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Electrical conduction in some important 
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Measurement of the thermoelectric power (S) and electrical conductivity (o) of six 
superionic solids namely Cul, CuPb3Br7, Cu2Hgl4, Cu3Cdls, Cu3RbCl4, 
CUT(C6H12NH3)Br s and Cu16Rb417ClI3 are reported from 300 K to nearly the melting 
point of each material. The log aTand S against T -1 plots are linear in some temperature 
ranges with different slopes. For each material they show two distinct regions: one 
corresponding to superionic (SP) and the other to normal phase (NP). In the superionic 
phase, Cu + ions are the main entity of charge carrier and an extended lattice gas model 
explains the transport mechanism fairly well. On the higher temperature side of SP, the 
other cation in the material starts contributing significantly to ~. In the normal phase the 
conduction is mainly due to Frenkel defects (Cu § ions at interstitial sites). The enthalpy 
for migration and heat of transport of these defects has also been evaluated for Cul, 
CuPb3Br7, Cu2Hgl4 and Cu3Cdls. The formation energy of defects has also been cal- 
culated for Cul and Cu3Cdls. Normal phase has not been obtained in Cu3RbCI4, 
Cu7(C6H 12NCH3)Br8 and Cu 16Rb417CI 13 as thei~ phase transition temperatures lie 
below room temperature. 

1. Introduction 
Active research on copper based superionic solids 
began in 1973. The main reason for this interest 
has been the cheaper cost of these materials com- 
pared to silver based superionic solids, which were 
discovered, studied and used in various appli- 
cations since they came into the limelight in 1967. 
The main drawback of these materials is the 
oxidation of the mobile copper ion from the Cu + 
state to Cu 2+ state which introduces electronic 
conductivity and limits the potential applications 
of these compounds. In spite of this limitation 
several such materials have been discovered, 
investigated and put to some applications during 
the last ten years [1-14].  Thermoelectric power 
measurements, which give heat of transport and 
information regarding conduction mechanisms 
and decides the suitability of a model to des- 
cribe the situation of the solid in the superionic 
phase, have not yet been reported for many of 
these solids. This paper presents such studies on 
some selected,copper based superionic solids in 
both normal and superionic phases. The materials 
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investigated are CuI, CuPb3BrT, Cu2HgI4, 
Cu3Cdls, Cu3Rb4C14, CuT(C6H12NCH3)Br8 and 
Cua6Rb4ITC113. Some physical parameters of these 
materials are given in Table I. 

2. Material preparation and experimental 
techniques 

CuI and other base materials such as CuBr, RbCI, 
PbBr2, HgI2, CdI2 etc. with a stated purity of 
99.99% were procured from standard firms. All 
the materials studied were prepared by firing a 
pellet of the stoichiometric mixture of appro- 
priate base compounds for several hours in an 
evacuated sealed pyrex tube between 400 to 
500K. The details are described elsewhere [16-  
18]. At the beginning of this study, Professor 
Takahashi, of Nagoya University, Japan provided 
a few grams of CuPb3Br 7 and CuT(C6H12NCH3)Br8 
which we prepared by the method reported else- 
where [16, 17]. The measurements of electrical 
conductivity (a) and thermoelectric power (S) 
were performed on pellets. Details of pellet 
making, electrode processing and the techniques 
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T A B L E I Physico-chemical parameters of the materials studied 

Material Colour d Tp T m Reference 
(10 -3 kgm -3) (K) (K) 

Cul Light brown 6.0 542 878 [ 2] 
CuPb ~ Br ~ Light blue 6.4 430 573 [ 6 ] 
Cu~HgI 4 Reddish brown 5.6 342 - [ 14 ] 
Cu3Cdl s Dark red 4.8 515 760 [ 19] 
Cu3 RbC14 Darkgreen 3.4 - 575 [ 9 ] 
CuTQ Br8 Light yellow 4.5 - - [ 1 ] 
Cl~ Rb4I~Cl13 Green 4.47 248 507 [ 12] 

d, density; Tp, Phase transition temperature; T m, melting point; Q = C6H~:N4CH.~. 

and procedure employed in cr and S measurement 

were similar to those reported in several publi- 
cations of  our group [16-22] .  

