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Tb,  n o r m a l  boil ing point of liquid at a tmosphe r i c  p r e s s u r e ;  n C, number  of ca rbon  a toms  in molecule .  
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A method is given fo r  calculat ing the r e s i s t iv i ty  as a function of t e m p e r a t u r e  in the p re sence  of 
s t ruc tu ra l  phase  t r ans i t ions  in sol ids .  

Many studies have been p e r f o r m e d  [1-3] on the conductivity in the p r e sence  of al lotropic phase t r a n s i -  
t ions ,  which is  a subject  r e la ted  to the design of c r i t i ca l  r e s i s t o r s .  However ,  the bas ic  c h a r a c t e r i s t i c ,  v iz . ,  
the e l ec t r i ca l  r e s i s t a n c e  R as a function of t e m p e r a t u r e  T,  has  so f a r  been desc r ibed  only by approximat ion .  

Here  we p r e s e n t  a quanti tat ive theory  that  employs  the init ial  and final c r i t ica l  eonductivi t ies  with the 
heat  of phase  t rans i t ion  and the t e m p e r a t u r e  range of the t rans i t ion  to calculate  the r e s i s t ance  as a function of 
t e m p e r a t u r e .  Real i s t ic  objects  a re  c h a r a c t e r i s t i c  c r i t i ca l  t h e r m i s t o r s  with s t ruc tu ra l  phase  t rans i t ions  of 
different  kinds:  the m e t a l -  semiconduc tor  t rans i t ion  in VO 2 [4-8] and the f e r r o e l e c t r i c -  p a r a e l e c t r i c  t r a n s i -  
tion in BaTiO3 c e r a m i c  [1]. 

The initial  model  concepts  include the exis tence  of a s t ruc tu ra l ly  homogeneous phase below the t r an s i -  
tion point ,  which is c h a r a c t e r i z e d  by a specif ic  conductivity al and a t e m p e r a t u r e  coefficient  of the conduc- 
t ivi ty (~ t .  

As the t e m p e r a t u r e  r i s e s ,  deviat ions f rom c~ 1 as c o r r e c t e d  by  a 1 begin to appea r  at T = Ti; in the range 
f r o m  T i to Tf there  is a change in the e l ec t r i ca l  conductivi ty,  and above Tf there  is  a s t ruc tu ra l ly  homogeneous 
phase  with conductivity a 2 and t e m p e r a t u r e  coeff icient  of conductivity c~ 2. 

There  is  a phase  t rans i t ion  in the range  T i - T  f which is  due to the di f ference in chemica l  potential  be -  
tween the two phases .  The new phase  a r i s e s  in the old m a t r i x  in the theory  of he terogeneous  t rans i t ions  [9], 
which occurs  by nucleation and growth of the new phase .  We as sume  that the m a j o r  changes in concentra t ion 
a re  due to the growth,  which occu r s  at the nucle i .  In turn ,  nucleat ion is  due to he te rophase  f luctuations.  The 
nucleation probabi l i ty  is  r e l a t ed  to the pa r t i c l e  mobi l i ty  via the f ac to r  exp ( - U / K T ) ,  in which U is  an activation 
energy  [9]. The ove ra l l  concentrat ion of such nuclei  is p ropor t iona l  to the in ternal  energy  of the solid,  so the 
t e m p e r a t u r e  dependence of the concentra t ion tends to run pa ra l l e l  to the t e m p e r a t u r e  dependence of the specif ic  
heat .  
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The activation energy of growth is always less  than that for  the nucleation, so nucleation is rapidly fol- 
lowed by growth, which t r ans fo rms  the bulk of the mater ia l .  Nucleation and growth are independent p rocesses  
resul t ing f rom the fluctuations. Growth a r i ses  only f rom fluctuations that exceed the cr i t ica l  level and which 
occur  nea r  the interface between the phases ,  i . e . ,  nea r  the nuclei.  The entropy of activation charac te r i zes  
the probabili ty of occur rence  of a favorable spatial orientation [10]. 

