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The thermal  conductivity of CaF 2 single c rys ta ls  containing different amounts of yt t r ium and 
sodium was investigated at t empera tures  of 80-300~ An anomaly due to resonance was 
found in the initial region of experimental  t empera tu res .  

Alkali-earth fluorides find wide application in various branches of optics. An investigation of fluorite 
crystals doped with trivalent metals is very important, since such impurity systems have desirable techni- 
cal qualities. A method of investigating defect states which is becoming more and more popular is the 
measurement of thermal conductivity. In the present investigation we studied heat transfer in pure and 
doped CaF 2 crystals in the range 80-300~ The method of measurement was the well-known steady-state 
method (error of measurement 5%), whose basic features were described in [1]. The most reliable ther- 
mal conductivity data for CaF 2 are given in [2, 3]. Our values for the thermal conductivity at room tem- 
perature were approximately 3-5% lower than the results of [2], but 5% higher than the data of [3], although 
the temperature dependences were similar. These differences are probably due to the different degrees 
of purity of the crystals. The thermal conductivity of Na-doped specimens is shown in Fig. la, and the 
thermal resistance is shown in Fig. lb. Figure lb indicates that the thermal resistance of undoped CaF 2 
varies linearly with temperature: W = AIT + A 2, where A t = 0.38 �9 10 -3 m/W, and A 2 = --14.5 �9 10 -3 m -deg 
/W. According to [2], at the Debye temperature the thermal conductivity of CaF 2 is predicted satisfac- 
torily by the Leibfried--Schlomann formula [4] with 7G = 1.8 and v = 3.51 �9 103 m/sec. With reduction of 
temperature umklapp processes [2] become more and more important and lead to an exponential increase 
in the thermal conductivity. In view of the linear variation of W, Slack's viewpoint [2] is not very convincing. 
It is more plausible to postulate that a contribution to the heat transfer is made by the optical branches, 
which give rise to an additional thermal conduction component. In the complex spectrum of fluorite the 
optical br~nches are very pronounced and constitute a substantial part (2/3) of the spectrum. Three-phonon 
processes (particularly fusion processes) for optical phonons are inhibited by the limitations imposed by 
the laws of conservation of energy and momentum [5] and the leading role is taken over by four-phonon 
processes, whose scattering rate is related to the temperature by a square law. 

The thermal conductivity, conforming to the law W = AIT + A 2, has the form 

B, B,, (1) 
Z=}~ac-i t~opt ~ ~ - - .  T ~ . , 

where 131 = 1 / A  1 = 2.6.103 W/m,  ]32 = IA2I /A  ~ = 9.9 "10 a W .deg /m.  The second t e rm on the right side of 
(1) is the thermal  conductivity represent ing  energy t rans fe r  by optical phonons. It is probable that umklapp 
p rocesses ,  d iscussed in [2], actually take place only at t empera tures  lower than nitrogen tempera tures .  
For  instance, Slack [2] reported that b was constant in the exponential law k ~ exp [0D/bT] only when T 
-< 0.1 0 D (b ~ 2.83-3). The quantity IA21 is hardly suitable for accura te  calculation of the contribution of 
optical t rans fe r .  The p resence  of foreign admixtures and the smal l  amount of isotopic scat ter ing [2] should 
reduce the absolute value of IA2[ (see Table 1, which gives the resul ts  of a spectrographic  impurity analy- 
sis for three  investigated pure specimens with a lmost  equal thermal  conductivity). The effect of Na is 
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Fig. i. Temperature dependence of thermal conductivity (a) and 

thermal resistance (b) of NaF-doped CaF2: I) pure CaF2; 2) 0.3 
mole%; 3) 1 mole%; 4) 2mole%. h inW/m.deg, Win 10 -2 

m �9 deg/W, "T in ~ 

illustrated by Fig. la, b. The gradient of the relationship W(T) is the same in the doped crystals; only 

the ordinate A 2 at T : 0 is altered. The effect of the impurity is typical of that of a dopant in low concen- 

trations, at which the additional thermal resistance increases in proportion to the dopant concentration. 

