t i o m e t e r .  The  hea t  l o s s e s  by the  c r y s t a l  and the m e a s u r e m e n t  e r r o r s  could ,  r e s p e c t i v e l y ,  
be  a s s e s s e d  f r o m  the  n a t u r a l  coo l ing  g r a p h s .  The  e r r o r s  in m e a s u r e m e n t  w e r e  not  m o r e  than  1%. At  
and n e a r  the  l iquid  h e l i u m  t e m p e r a t u r e s ,  the  e r r o r  was a r o u n d  5% b e c a u s e  of the  i n c r e a s e  in i n a c c u r a c y  
of the  t e m p e r a t u r e  m e a s u r e m e n t s .  The  s p e c i f i c  hea t ,  hea t  conduc t iv i ty ,  and a c o u s t i c  m e a s u r e m e n t s  w e r e  
conduc ted  s e q u e n t i a l l y  on the  s a m e  s p e c i m e n s  of m a t e r i a l .  The  r e s u l t s  of m e a s u r i n g  the  s p e c i f i c  hea t  of 
ruby ,  q u a r t z ,  and l i t h ium n ioba te ,  which  w e r e  u sed  in the  c o m p u t a t i o n s ,  a r e  p r e s e n t e d  in T a b l e  1. 

G r a p h s  
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TABLE 2. Dependence of the Coefficients of Hypersound Absorption 

a (dB/cm) on the Frequency 0.94 �9 i0 i~ Hz in Ruby (Z!203), Quartz 

(S[O2), and Lithium Niobate (LiNbO 3) as a Function of Temperature 

(~ 

T, K 20 60 I 70 200 
t 

A1208 
SiO 2 
LiNbOa 

0,9 
0,3 

25 30 

1,3 3,1 
0,5 0,7 

40 50 

- -  0,6 
11,2, 18,9 
1,0 1,5 

0,9  1,5 

3,5 4,5 
! 

80 100 

4,5 I0,5 

7,8 15,5 

13,8 

21 

Changes in the u l t r a sound  ve loc i ty  were  made  in a spec i a l l y  f ab r i ca t ed  e l ec t ron ic  appara tus ,  de-  
s c r i b e d  in de ta i l  in [5]. A pulse  method was used to m e a s u r e  the ve loc i ty  of u l t rasound.  Radio pu lses  of 
f requency up to 30 MHz and 0.3 gsec  and m o r e  dura t ion  were  suppl ied to a p i e z o e l e c t r i c  of quar tz  or  lead 
z i r c o n a t e - - t i t a n a t e  (TsTS-19 or  LZT-19) .  Specimens  of d i f fe ren t  s i ze  in the form of 3 mm d i a m e t e r  rods  
or  p i eces  of m o n o e r y s t a l  with a s e v e r a l  squa re  c e n t i m e t e r  c r o s s - s e c t i o n  were  used.  The u l t rasound  velo-  
c i t i es  we re  inves t iga ted  in the 4.2-300~ t e m p e r a t u r e  range .  No changes in the sound ve loc i ty  with t em-  
p e r a t u r e  we re  hence not iced.  The e r r o r  in m e a s u r i n g  the u l t rasound  ve loc i t i e s  did not exceed 1%. The 
following values  of the longitudinal  and t r a n s v e r s e  u l t rasound components  were  used in the computat ions:  
Vl = 11.3-105 c m / s e c a n d V t  = 6 . 0 5 . 1 0 5 c m / s e c  for  ruby; VI = 5.6.105 c m / s e c a n d V t  = 3 . 5 " 1 0 5 c m / s e c  
for  quar tz ;  Vl = 7.43-105 c m / s e c  and Vt = 3.71 �9 105 c m / s e c  for  l i th ium niobate .  

We a l so  used the absorp t ion  coeff ic ient  we m e a s u r e d  for  hypersound at the f requency 0.94 �9 101~ Hz, 
and the absorp t ion  coeff ic ient  for  hypersound at the f requency 109 Hz which we took f rom other  authors  [3, 
6, 9], in the computa t ions .  The c o a x i a l - r e s o n a t o r  method [6] d e s c r i b e d  e a r l i e r  and the waveguide method 
[7] we re  used for  the m e a s u r e m e n t s .  The appara tus  is  a combinat ion of waveguide and r e s o n a t o r  a p p a r a -  
tus .  The p r o p e r t i e s  of the p iezoeffec t  of the c r y s t a l s  t he m s e l ve s  were  used to exci te  hypersound in the 
quar tz  and l i th ium niobate,  while a thin f i lm of cadmium sulf ide  which p o s s e s s e s  p i e z o e l e c t r i c  p r o p e r t i e s  
was depos i ted  on the ruby.  The spec imen  being inves t iga ted  was p laced  with one end in the r e s o n a t o r  and 
the other  in the waveguide unit.  The waveguide feeder  and al l  the e l ec t ron ic s  were  executed in such a 
manner  that  they p e r m i t t e d  a l t e r n a t u r e  use  of two m e a s u r e m e n t  methods :  exci ta t ion  of hypersound by 
using an e l e c t r i c a l  waveguide and i ts  t r a n s m i s s i o n  to the r e s o n a t o r  for  r eco rd ing ,  or  to exci te  and r e c o r d  
it jus t  by a r e s o n a t o r  (the r e s e a r c h  a s s o c i a t e d  with the hyper son ic  inves t iga t ions  was p e r f o r m e d  in com- 
binat ion with co l leagues  M. A. G r i g o r ' e v ,  Yu. A. Zyuryukin and V. I. Nayamov of Sara tov  State Univer-  
s i ty) .  Hypersound was succes s fu l l y  m e a s u r e d  f rom 4.2-300~ in ruby and l i th ium niobate.  The r e su l t s  
of m e a s u r i n g  the value of the coeff ic ient  of hypersound absorp t ion  a r e  p r e sen t ed  in ' t ab l e  2. The e r r o r  
in the absorp t ion  m e a s u r e m e n t s  was on the o rde r  of 10%. 