Therefore ,  the concentrat ion of nuclei is proport ional  to the specific heat, while the concentration of 
the new phase ar i s ing  by growth is proport ional  to the entropy change in the transi t ion.  

Let m:  be the volume concentrat ion of the new phase;  then we pe r fo rm a normal izat ion over  the tem- 
pera ture  range in which the transi t ion occurs  to get 

C U ~ Cu i A S  - h S i  
m2 = (1) 

C ~ f - - C ~  i A S f -  ASi 

The f i r s t  cofactor  defines the probabil i ty of nucleation, while the second defines the growth probabil i ty.  The 
product  of the probabil i t ies  for these independent events defines the probabili ty that the volume will go f rom 
one phase to the other .  This probabil i ty ,  expressed  as a f ract ion,  may be descr ibed as the proport ion of the 
volume that has gone over  to the new state.  

There fore ,  the model is based on the following axiom: the proport ion of the volume converted to one 
phase f rom another in an allotropic transi t ion is equal to the probabili ty of formation of the new phase ex- 
p r e s s ed  as a fract ion.  

The tempera ture  course  of C v may be derived f rom the E i n s t e i n -  N e r n s t -  Lindemann express ion [10]: 

i 
Cu= ~ - R '  ( exp 0 - ~ - -  1 T  (ex----P~T~ L 1 T  J"  

The cha rac te r i s t i c  tempera ture  for the substance is defined by | = 1 3 4 . 4 ~ / ~ ,  where V is the mola r  
volume, A is the molecu la r  m a s s ,  and T s is the melt ing point. The value of AS may be calculated from the 
heat of transit ion AH = TAS. 

F r o m  (1) we can calculate m 2 as a function of t empera ture ,  which can then be used with the theory of 
general ized conduction [17-19] to relate the e lec t r ica l  conductivity to tempera ture .  F o r  this purpose we need 
an analytic express ion  for e = (r(m2),. 

The most  general  descript ion for  the s t ructure  change in a binary heterogeneous sys tem is in t e rms  of 
the concentrat ions m 2 and m I = (1 - m2); the theory indicates that the second phase (volume concentration 
m z) initially fo rms  isolated and randomly disposed c lus te rs  in the continuous f i rs t  phase,  which grow to some 
value m 2 < m e while remaining isolated (Fig. la ,  b), At concentrat ions m 2 = m c and above, the c lus ters  com-  
bine into a single unbounded c lus ter ,  and values m z > m c resul t  in increase  in the volume of this c lus ter  
(Fig. lc) until m 2 = 1. If the conduetivities are very  different,  e , g . ,  a m metal l ic  and ad dielectr ic  (v m = Crd/ 
(~m = 0), then there  is a discontinuity in the effective conductivity (r as  a function of m 2 (conduction jump) at 
m 2 = mm = me, viz. ,  a = 0 for me -< 0, whereas  for  m m > me we get ~ ~ 0. The value of m c is then called 
the threshold and indicates what value of mm is requi red  to produce an infinite c lus ter  of the conducting c o m -  
ponent. Computer  simulation of the random distribution in a th ree-d imens iona l  binary heterogeneous sys tem 
has been combined with labora tory  exper iment  to show that m c fits a random distribution and is on the average 
mc = 0.15 a- 0.03 [20, 21]. 

a b 

/2  /• ) 

C 

Fig. 1. Structure of a b inary  heterogeneous sys tem 
for var ious values of the concentrat ion:  a) nuclea-  
tion of new phase (isolated clusters)  ; b) growth of 
nuclei ( isola tedclusters)  ; c) formation of unbounded 
c lus ter .  
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Fig. 2. Elec t r ica l  res is tance  as a function 
of tempera ture  for VO 2 : 1) values observed 
with the tempera ture  increas ing;  2) values 
observed with the tempera ture  decreas ing 
[I]. The solid lines are  theoret ical  values 
for  0 . 12 -<m c - 0 . 1 8 .  R, fl; T , ~  