As is known [4], in the region of high temperatures on the assumption of a 12ayleigh law for phonon scat- 

tering by point defects we have: 

~ arctg Z (2) 

~'o Z 

where Z is a parameter which depends on the dopant content: Z -- (~D/~fDa)V~I/T; D a is the proportionality 

constant in the law representing the rate of scattering of long-wave longitudinal vibrations (Ta t) due to an- 

harmonic interactions- Ta t = Dac02T; I is the Rayleigh scattering parameter with scattering rate r~ 1 
:: lw4: 

I - V~ A:I (1 -- Nz). (2a) 
4 a v  ~ 

At low dopant concentrations (z << i) we obtain from (2) a linear relation for W with 

~> , (3a) 
k~0D 

A.;-- ~ 0oV 0 N s ( i . _ N s ) L s .  (3b) 
6 hv  ~ 

The cofactor Da takes account of normal and umklapp processes, and Da is independent of temperature in 

the absence of "freezing out" of umklapp processes. At low dopant concentrations (NI << I)A 2 ~ N I. There 

is sense in comparing the empirical differences A2(N I) --A2(0), i.e., the change in the constant A 2 relative 
to an undoped specimen (see Fig. 2), with expression (3b). This difference increases linearly with in- 

crease in the amount of Na introduced (we investigated specimens with 0.3, i, and 2 mole % Na): A2(N I) 
--A2(0) = 1.8 " 10 -2 N 1% (m. deg/W). When the numerical values (V 0 : 4.1 �9 10 -29 m -3) are substituted in 

(3b) we have:A 2 = 8.5 �9 10-2LINI % (m .deg/W). The total deformation at the site of the defect can be at- 

tributed to isotopic "deformation" due to a local change of mass AM = M D- M, the deformation field of 
the defect, and the local change in the force constants. As a result, L I acquires the form [6] 

[ AM \2 
L, = ) +d 2 (4) 

The coeff ic ient  d (which depends  on the a n h a r m o n i e i t y  p a r a m e t e r )  has  a value  of 2500-3000.  It is known 
[7] that the impurity Na + ion occupies the cationic sites of the fluorite lattice, and the insufficient positive 
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TABLE i .  Results  of Spectrographic Impurity Analysis  (in mole %) 

A1 

0,001 
0,001 
0,001 

I 

Cu Na Pb Ba 

- -  - -  0,001 
"[61 0,001 

0,01 0,001 

of Three  Pure  CaF 2 Specimens 

i 
~ Si Mn I Mg Fe 

1 0,001 0,001 0,003 0,001 
2 0,00! 0,001 0,01 0,001 
3 0,001 -- 0,003 0,001 

Sr 

0,01 
0,1 
0,03 

a2iN?-'%/~ 
L_~ 50 /"'xl 

---lO / , 

/ o ' 

L,"i I 
o, o5 o,s u,5 1 

Fig. 2. Additional impurity 
res i s t ance  of CaF 2 as function 
of dopant concentrat ion:  1) for 
YF3-doped specimens;  2) for  
NaF-doped specimens.  A2(N I) 
--A2(0) in 0 .24.10 -2 m "deg/W; 

NI, %. 

charg e is compensated by an anionic vacancy in the fluorine sublattice.  
The complex of the sodium ion with the anionic vacancy has high bind- 
ing energy (~0.6 eV) and dissocia tes  only at high tempera tures  (T 
>- 700-800~ Thus, in es t imates  of the total change in defect mass  
we must  take into account the fact of complex formation.  The resul -  
tant value of LI due to change in mass  is ~0.2, which predicts  the ex- 
per imental  data fair ly well. The minor  role of the deformation t e rm 
proper  [the second t e rm in (4)] is probably due to associat ion of de- 
fects .  In [8] es t imates  of impurity scat ter ing in semiconductors  
were made with the aid of relat ion (3b) multiplied by a coefficient 
whose value depended on the relat ive contributions of umklapp and 
normal  sca t ter ing p rocesses  (with due allowance for the special  role 
of normal  p rocesses ) .  Experimental  data for a large number of semi-  
conductors of the AIIIB V and fourth groups give a value close to 2 for 
this coefficient.  The difference in the spect ra  of fluorite and these 
semiconductors  hardly justifies the introduction of the additional co- 
factor ,  defined in [8], into (3b). In any case, the use of this coeffi- 
cient (greater  than 1) would mean that impurity scat ter ing in Na-doped 
specimens is less than purely isotopic scat ter ing.  If this is so, the 
reason for the reduction of the Rayleigh cross  section would be the 
in ter ference  of the mat r ix  elements represent ing  isotopic and defor-  

marion scat ter ing.  Such an effect is manifested in defect regions in which there  a re  changes in the local 
mass  and force constants of different sign (for instance, an increase  in mass  accompanied by weakened 
binding, or the converse  [9]). 