3. Results 
Electrodes play a significant role in the measure- 
ment of  both  o and S. The stringent criterion [21 ] 
is to have ohmic contact  in both  measurements. 
Furthermore,  in measurement of  S, ideally the 
electrode material should be a metal of the con- 
ducting ion species in the superionic solid. This 
ensures reduction of  heterogeneous thermoelec- 
tric power which is unwanted in the interpretat ion 

of  data [20, 21]. Copper is ideally the best elec- 
trode for copper based superionic solids, therefore, 
copper electrodes were preferred for our investi- 
gations. Copper forms ohmic contact  on the elec- 
t rolyte phase in a wide range of  applied electric 
field as is evident from the straight line J against 
E plots shown in Fig. 1 for two of  the represen- 
tative samples. Similar plots are obtained for 
others. In all measurements, E was kept  in the 
range in which plots of  J against E remained 
linear. 

The measurements reported in this paper were 

performed on pellets (pressed powders). In such 
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Figure 1 Plots of current density (J) against 
applied electric field (E) for Cu2HgI 4 and 
Cu 3 RbC14. 
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samples air pores and grain boundaries have a 
significant effect on the values of electrical con- 
ductivity as well as thermoelectric power. Air- 
pores can be minimized by taking very fine 
uniform grain powders and making pellets at 
higher pressure. To see how pores affect the 
values of o, measurements of a as a function of 
pelletizing pressure were made. The measurements 
were carried out after the source of pressure had 
been removed. Fig. 2 shows the results of such 
measurements. The behaviour in general is similar 
for all compounds. Electrical conductivity initially 
increases rapidly with pressure P = 4 x 107 kg m -2, 
then this increase becomes slow and finally tends 
to become constant whenPexceeds 6 to 7 x 107 kg 
m -2. The densities (Fig. 3) have almost the same 
type of variation with P. The density of pellets 
prepared at P exceeding 7 x 107 kg m -2 approaches 
the density of polycrystalline samples*. These 
results indicate that air pores are significantly 
reduced for highly pressed pellets and the results 
on such pellets essentially refer to the material of 
the pellet. The measurement of a on highly 
pressed pellets was carried out at a.c. signal fre- 
quencies of 50, 102, 103 and 104 Hz at different 
temperatures and the results are shown in Fig. 4. 
o is practically independent of frequency. This 

*Solid samples obtained after melting and slowly cooling 
because of possible Cu 2+ contamination on heating. 

Figure2 Plots of electrical conductivity (o) 
against pelletizing pressure (P) for a few copper 
based superionic solids. 

shows that grain boundary effects are not very 
important in these samples. The majority of super- 
ionic solids undergo phase transition from low 
conducting /~-phase to high conducting a-phase. 
Their physical behaviour is such that the low tem- 
perature phase may be referred to as the normal 
phase (NP) and the high temperature phase as the 
superionic phase (SP). We have been able to see 
the behaviour of o around the phase transition 
temperature (Tp) for solids in which it is above 
room temperature. All show a typical hysteresis 
around Tp. However values of a remain the same 
5 to 10K above and below the phase transition 
temperature. Typical plots of log oT  against T -1 
and S against T -1 for the materials studied are 
given in Figs. 5 and 6. These plots are linear in 
some temperature range or the other. Thus they 
can be represented in the form of the equations 

Q 
s - + H  (1 )  

e T  
and 

T o =  C e x p ( - - E ~  -) (2) 

where Q, H, C and Ea are constants for the material 
in the different ranges of temperature and e, and 
k are the magnitudes of electronic charge and the 

it. This type of sample has not been used for investigation 
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Figure 3 Plots of density (d) against peUetizing 
pressure (P) for a few copper based superi0nic 
solids. 

4. Discussion 
As mentioned earlier, the compounds studied in 
this paper are not synthesized for the first time but 
some have been reported and studied by earlier 
workers. The most common study is that of elec- 
trical conductivity. In some cases thermoelectric 

Figure4 Plots of electrical conductivity (a) 
against applied a.c. signal frequency (f) for 
a few of the copper based superionic solids 
studied. 
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Figure 5 Plots of logarithm of the product of electrical conductivity and absolute temperature (log sT) against inverse 
of absolute temperature (T -1) for the superionic solids studied. 

power has also been reported.  Table IV shows 
some common results for comparison. It is seen 
from this table that the order of  conductivity 

for many of  the materials reported by different 
workers agrees fairly well with our values. HOW- 
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ever, the magnitude of conductivity differs. This 
variation seems to be due to different conditions, 
e.g. pelletizing pressure, electrode material etc., 
employed by different workers. These results show 
that  copper electroyte-based superionic solids are 
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Figure 6 Plots of thermoelectric power (S) against the inverse of the absolute temperature (T- ' )  for the superionic 
solids studied. 
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T A B  L E I I Summarized results of thermoelectric power variation with temperature for solids studied [general 

expression S = -- Q/e ( l /T)  + H] 