Analytical descr ipt ion of the conductivity in such a b inary  sys tem in the presence  of a jump at m 2 = m e 
requi res  a descript ion of the c lus te r  topology. An analytic descript ion h a s b e e n  suggested [19] for  the topology, 
and this has been used in a method of calculating a for  a b inary  heterogeneous sys tem with any value of v = 

Vd/em: 
F 

~Y/(~m--~ Fi + v [ 

Here the symbols  a re :  F~-- [(m m - me)/(1 - 
and the following inequalities must  be met :  

if F2 > F 1 ,  then 

if F2 -<F1,  then 

AF + 2 F~ -~- F~]. 
1 - -  (1  - -  v )  12 1 - -  (1  - -  v )  l ,  ( 3 )  

mc)]l '6;F2 = m2c/3; / l = q ~ l ;  F3=  ( 1 -  /2)/1; F 4 = l -  F 2 -  2F3, 

. . I / 3  A F = F 2 ~ F t ,  l~=n,~ ; (4) 

AF = 0, t~=  Z~ = V ~ .  (5) 

The f i rs t  case cor responds  physical ly to the formation of an unbounded c lus ter ,  whereas  the second cor responds  
to the formation of closed inclusions,  i . e . ,  isolated c lus te rs .  

Then (1)-(5) allows one to pe r fo rm calculations on the conductivity in allotropic phase t ransi t ions.  We 
now consider  the e lec t r ica l  res is t iv i ty  as a function of tempera ture  for  var ious  mater ia l s  with s t ruc tura l  t rans i -  
t ions.  Figure 2 (solid lines) shows resul t s  along with experimental  data (points) for a device using the m e t a l -  
semiconductor  t ransi t ion in VO2. When p = ~-1 is calculated f rom (3)-(5), the value of the concentration c o r r e -  
sponding to the discontinuity occurs  in the range 0.12 - mc -< 0.18, which resul t s  in the hatched region shown in 
Fig.  2. The initial data were as follows: conductivity of the metal  component am = 4.65 ~2 -1, of the semicon-  
ductor  component a d = 7 .4 .10  -3 ~-1, and the p a r a m e t e r s  appearing in (2) and (3) were V = 36.9 .10 -6 m 3, A = 
83, T s = 1818~ ~H = 4.3 J /kmole ,  T i = 323~ Tf = 348~ [22]. 

It follows f rom Fig.  2 that R = R(T) shows hys t e re s i s :  the concentrat ions m~ and m~ of the metal l ic  phase 
are  different at a given tempera ture  in accordance  with whether the tempera ture  is increas ing or  decreas ing.  
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Fig. 3. Calculation of the effective conductivity of a 
ce ramic  grain:  a) grain model;  b) equivalent c ircui t  
for  conduction before phase t ransi t ion;  c) the same 
after  phase t ransi t ion.  
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Fig. 4. Elec t r ica l  res is tance  of BaTiO 3 
as a function of tempera ture  (the points 
are f romexper imen t  and the solid lines 
are calculations for 0.12 (1) -< m c -<0.18 
(2). ~ fl; T, ~ 

Hys te res i s  is implied by the s t ructure  of (1), which we write for the forward and reve r se  branches  of the 
R = R(T) curve on the bas is  that the initial t empera ture  T i and the final temperature  Tf change places ,  as do 
the corresponding values of C v and AS. The concentrat ions on the forward and r eve r se  branches  must  be cal-  
culated f rom 

