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E F F E C T  OF L A T T I C E  O X Y G E N  ON T H E R M A L  AND 

E L E C T R I C A L  P R O P E R T I E S  OF F L U O R I T E  

B .  M.  M o g i l e v s k i i ,  V .  N.  R o m a n o v ,  
V .  F .  T u m p u r o v a ,  a n d  A .  F .  C h u d n o v s k i i  

UDC 536.21 +537.311 +537.22 

The e l ec t r i ca l  conductivity,  t h e r m a l  conductivity,  and t h e r m o - e m f  of CaF 2 c rys t a l s  with an 
oxygen impur i ty  a r e  m e a s u r e d .  Values of the defect  t r a n s f e r  p a r a m e t e r  a r e  obtained. The 
exis tence of t h e r m a l  diffusion of oxygen-vacancy  complexes  in f luori te  is proposed.  

One of the g r ea t e s t  diff icult ies in synthesizing f luori te  c ry s t a l s  is e l iminat ion of oxygen, which is always 
0 resen t  in the or iginal  ingredien ts .  This  p rob lem a r i s e s  because  of the d i rec t  connection between optical  p rop -  
e r t i e s  of CaF 2 and 02- concentra t ion.  In pa r t i cu la r ,  the p resence  of oxygen produces  unsa t i s fac tory  r a d i a -  
t ion  s tabi l i ty  in the c r y s t a l s ,  low t r a n s p a r e n c y  in the ul t raviole t ,  exis tence  of l igh t - sca t te r ing  phases ,  e tc .  
At the s ame  t ime ,  in growth of CaF2 c rys t a l s  act ivated by r a r e  ea r th  meta ls  for use as volume r eg i s t r a t i on  
devices  oxygen plays an impor tant  ro le ,  s ince it ensu res  s tabi l i ty  of the nonequil ibr ium t rans i t ion  of the r a r e  
ear th  ion f rom the t r iva len t  to the bivalent  s ta te  [1]. Thus,  it is of p rac t i ca l  impor tance  to  study means for 
de t e rmina t ion  and control  of oxygen content in f luori te  spec imens .  

In cont ras t  to  univalent cat ion impur i t i e s  which a r e  able to produce both vacancies  and in te rs t i t i a l  ions 
(depending on the mode of solution in the f luori te  lat t ice),  the p resence  of 02- leads only to vacancies  [1]. 
Thus ,  the coincidence of kinetic defect  p a r a m e t e r s  in oxygen-containing c rys t a l s  and spec imens  of CaF 2 + MeF 
is additional and independent conf i rmat ion  of the vacancy nature of the defects  produced by a univalent meta l  
impur i ty  (as in the case  of BaF 2 [2]). In te res t  in the anion impur i ty  in an t i -F ranke l  s y s t e m s  is caused by the 
fact  that  in this  case  conditions exis t  for  t h e r m a l  diffusion of the impur i ty  ion or its complexes .  

The p resen t  study cons iders  the e l ec t r i ca l  conductivity,  t h e r m a l  conductivity,  and t h e r m o - e m f  of a num- 
b e r  of oxygen-containing CaF2 s p e c i m e n s .  The m e a s u r e m e n t  method is descr ibed  in [4, 5]. The spec imens  
were  produced by the S tokebarger  method in a graphi te  c ruc ib le .  Doping with oxygen was effeeted by a d m i s -  
s ion of a weak a i r  flow through the vacuum c rys ta l l i za t ion  chamber  over  the course  of the ent i re  c r y s t a l -  
growth p r o c e s s .  As a resu l t ,  the t r a n s m i s s i o n  s p e c t r a  of the c ry s t a l s  (Fig. 1) show intense absorp t ion  bands 
at ~155 nm and ~205 nm, connected with the p re sence  of 02 [3]. For  compar i son ,  Fig. 1 a lso  shows the t r a n s -  
mi s s ion  s p e c t r u m  of pure  CaF 2. In both spec imens  (Nos. 1 and 6, Fig.  2a) the oxygen content was de te rmined  
to  an accuracy  of 20% by the vacuum fusion method (No. 1, 0.22 mole % 02-; No. 6, 0.64 mole % O2-). 