An unexpected slight reduction of the thermal  res i s t ance  is observed in the low-tempera ture  region 
of the relat ion W(T) for  a specimen containing 2% Na. The reason for this has not been established, and 
the explanation will requi re  the extension of the experiments into the low- tempera ture  region. 

The thermal  res i s tance  of a Y-doped CaF 2 specimen behaves in a peculiar  way. For a Y content 
less than 0.2 mole % the var ia t ion of W with t empera tu re  is still l inear (see Fig. 3a and b). The differ-  
ence pa rame te r  A 2(N) -- A 2 (0) increases  in approximate proport ion to the dopant concentration 

A2 (N) - -  A2(0 ) = (8,5-_- 1,9), i0-~Nz % (m. deg/W). (5) 

Calculation of the isotopic term in (4) gives (AM/~[) 2 ~ 0.7. The right side of (5) is higher than theoretical 
estimates of A2, although the introduction of a cofactor greater than 1 (in accordance with [8]) leads to 
better agreement with experiment. A possible increase in the experimental scattering cross section in 
comparison with theory can be attributed to the pronounced distortion of the lattice in the region of the in- 
terstitial fluorine anion, which compensates the excess charge of the y3+ ion situated at the cationic site 
[7]. That the interstitial anions will cause extreme deformation of the lattice is indicated by their large 
size (in comparison with the cations), their low mobility (even at 1000~ it differs from that of the vacan- 
cies by a factor of 10 [7]), and the anomalous reduction of electrical conductivity of the crystals with in- 
crease in Y content in the range 0.01-1.5 mole % (this reduction is probably due to strong interdefect in- 
teraction). As a result, the deformation parameter ds 2 has a value ,close to that of the isotopic term: de 2 

0.3 ([El --- 10-2). The associative bond between y3+ ions and adjacent interstitial anions (situated in the 
octahedral interstices) reduces the deformation, which otherwise would be even greater. 

The behavior of the thermal resistance is significantly altered when the Y content exceeds 0.5 mole 
%. Firstly, the gradient A 1 is reduced to 0.27 �9 10 -3 m/W for specimens with 0.5, 0.7, and 1 mole % and 
to 0.23 �9 10 -3 m/W for a specimen containing 3 mole %. Secondly, the rate of increase of the thermal 
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Fig. 3. Temperature dependence of thermal conductivity (a) and 
thermal resistance (b) of YF3-doped CaF2: 1) pure CaF2; 2) 0.03; 
3) 0.1; 4) 0.2; 5) 0.5; 6) 0.7; 7) 1; 8) 3 mole %. 

res i s t ance  with increase  in dopant content is reduced.  The difference pa ramete r  A2(N) -- A2(O) (with N I 
= 0.5, 0.7, and 1 mole %) acquires  the form (see Fig. 3) 

~,1~ (:V) --A~ (0) ~ 3,8. !0 -.2 -}- 3,6.10-2Nz % (rn. deg/W). (0) 