. C v - C ~ f  AS - A S f  , C v  - Cvt A S -  A S  i m2 -~ ( 6 )  

m2 = C ~ f _ C v  i A S f ~ A S i . ,  C o t - - C u r  AS~--ASf 

It follows f rom (6) that m~ ~m~' and that (1) is not invariant  under the sense of the p roces s ,  i . e . ,  one 
always expects hys t e r e s i s  in an allotropic phase t ransi t ion,  whose exact  extent is dependent on the o rder  of 
magnitude of the heat of the phase t ransi t ion,  and which in cer tain cases  may be suppressed by other  p ro -  
cesses .  For  example,  percolat ion effects (m c = 0.15 + 0.03) lead to some spread in the forward and reve r se  
b ranches ,  which may then overlap,  in which case the hys t e re s i s  is not clearly seen. Fur the r ,  there may be 
other  physical  p r o c e s s e s  that suppress  the hys t e re s i s .  This is c lear ly  seen by the R = R(T) relation for 
BaTiO 3 semiconductor  ce ramic  near  the f e r r o e l e c t r i c - p a r a e l e c t r i c  phase t ransi t ion.  In this t ransi t ion,  
there  is an anomalous increase  in the specific res i s tance  of the mater ia l .  This has been ascr ibed to p ro -  
cesses  occur r ing  at grain boundaries and at the margins  of domains,  where double e lec t r ica l  layers  a r i se ,  
which determine the conductivity of the mater ia l  [11-14]. The charges  accumulated in these double layers  
determine the potential b a r r i e r s  to the conduction e lec t rons  and themselves  are dependent on the state of the 
BaTiO 3 c rys ta l s  forming the co res  of the grains  [15, 16]. BaTiO3 is f e r roe lec t r i c  below the transit ion tem-  
pera ture ,  but pa r ae l ec t r i c  above it,  while the transi t ion is accompanied by an increase  in height in the poten- 
tial b a r r i e r s  at the grain boundaries  [11-13]. A grain of semiconductor  ce ramic  may be represented  as a core 
of mater ia l  surrounded by a shell having a different conductivity. The potential b a r r i e r s  between grains are 
low in the f e r roe lec t r i e  state,  and the conductivity of the ce ramic  is governed by that of the cores  and by that 
of the surrounding layers .  The potential b a r r i e r s  become much higher  when the f e r r o e l e c t r i c - p a r a e I e c t r i e  
t ransi t ion occu r s ,  and therefore  the res is t iv i ty  of the pa rae lec t r i c  state i s  much higher on account of the con- 
tact r es i s tances  between the grains  (resis tance R4 in Fig.  3c). 

A mode of cube- in-cube type can be used to a good approximation to calculate the effective res i s tance .  
We split up the cubes with planes a -  a impermeable  to the cur ren t  lines as shown in Fig.  3a and denote the 
res is tance  of the core by R~ and that of the boundary layers  by R 2 and R3 ; the mode of connection of the lat ter  
is shown in Fig.  3b. The res i s tances  Bi of the regions  i = 1, 2, 3 are defined by simple formulas :  

Li ~ L, L ~  L, 
Ri ---- Pl" L~ , Rz = Pz L ~  , R a  = Pi  r 2  2" (7) 

- ~ I  - -  L2 

The specific res is tance  Pi and length L i for the cur rent  lines are chosen in accordance with [13, 14]. 
The conductivity is represen ted  by the equivalent c i rcui t  of Fig.  3e, which incorporates  the potential b a r r i e r s  
at the grain boundar ies ,  af ter  the t ransi t ion point, where the res is tance of a b a r r i e r  is [1] 

R,, = 9~ L ~ '  9~, = C exp (U/KT).  (8) 
2 
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As the conductivities of the individual grains are known in the two s ta tes ,  we can discuss  the conduction 
through the t h e r m o r e s i s t o r .  In the transi t ion range,  the mater ia l  is a two-component mixture with a random 
distribution of the components .  Below T i, the mate r ia l  is homogeneous and has the high conductivity a m,  
while the phase t ransi t ion finishes at Tf, where the mater ia l  goes over  completely to the new phase having the 
much reduced conductivity a d << a m. We have seen above that the continuous component of conductivity cr d 
produces  isolated c lus te r s  of conductivity am, and then these c lus ters  become an unbounded c lus ter  as m m in- 
c r e a s e s .  Any fur ther  increase  in m m mere ly  inc reases  the volume occupied b y  the unbounded c lus ter  of con- 
ductivity a m. 