D I S C U S S I O N  O F  R E S U L T S  

Success ive  m e a s u r e m e n t s  of the heat conduct iv i ty ,  spec i f ic  heat ,  ve loc i ty  of u l t rasound,  and coeff i -  
c ient  of u l t r a sound  abso rp t ion  in the same  m o n o c r y s t a l  spec imens  p e r m i t t e d  compar ing  the value of the 
heat  conduct ivi ty  coeff ic ients  de t e rmined  phenomenolog ica l ly  by the F o u r i e r  method by means  of (10) with 
the values  of the heat  conduct ivi ty  coeff ic ients  de t e r m i ne d  on the b a s i s  of m i c r o s c o p i c  r e p r e s e n t a t i o n s  by 
the Debye fo rmula  (1) with ~'p ca lcu la ted  by means  of (7)-(9) and Vp by means  of (2). The m e a s u r e m e n t s  of 
the hea t  conduct ivi ty  coef f ic ien ts  by the F o u r i e r  method a r e  r e p r e s e n t e d  by solid l ines  in Fig .  1, and the 

h e a t  conduction coeff ic ients  computed by the Debye fo rmula  a r e  shown by points .  

The good a g r e e m e n t  between the heat  c :ndue t iv i ty  data obtained by the two independent means  shows 
that  the r e s u l t s  obtained for  the phonon l i fe t ime  Tp f rom acous t ic  m e a s u r e m e n t s  a r e  suff ic ient ly  a c c u r a t e  
in the t e m p e r a t u r e  range  cons ide red  in r e a l  ruby,  quar tz ,  and l i th ium niobate m o n o c r y s t a l s .  

Moreove r ,  the r e su t t s  obtained a l so  show that  the phonon in te rac t ions  occur r ing  in the c r y s t a l s  under 
cons ide ra t ion  in the t e m p e r a t u r e  r ange  ment ioned a r e  ac tua l ly  d e s c r i b e d  main ly  by a p r o c e s s  of the form 
L + L ~ L. The so l id  l ines  in Fig.  2 r e p r e s e n t  the dependence of Tp on the t e m p e r a t u r e  T computed by 
means  of (1) in which the heat  conduct ivi ty  and spec i f i c  heat  m e a s u r e d  by a phenomenologica l  method enter ,  
while  the points r e p r e s e n t  the values  of ~p computed by means  of (7)-(9) on the bas i s  of quantum acous t ic  
theory .  It is seen  f rom Fig.  2 that s t a r t i n g  with some  t e m p e r a t u r e s ,  the points computed bY means  of 
(7)- (9) a r e  somewhat  h igher  than the values  of Fp computed by means  of (1). We a s s u m e  that this  is a s -  
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socia ted with the fact that  phonon p r o c e s s e s  of the type L + T r  ~ T r  s t a r t  to play a pa r t  at these  t e m p e r a -  
tu res ,  which we did not take into sccount  in the der iva t ion  of (7)-(9). This  a s sumpt ion  is a l so  ver i f ied  by 

[8] in which the deduction is made  on the bas is  of a study of the t e m p e r a t u r e  behavior  of hypersound ab- 
sorp t ion  coeff icients  in ruby, that  s t a r t ing  with a t e m p e r a t u r e  cha rac t e r i zed  by the values  {O~p) ~ 10 the 
role  of p r o c e s s e s  of L + T r  - -  T r  type in the absorp t ion  of hypersound is g r e a t e r  than that of p r o c e s s e s  of 
L + L  -~ L type.  

The method p roposed  in this pape r  to de t e rmine  the heat  conductivity of monoc rys t a l s  by the c lass ica l  
Debye formula  (1) and by using data f r o m  acoust ic  m e a s u r e m e n t s  in a broad  t e m p e r a t u r e  range  for the 
phonon l i fe t ime,  t he re fo re  p e r m i t s  obtaining re l i ab le  r e su l t s  with good accuracy ,  and is perhaps  the only 
one poss ib le  under  speci f ic  conditions.  

k is the 
C V is the 
Vp is the 
Vl is the 
Vt is the 
~p is the 
A (w k) is the 
w is the 
N(wk) is the 
p is the 

T is the 

0 D is the 
15 is the 
Q is the 
S is the 
Ax is the 
AT is the 
At is the 
At 0 is the 
m is the 
L is the 

T r  is the 

N O T A T I O N  

heat  conductivity; 
speci f ic  heat;  
m e s h  phonon velocity;  
ve loci ty  of the longitudinal sound wave; 
veloci ty  of the t r a n s v e r s e  sound w~ve; 
mean  phonon l i fet ime;  
value of the e las t ic  moduli  of the second and thi rd  kinds; 
f requency;  
phonon densi ty  in the c rys ta l ;  
densi ty  of the ma te r i a l ;  
t e m p e r a t u r e ;  
value of the Debye t e m p e r a t u r e ;  
P l~nck 's  constant;  
quantity of heat  t r ansmi t t ed  by the hea te r  to the c rys ta l ;  
c rys t a l  c ro s s  section;  
spacing between points of t e m p e r a t u r e  m e a s u r e m e n t ;  
t e m p e r a t u r e  drop; 
t ime  during which the spec imen  is heated to AT degrees ;  
t ime  during which the spec imen  is cooled AT 0 degrees ;  
spec imen  m a s s ;  
phonon with longitudinal polar!zat ion;  
phonon with t r a n s v e r s e  polar iza t ion .  
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