Resul ts  of conductivity m e a s u r e m e n t s  on s e v e r a l  CaF 2 + O 2 spec imens  (Nos. 1-6, Fig. 2a) r e v e a l  that 
the t e m p e r a t u r e  dependences ~ = f(1/T) a r e  s i m i l a r  to  each other and to analogous functions for c ry s t a l s  of 
CaF 2 + NaF (No. 7, Fig. 2a). On the curves  a = f(1/T)  one can  dist inguish segments  of natural  conductivity 
(h igh- tempera ture  region),  d i ssoc ia t lon  (middle region), and assoc ia t ion  ( low- tempera ture  region) .  The slopes 
of these  segments  c h a r a c t e r i z e  the ac t ivat ion energ ies ,  which, within the l imits  of exper imenta l  e r r o r ,  coin- 
cide with the following values for  CaF2 + NaF [4]: in the d issoc ia t ion  reg ion  h_ = (0.5 ~ 0.03) eV, in the a s s o -  
c iat ion reg ion  (h_ + (l/2)ha-) = (0.7 ~ 0.05) eV. Hence, the bonding energy of the O~- - -vacancyha -complex i s  
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Fig. 1. T ransmis s ion  spec t ra  
of pure (1) and oxygen-contain-  

ing (2)CaF 2. 

equal to (0.4 ~ 0.1) eV. If we then commence  f rom the known oxygen concentrat ions and use the c(mductiv- 
ity values to determine the anion vacancy mobility, the values obtained are  almost  30 t imes smal le r  than 
those found for CaF 2 + NaF specimens [4] (the divergence with the data of [6] is still g rea te r ) .  At the same 
t ime,  measurements  on alkali halide c rys ta l s  [7] indicate that c a r r i e r  mobility is weakly dependent on the 
type of impuri ty.  This same opinion was also maintained in [8], where anion vacancy mobilities in SrF 2 + 
NaF and SrF 2 + SrO were taken to be identical. Assuming that the kinetic vacancy motion pa ramete r s  coin- 
cide for Na +- and O2--doped c rys ta l s ,  by preceding in the opposite d i rect ion and using the vacancy mobility 
value u_ in CaF 2 + NaF in the dissociat ion region, we can find the e lect r ical ly  active oxygen concentration.  
These concentrat ions prove to be equal t o  10 -2,  2.7" 10-2;  3.2 �9 10-2; 4.1 �9 10-2; 5.9 �9 10-2;  and1.18 �9 10 -1 
mole % 02- for specimens No. 1-6, respect ive ly .  Use of these values in analysis  of concentrat ion iso-  
t he rms  [9] over the entire experimental  t empera tu re  interval for u_ gives the following express ion:  

u - - - -  exp - -  cm~/V-sec. (1) 
- T L k T  

The bonding energy v a -  of the oxygen-vacancy complex can be wri t ten in the fo rm 

va- ---- (0.75 4- 014 ) - -  (10 4- 6) kTcv. (2) 

The difference between the known concentrat ion and that determined f rom the conductivity for specimens 
Nos. 1 and 6 is evidently caused by differing methods of 02- disposi t ion in the f luori te.  An important  role 
is played in CaF 2 c rys ta l  growth by pyrohydrolysis  [10], as a resul t  of which centers  are  formed c o r r e -  
sponding to displacement of a fluorine ion by hydroxyl groups [11]. The replacement  of F -  by OH- does 
not lead to the appearance of mobile vacancies and, consequently, does not affect conductivity. The exis-  
tence of oxygen in a nonlatt ice fo rm in the l ight-scat ter ing phase of the c rys ta l s  is a lso  possible.  Conse-  
quently, the concentrat ion c~ of e lec t r ica l ly  active oxygen will differ f rom the total 02 content in the spe-  
cimen.  Compar ison of data for specimens Nos. 1 and 6 indicates the re la t ively smal l  portio~ (from 5 to 
30%) of oxygen-vacancy centers  in the oxygen-containing impuri ty.  