In other words,  the differential sca t ter ing eross  section (proportional to dW/dNI) is a lmost  halved in com- 
par i son  with the value at lower coneentrat ions [eompare with (5)]. The reduced gradient  of the i sotherms 
of the impuri ty component of the thermal  res i s tance  at higher dopant contents is corre la ted  with s imi la r  
observat ions in semiconductors  [10]. This reduction is due to mutual overlapping of locally deformed re -  
gions. This may also occur  in the present  ease. The weakening of the tempera ture  dependence of the 
thermal  res i s t ance  causes some difficulty. In fact, according to (2), if the rate of anharmonic scat ter ing 
is independent of N I or does not dec rease  with increase  in NI, then OW(NI)/OT -> dW(0)/3T, i .e . ,  the rate  
of change of the thermal  res i s tance  with t empera tu re  is g rea te r  in doped specimens than in pure c rys ta l s .  
The reduetion of this ra te  may be due to reduction of anharmonie scat ter ing when impurit ies are  present .  
This is to be expected, for  instance, whenever the additional phonon--phonon interaction with some regions 
of the spec t rum (probably optical) disappears  owing to al terat ion of these regions in doped mater ia l s .  The 
linear,  or a lmost  linear,  relat ionship (6) can be interpreted in the following way. Yttr ium-doped speci-  
mens,  like OaF 2 doped with r a r e  ear ths ,  contain defect centers  of various s y m m e t r y  types. In the sire- 
plest  situation they are  cubical, tetragonal ,  and tr igonal centers .  Dissociated ya+ ions correspond to 
cubic centers ,  complexes of ya+ with F- in the neares t  interst i t ial  pos.ition correspond to tetragonal  een- 
te rs ,  and two associa ted  dipoles situated alongside one another (ya+ + F-) correspond to the trigonal een- 
te rs  [11]. The degree  of dissociat ion depends on the concentrat ion and tempera ture .  At the experimental  
t empera tu res  there  a re  apparently complex defects of the last two types, the c ross  sections for which will 
be different.  We assume that the sca t te r ing  c ross  section of dissociated (tetragonal) centers  is cr i (with 
concentrat ion N~), and that of the associa ted  centers  is %. Owing to the pronounced weakening of the elas-  
tic and CouIomb fields of assoeiated defects Gt > G2. The total impuri ty thermal  res i s tance  WN then con- 
s is ts  of two t e rms :  WN = A2(N) --A2(0) ~ (NI-- NI)G 2 ~' Nlo" I. According to the Iaw of mass  action, 

N ~ - -  :\:1 g 

The activity coefficients a re  taken as 1 (on the assumption of noninteraction of the defects).  It follows 
f rom (7) that N 1 = (kl/2)(#1 + 4Ni/k l -  1) and when 4NI << k 1N 1 - N I, W N ~ NIzl. However, when 4N I 
>> kl, NI -~ N~ik 1 

(8) 
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The r e s u l t  of the  cond i t ion  4NI >> k 1 is  tha t  the  f i r s t  t e r m  in (8) i n c r e a s e s  s l i g h t l y  wi th  dopant  content ,  
w h e r e a s  the  s e c o n d  t e r m  is p r o p o r t i o n a l  to the  t o t a l  c o n c e n t r a t i o n .  F i n a l l y ,  d W N / d N I  ~ ~2 (when A~ = 01 
- -  or2 ~ ~2). In add i t ion ,  if  t w o - s t a g e  d i s s o c i a t i o n  of the  c e n t e r s  o c c u r s ,  so  tha t  cubic  d e f e c t s  wi th  concen -  
t r a t i o n  Nc a r e  f o r m e d ,  then  by i n t roduc ing  a n o t h e r  law of the  s a m e  type  as  (7) with d i s s o c i a t i o n  c o n s t a n t  
k2, we ob ta in  W ~ NcC~c + N t r ~ t r  + NtgOtg, w h e r e  the  s u b s c r i p t s  c, t r ,  and tg  r e f e r  to the  c o n c e n t r a t i o n s  
and s c a t t e r i n g  c r o s s  s e c t i o n s  of cub ic ,  t e t r a g o n a l ,  and t r i g o n a l  c e n t e r s :  a c  > ~ t r  > r We a s s u m e  tha t  

k 2 > k  1. Then,  w h e n N i < <  k l W N ~ N W c ,  but  w h e n N  I > > k ~ / k  t (~c  = ~  > ~ t r  ~ a t g  =~2) w N ~  ~ ( C r l  
- -  ~2) + NI~2- The  i n c r e a s e  in the  f i r s t  t e r m  with  dopant  con ten t  b e c o m e s  even  s l o w e r  in c o m p a r i s o n  with  
(8). In the  e x p e r i m e n t  [ see  (6)] t h i s  t e r m  was r e g a r d e d  as  a l m o s t  cons t an t .  Y t t r i u m - d o p e d  s p e c i m e n s  
show a n o m a l i e s  due  to r e s o n a n c e  in the  i n i t i a l  r e g i o n  of e x p e r i m e n t a l  t e m p e r a t u r e s  (80-120~ T h e s e  
a n o m a l i e s  a r e  p a r t i c u l a r l y  d i s t i n c t  when NI > 0.5 m o l e  %. R e s o n a n c e  d ip s  in the  t h e r m a l  conduc t iv i t y  
have  been  d e s c r i b e d  by v a r i o u s  a u t h o r s  [6]. K le in  [12] g ives  an e x p r e s s i o n  c h a r a c t e r i z i n g  the  s c a t t e r i n g  
r a t e  n e a r  r e s o n a n c e  f o r  a wide  c l a s s  of d e f e c t  s t a t e s  ( t r a n s i t i o n s  b e t w e e n  loca l  m o d e s ,  s c a t t e r i n g  on q u a s i -  
l o c a l  l e v e l s ,  e tc . )  