Formulas  (1)- (8) are  used to calculate R = a- ~ for  a BaTiO 3 t he rmi s to r  on the  bas is  of the following p a r a m -  
e t e r s  [10, 13, 14]: the conductivit ies of the components are a m = 4 . 1 0  -2 ~1-1, (~d = 4 . 1 0  -5 ~1 -( ,  while the p a r a m -  
e t e r s  appearing in (2) and (3) are  V = 39.7-10 -6 m ~, A = 233, T s = 1600~ and the heat of t ransformat ion  in the 
phase transit ion is AH = 0.15 J /kmole ,  T i = 363~ Tf = 423~ Figure 4 shows theoret ical  resul ts  on the con- 
ductivity of a BaTiOa semiconductor  device. The measured  values are  shown as points,  while the theoret ical  
values are  shown as solid l ines,  which together  form a cer tain region corresponding to the range of concentra-  
t ions 0.12 -< m c -< 0.18, Here the percola t ion effect  is accompanied by a p roces s  associated with the above 
phenomena at the grain  contacts ,  which suppresses  the appearance of hys t e re s i s  in 1~ = R(T). However,  a 
study of the s t ruc ture  of BaTiO.~ in the phase t rans i t ion  has shown that there is t empera tu re  hys t e r e s i s  [15]. 

Comparison of Figs .  2 and 4 shows sa t i s fac tory  agreement  between the observed and theoret ical  resu l t s ,  
and therefore  this method can be used in calculating the e lec t r ica l  conductivity as a function of tempera ture  
for s t ruc tura l  phase t rans i t ions  in solids.  

N O T A T I O N  

T, T i, Tf, and T s,  cur ren t ,  initial,  final (transition), and fusion t empera tu re s  o f thema te r i a l ,  r e s p e c -  
t ively; R, res i s t iv i ty ;  (~, conductivity; ~,  thermal  diffusivity; Cv, specific heat at constant volume; AS, en- 
t ropy change in phase t rans i t ion;  AH, heat of phase t ransi t ion;  R ' ,  universal  gas constant;  m,  volume con- 
centrat ion;  L b, U, width and height of the potential b a r r i e r .  Subscripts:  i,  initial value; f, final value; m,  
meta l ;  d, d ie lec t r ic ;  c,  threshold  of percolat ion.  
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AN ANOMALY IN THE KINETIC 

IN THE POLYMORPHIC PHASE 

A. M. Magomedov 

PROPERTIES O1 ~ TIN 

TRANSITION REGION 

UDC 669.765.872:537.3 

Exper imen ta l  data a re  p r e sen t ed  on the r e s i s t i v i t y  and t h e r m o - e m f  of tin ove r  the t e m p e r a t u r e  
range  - 1 8 3  to 700~ on t h e r m a l  conductivity f r o m  - 1 8 3  to + 300~ and on the speed of u l t r a -  
sound f r o m  20 to 400~ Anomal ies  appear  in the t e m p e r a t u r e  curves  cor responding  to po ly-  
morph ic  t r ans i t ions  in the tin. 

Study of the the rmophys ica l  p r o p e r t i e s  of tin is of in te res t  both for  the development  of theory  and for  
P rac t i ca l  goals .  