This conclusion was confirmed by measurements  of thermal  res i s t ance  W, which a re  shown for two 
specimens (No. 6 and a pure CaF 2 crystal)  in Fig. 2b. The value of W of No. 6 var ies  l inearly with t e m -  
pera ture ,  p reserv ing  the slope charac te r i s t i c  of pure CaF2, i . e . ,  the additional thermal  res i s tance  caused 
by the impuri ty  is independent of t empera tu re .  Also, it should be proport ional  to impuri ty concentrat ion 
[12]~ Measurements  on alkali halide c rys ta l s  doped by bivalent cations [13] led to the conclusion t]~at for 
s imi la r  radii  of dopant and original ions ( 0 2 - -  1.36 A; F-  -- 1.33 .~) the additional thermal  res i s tance  
shows proper t ies  intr insic to isotopic phonon scat ter ing.  For  oxygen-vacancy complexes the value of 
the additional thermal  res i s tance  of the isotopic sort  is equal to Wi = 6.7 �9 10 -3 cA m .deg/W (for hydroxyl 
centers  W i is still  smal ler ) .  Comparing the experimental  and calculated values of Wi, we obtain an es t i -  
mate of the "isotopic" oxygen-impuri ty  content cA, which proves to  be higher than eer (for specimens Nos. 
3 and 6, ck  = 0.1, 0.6 mole %; c~ = 3.2 "10 -2 ,  1.8 "10 -1 mole %). The ra t ios  ck/e<; lie within the limits 
5 to 30%, as determined by compar i son  of c~ with vacuum fusion data,  i . e . ,  the value of cA is probably a 
reasonable  est imate  of total  oxygen content in the fluorite c rys t a l s .  The highest concentrat ion of e l ec t r i -  
cally active oxygen-vacancy cen te rs  in the specimens studied was e~ -- 0.2 mole % < cA -~ 0.6 mole %o 
However, the conductivity curves  show no t ransi t ions into the precipi tat ion region [2]. It is probable that 
the limiting solubility was not reached in the exper iments .  At the same t ime,  a port ion of the oxygen- 
containing impuri ty is not in a state t r ans formable  to the e lec t r ica l ly  active form.  

Results  of the rmoe lec t r i c  measurements  on specimens Nos. 3, 6, and 7 a re  presented in Fig. 2c. 
For  analysis  of the change in ~ observed on t ransi t ion f rom CaF 2 + NaF to CaF2 + O2 we write the 
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Fig.  2. T e m p e r a t u r e  dependence of t h e r m a l  and e lec t r i ca l  p a r a m -  
e t e r s  of f luor i te :  a) conductivity of CaF 2 with O 2 impur i ty  (1-6, Nos. 
1-6) and NaF (7, No. 7): b) t h e r m a l  r e s i s t a n c e  of CaF l (1, No. 6: 
2, pure);  e ) t h e r m o - e m f  of CaF 2 (1, No. 7;  2, No. 3; 3, No. 6; 4 
[a (No. 7 ) - - ~  (No. 2)]). 

t h e r m o - e m f  coefficient  of the vacancy - sa tu ra t ed  coefficients with an t i -F ranke l  defects  in the f o r m  [4] 

xcQc k eN x -  u S,e r - + + .  In - -  , (3) 
eT " ~  e c~ e 

where in con t ras t  to the no rma l  r ep r e s en t a t i on  of a in impure  c ry s t a l s  the quantity r e Q  e [14] is used, 
cha rac t e r i z ing  the effect  on thermo-em_f of migra t ion  of oxygen-vacancy complexes  with c o r r e c t e d  t r a n s -  
fer  number  r e (r e posit ive for  complex  motion in the d i rec t ion  of motion of posi t ively charged par t ic les  in 
an  e lec t r i c  field) and heat  of t r a n s f e r  Qe = QO2" + Q-  + h a - .  The dec r ea se  of a in oxygen-containing 
c ry s t a l s  in c o m p a r i s o n  to  Na-doped c ry s t a l s  with s i m i l a r  conductivity values can  be ascr ibed  to  changes 
in the conditions for occu r rence  of reac t ions  at the e lec t rodes  (pa ramete r  Se), s ince the oxygen evidently 
r ep l ace s  f luorine ions more  act ive  in e l ec t r i ca l  exchange.  If the heterogeneous  component  of the t h e r m o -  
emf  r e m a i n s  unchanged, and the energy  and kinetic p a r a m e t e r s  of the vacancies  a r e  identical  in the CAF 2 + 
NaF and CaF 2 + O 2 spec imens ,  t h e n t h e  deciding ro le  will be played by diffusion of complexes .  With a va -  
cancy mechan i sm of oxygen ion d i sp lacement  Qc < 0 (complexes migra te  along the t e m p e r a t u r e  gradient)  
[9]. With inc rease  in t e m p e r a t u r e  the number  of complexes  drops ,  i . e . ,  the d i f ference  [a (No. 7)--  a (No. 
2)] should dec r ea s e  (Fig. 2c). According to  Wir tz  [9] Q_ - h_ - 0.5 eV, and h a -  - (0.4-0.7) eV. Conse-  
quently, taking QO 2_ --- Q_ we have Qc - 2Q_ + h a_ -- --0.5 eV, and i n the  impur i ty  conductivity reg ion  
e r c - 1. It appea r s  that  the value of r c obtained is too high, so that  the oxygen impuri ty  a lso  affects  the 
occu r rence  of the heterogeneous reac t ion .  