Cl~ (9) 
~R1 = (~o 2 - -  ~o~)~ § C~o ~"+~ 

The  coe f f i c i en t  C 2 can  depend  on the  t e m p e r a t u r e .  We a s s u m e  tha t  in the  r e s o n a n c e  r e g i o n  (co = wR) the  
s c a t t e r i n g  r a t e  r ~  1 is  v e r y  h igh  and e x c e e d s  the  s u m  of a l l  the  o t h e r  s c a t t e r i n g  r a t e s  r ~  1 >> r a l  + r i1  = r ~  1. 
In the  r e g i o n  f a r  f r o m  r e s o n a n c e ,  h o w e v e r ,  r ~  1 is  s m a l l .  Then  the  t o t a l  t h e r m a l  conduc t iv i ty ,  c a l c u l a t e d  
in the  i s o t r o p i c  a p p r o x i m a t i o n  f r o m  the  f o r m u l a  

0D 
T 

2~ ~ -~v ( expx- -1 )  ~ Tz(x ) dx, (10) 
0 

w h e r e  x = f iW/kBT,  wi l l  be  r e d u c e d  in the  r e s o n a n c e  r e g i o n  by an ~mount  AX 

],X'~]--kBv"(kBT~ 3 ~ e x p x R  T~(X.~)Ax~. (11) 
2a ~" \ ~ - v  ] (expx~--  1) 3 

The  s u b s c r i p t  R i n d i c a t e s  r e s o n a n c e  q u a n t i t i e s .  In AXR = f iAwR/kBT the  f r e q u e n c y  i n t e r v a l  Aw R c h a r a c -  
t e r i z e s  the  width  of t he  s p e c t r ~ l  r e g i o n  "cut  off" f r o m  hea t  t r a n s f e r  by r e s o n a n c e  s c a t t e r i n g .  The width 
of t h i s  r e g i o n  can  be  c a l c u l a t e d  by inc lud ing  (9) in the  o v e r - a l l  s c a t t e r i n g  r a t e  and a n a l y z i n g  i t s  change  
c l o s e  to r e s o n a n c e .  F o r  s i m p l i c i t y  we t a k e n = l  in ( 9 ) a n d  w r i t e C 1  = C ~ .  We have :  !A~RI/~0 R ~ C2 
[ry,(WR)/Tt] 1/2, w h e r e  r~ 1 is  the  to ta l  s c a t t e r i n g  r a t e  a t  f r e q u e n c y  w _ WR(~ ~ 1 = r~ l (wR)  + r~l(wl~) ~ r~ l  
(WR)). We a s s u m e  a l s o  tha t  rR  1 is  i ndependen t  of  t e m p e r a t u r e ,  and r ~  1 is  d e t e r m i n e d  p r e d o m i n a n t l y  by 
anharmonic__ s c a t t e r i n g  p r o c e s s e s  ( r~  1 ~ Tal).  The  m a x i m u m  of func t ion  (11) (i. e . ,  the  m a x i m u m  of func-  
t ion x~2sh-2(xR/2)) c o r r e s p o n d s  to  x R ~- 1.8, and the  va lue  of A k m a  x is g iven  by 

1 

i :',z ..... [ ~ 0 , 2 5 C o  / ,~RVo )~- 
H e r e  h R is the  e x t r a p o l a t e d  v a l u e  of  the  " n o r m a l "  ( d e t e r m i n e d  by r E )  t h e r m a l  conduc t iv i ty  at  the  r e s o n a n c e  
po in t .  