Three  modif icat ions  of tin in the solid state have been es tab l i shed:  gray  tin,  (~-Sn; white, fl-tin, and 
"y-tin, w h i c h m a y t r a n s f o r m  to each  o ther  at ce r t a in  t e m p e r a t u r e s  according  to the pat tern  ~-Sn ~ fi-Sn 
"y-Sn ~ liquid tin.  Of these modif ica t ions ,  g ray  tin has semiconduc tor  p r o p e r t i e s .  It c ry s t a l l i ze s  in a dia-  
mond lat t ice and is s table below 13.2~ Above this  t e m p e r a t u r e  a - S n  t r a n s f o r m s  to f i -Sn ,  which c r y s t a l l i z e s  
in a te t ragonal  la t t ice .  The highest  ~ -  and fi-tin convers ion  ra t e  occurs  at -40~ Upon heating of white tin 
above 161~ it t r a n s f o r m s  to the rhombic  modif icat ion,  "y-tin. 

The three  modif ica t ions  are  c h a r a c t e r i z e d  by different  densi t ies :  ~ ,  5.846; fl, 7.298, and T, 6.600 
g / c m  3. 

The s t ruc tu re  of liquid tin has  been examined  in many  s tudies ;  the i r  r e su l t s  indicate that in tin an in- 
complete  t r an s fo r m a t i on  of d i rec ted  bond to meta l l i c  occu r s ,  with convers ion  of the c rys ta l l ine  s t ruc tu re  into 
one of the s t r u c t u r e s  c h a r a c t e r i s t i c  of meta l l i c  bonding - bcc  o r  cph. Khrushchev [1] explains  the p re sence  of 
l a t e r a l  intensi ty m a x i m a  in the intensi ty  cu rves  and rad ia l  distr ibution function as the resu l t  of d i rec ted  bonds 
n e a r  the c rys ta l l i za t ion  point.  These  m a x i m a  d i sappea r  with inc rease  in t e m p e r a t u r e .  Af ter  ana lys is  of v a r i -  
ous expe r imen ta l  data Turakawa et  al .  [2] p roposed  that liquid tin n e a r  the mel t ing  point is  a sy s t em of o rde red  
reg ions  cor responding  to g ray  tin s t ruc tu re  d is t r ibuted  in a meta l l i c  s t ruc tu re .  Conductivity and v iscos i ty  
s tudies  [3] have shown that  tin has an anomaly  in the r e s i s t ance  t e m p e r a t u r e  coefficient  at 520~ this was r e -  
lated to a change in a tomic  packing,  i . e . ,  to a change in c lose  o rde r .  

A n u m b e r  of s tudies [3-10] have cons idered  the kinetic p r o p e r t i e s  of tin above room t e m p e r a t u r e .  It 
follows f r o m  them that  with the exception of [3, 7] the t e m p e r a t u r e  cu rves  of the var ious  kinet ic  p r o p e r t i e s  
show no s ingular  points  cor responding  to s t ruc tu ra l  t r ans fo rma t ions  of the var ious  modif icat ions in tin. How- 
e v e r ,  the avai lable  informat ion on the kinet ic  p r o p e r t i e s  of tin at low t e m p e r a t u r e  is ve ry  l imited.  

The p r e s e n t  study is  dedicated to an invest igat ion of the t h e r m a l  conductivity,  r e s i s t i v i t y ,  t h e r m o - e m f ,  
and speed of u l t rasound in Sn-000 o v e r  a wide t e m p e r a t u r e  in te rva l  encompass ing  both the solid and liquid 
phase .  

E lec t r i ca l  Res i s t ance .  The exper imen ta l ly  de te rmined  t e m p e r a t u r e  dependence of e l ec t r i ca l  r e s i s t iv i ty  
in tin is shown in Fig .  1. Measu remen t s  were  made by the fou r -p robe  method with an accuracy  of 1%. The 
tin t r a n s f o r m a t i o n s  noted above were  found f r o m  changes in the t e m p e r a t u r e  coefficient  of r e s i s t i v i t y  in the 
curve  p = f(t) at t e m p e r a t u r e s  of 50, 100, and 520~ 

Table 1 p r e s e n t s  values  of dp/dt  cor responding  to the va r ious  modif ica t ions .  The t e m p e r a t u r e  in terva ls  
a re  accura te  [o ~10~ 
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