The authors  thank V. M. Re i t e rov  and L. M. Tro f imov  for preserving the spec imens  used. 

NOTATION 

a, conductivity,  ~ - I .  cm-1;  h- ,  vacancy mobil i ty  act ivat ion enthalpy, eV; ha_ , oxygen -vacancy  
complex  assoc ia t ion  enthalpy, eV; T,  t e m p e r a t u r e ,  ~ W, t h e r m a l  r e s i s t ance ,  r e . dog /W;  u_, anion 
vacancy mobil i ty,  c m 2 / V - s e e ;  Va- ,  oxygen-vacancy  complex binding energy,  eV; e, concentrat ion,  
mole %; ~,  t h e r m o - e m f  coefficient ,  V/deg;  e,  e lec t ronic  charge;  ~_, a n i o n v a e a n c y t r a n s f e r e n e r g y ; k ,  
Bol tzmann ' s  constant;  Se, heterogeneous r eac t i on  p a r a m e t e r ;  re ,  co r r ec t ed  t r a n s f e r  number;  Q, anion 
vacancy t r a n s f e r  heat;  QO2-, oxygen ion t r a n s f e r  heat;  Qe, complex  t r a n s f e r  heat;  D, t r ansmis s ion ,  %; 
NX-, anion densi ty in f luori te  la t t ice .  
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METHOD AND APPARATUS FOR ACCURATE MEASUREMENT 

OF TEMPERATURE OF A HOT PLATE BY A 

COMPENSATION THERMOSENSOR 

V .  P a k  a n d  P .  S .  G l a z y r i n  UDC 536.532 

A method is desc r ibed  for  accura te  t e m p e r a t u r e  m e a s u r e m e n t  by a contact  t h e r m o s e n s o r ,  
based  on e l iminat ing heat  loss  through the senso r  during m e a s u r e m e n t .  The e r r o r  in m e a s u r e -  
ment  of the t e m p e r a t u r e  of heated t h e r m a l l y  "thin" pla tes  c o m p r i s e s  1.6~ 

The technique of t he rm ophys i ca l  exper imen ta t ion  is s implif ied s ignif icant ly when the spec imen  to be in- 
vest igated is chosen  in the f o r m  of t h e r m a l l y  "thin" plates  or cy l inders .  However ,  as a ru le ,  accu ra t e  m e a -  
s u r e m e n t s  of t e m p e r a t u r e  then  p resen t  g r ea t  diff iculty.  In a number  of cases  accura t e  t e m p e r a t u r e  m e a s u r e -  
ments  on thin plates may be p e r f o r m e d  by rad ia t ion  p y r o m e t r y  methods which do not r equ i r e  a knowledge of 
the m a t e r i a l ' s  emis s iv i ty  [1, 2]. However ,  the a r e a  in which such techniques may be employed is l imited to 
optically opaque bodies and r equ i r e s  spec ia l  expe r imen ta l  condit ions.  

Contact methods of m e a s u r e m e n t  provide highly accura t e  informat ion  if  spec ia l  m e a s u r e s  a r e  taken  to  
e l iminate  the d is turbing influence of the t h e r m o p r o b e  on the r ibbon t e m p e r a t u r e  field.  

The appropr i a t e  co r rec t ions  may be calculated,  for example ,  with the fo rmula  p resen ted  in [3]. 

Fo r  the case  where  the t h e r m o p r o b e  can be approximated  by a bar ,  the fo rmula  re la t ing  the actual  t e m -  
p e r a t u r e  of the r ibbon t o before  contact  of the t h e r m o p r o b e  with that a f te r  contact  te ,  as measu red  by the t h e r -  
moprobe ,  is wr i t t en  in the f o r m  

where  K0(v) and IQ (v) a r e  modified B e s s e l  functions of the second kind of ze ro  and f i r s t  o r d e r s .  

The p a r a m e t e r  

v~= 2~0 R~; (2) 
ho~o 
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Fiz icheski i  Zhurnal ,  Vol. 30, No. 3, pp. 488-493, March,  1976. 
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