S ince  C 1 ~ N I, and  r c  ~ ~ C1C~lw~ 2 it is to  be e x p e c t e d  tha t  i12) wi l l  i n c r e a s e  in p r o p o r t i o n  to 4 ~ i .  
The  r e s o n a n c e  a n o m a l y  in the  t h e r m a l  c o n d u c t i v i t y  is  s i t u a t e d  in the  in i t i a l  r e g i o n  of m e a s u r e m e n t  t e m -  
p e r a t u r e s  and i s  not  c o m p l e t e l y  inc luded .  Hence ,  i t  is  d i f f i cu l t  to d e t e r m i n e  the  e x a c t  p o s i t i o n  of r e s o -  
n a n c e  on the  t e m p e r a t u r e  s c p l e  ~nd the  va lue  of [ A h m a x l .  The  a v a i l a b l e  da ta ,  h o w e v e r ,  s u g g e s t  tha t  the  
i n c r e a s e  in I A k m a x / k R I  with  c o n c e n t r a t i o n  is  m o r e  r a p i d  than  by a 4 - ~  law.  If we a s s i g n  the  r e s o n a n c e  
po in t  to  80-100~ we ob ta in  fo r  the  r e s o n a n c e  f r e q u e n c y  UR = ~1~/2~ = 3-3 .7  �9 1012 s e c  -1. What  is  the  n a -  
t u r e  of the  q u a s i - l o c a l  m o d e ?  It is  h a r d l y  l i ke ly  to  be  a c~se  of e l e c t r o n i c  t r a n s i t i o n s ,  s i nce ,  f i r s t l y ,  the  
i n c r e a s e  in i n t e r i m p u r i t y  i n t e r a c t i o n  with  i n c r e a s e  in dopant  conten t  would ~ffect  the  c h a r a c t e r i s t i c s  of 
such  ~ t r a n s i t i o n  and,  s e c o n d l y ,  the  r e s u l t s  of ~/ i r r a d i p t i o n  of y t t r i u m - d o p e d  c r y s t a l s  show tha t  t h e r e  a r e  
no changes  in t h e r m a l  conduc t iv i t y  in the  r e s o n a n c e  r e g i o n .  Yet  ~/ i r r a d i n t i o n  would a f fec t  the  e l e c t r o n  
d i s t r i b u t i o n  among  the  i m p u r i t y  c e n t e r s .  T h e r e  was a s m ~ l l  r e d u c t i o n  (by 10%) of t h e r m a l  c o n d u c t i v i t y i n  
the  r e g i o n  of n i t r o g e n  t e m p e r a t u r e s  due to  1' i r r a d i a t i o n  ( 0 . 6 - 0 . 8  MeV in a d o s e  of 6 �9 10 ~ R) only in s p e c i -  
m e n s  con ta in ing  0.1 m o l e  %. P u r e  s p e c i m e n s  and c r y s t a l s  with a high dopant  content  do not  show any 
change  in t h e r m a l  conduc t i v i t y  ou t s i de  the  l i m i t s  of e x p e r i m e n t a l  e r r o r .  We can  p o s t u l a t e  tha t  r e s o n a n c e  
is of i s o t o p i c  n~ tu re  and is due  to  a l oca l  i n c r e a s e  in m a s s .  In ~ s i m p l e  cub ic  l a t t i c e  with s m a l l  ~OR/W D 
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rat ios the resonance condition is [6, 13]: (wR/WD) 2 ~ M/3(AM), where AM is the difference in mass  be- 
tween the substituent ion and the "proper"  [on of mass  M. For Y replacing Ca we hsve AM/M = 1.25 ~nd, 
hence, WR ~ 0.5WD (in the experiment T R ~ 100~ wR ~ 0.2WD). The resonance condition is o v e r - s i m -  
plified and [s probably unsuitable for the fluorite s t ruc ture .  More accura te  ealcul,~tions, car r ied  out only 
for  NaC1 l~ttices so far,  a re  required  [13]. Another important f~ctor is the presence  of the interstit iM 
fluorine ion, which will a l ter  the resonance  pic ture  considerably.  

N O T A T I O N  

k is the thermal  conductivity; 
W is the thermal  res i s tance  {W = h-l) ;  
0D is the Debye tempera ture ;  
7 G is the Gruneisen constant; 
~0 is the thermal  conductivity of pure specimen; 
V 0 is the molecular  volume; 
N I is the molecular  defect concentration; 
NI% is the defect concentration in mole per cent; 
L I is the local deformation pa ramete r ;  
M D is the defect mass ;  
~I is the mean mass  of host molecule;  
e is the relntive difference between defect radius and r~dius of host ~toms; 
y is the number of possible orientations of defect complex; 
v a is the binding energy of complex; 
w D is the Debye frequency; 
v is the me2n velocity of propagation of phonoas; 
Co, C2 are  the dimensionless  quantities. 
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