Compound Q - H T* TB? Phase 
(eV) (mV) (K) (K) 

CuI 0.20 0,11 350-525 525 N 
0.85 0.89 525 - 630  630 N 
0.096 0.42 650-825  - S 

CuPb3Br 7 0.42 -- 0.26 320-410  410 N 
0.00 0.775 410-475  475 N 
0.033 0,08 475 - 550  - S 

Cu2HgI 4 0.27 -- 0.03 300-344  344 N 
0.11 0.64 344-425 - S 

Cu3CdI s 0.20 0,46 350-440  440 N 
0.84 0.38 440 - 500  510 N 
0.078 0.55 5 3 0 - 7 1 0  - S 

Cu~RbC14 0.05 0.40 370-405 405 S 
0.10 0.09 405-4~50 - S 

CuT (C~ Hl~ N4CH~)Br~ 0.t 0 1.20 300 -  344 344 S 
0.37 1.01 344-400  - S 

Cu16Rb~[7C113 0.075 0.61 320-400  400 S 
0.13 0.41 400-475  475 S 
0.10 0.27 475 - 520  - S 

*Temperature span of the linear region. 
?Break temperature. 

T A B L E I I I Summarized results of electrical conductivity variation with temperature for the solids studied [general 
variation o T = C e xp (--Ea/k T)] 

Compound C E a T* TB? Phase 
(s2 -1 m -1 K) (eV) (K) (K) 

CuI t.26 X 106 0.37 350-520  520 N 
6.80 X 10 ta 0.96 520-624  624 N 
1.65 • 105 0,17 660 - 800  - S 

CuPb3Br 7 1.32 X 104 0.48 320-430  430 N 
2.56 X 106 0.37 475-555  475 S 

Cu2HgI 4 9.70 • l0 s 0.28 300-344  344 N 
2.19 X 103 0.11 344-425 425 S 
8.87 X l0  s 0.16 4 2 5 - 5 0 0  - S 

Cu~CdI 5 1.63 X 106 0.31 350-470  470 N 
-7.09 X 1011 0.84 470-500  500 N 
6.42 X 104 0.15 530 - 730  - S 

Cu~RbC14 1.25 X 103 0.10 300-420  420 S 
1.38 X 108 0.52 420 - 500  - S 

CuIT(C6Hx=N4CH~)Br 8 3.75 X l0 s 0.16 300-344  344 S 
3.38 X 107 0.42 344-400  - S 

Cul~Rb4ITCII~ 3.63 X l0 s 0.12 310-400  400 S 
1.16 X 106 0.16 400-503  503 S 

T , temperature span of linear region. 
TB, break temperature; N, normal; S, superionic. 
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T A B L E I V Comparison of data in the superionic phase for the compounds investigated in present and previous 
studies 

Compound a* T E a Q Reference 
(•-1 m-l) (K) (eV) (eV) 

CuI 30 723 0.26 - [15] 
12 723 0.19 0.098 [22] 
15 723 0.17 0.096 [PS] 

CuPb3Br 7 3.5 500 0.29 - [6] 
1.3 500 0.37 0.33 [PS] 

Cu2HgI 4 1.2 X 10 -a 350 0.62 - [ 14] 
5.6 X 10 -4 350 0.49 - [2] 
2.8 X 10 -~ 350 0.11 0.11 [PS] 

C%CdI 5 5.8 600 0.15 0.078 [PS] 

Cu3RbC14 0.225 298 0.18 [9] 
0.115 300 0.10 0.05 [PS] 

Cu7(C6 H12 N4CH3)B % 2.0 300 0.22 - [ 1 ] 
1.9 300 0.16 0.10 [PS] 

Cu16 Rb41,ICl13 34 298 0.10 - [ 12] 
15 300 0.12 0.11 [PS] 

*Values have been corrected for temperature T (K) from log a against T-~ or log o T against T-1 plots. 

more sensitive to the method of  preparation, shelf 
life and environmental conditions. Copper mercuric 
iodide is an except ion ' in  which our value is larger 
by  two orders of  magnitude and lies close to the 
value for a superionic conductor.  A value of  
0 . 1 6 ~  -1 m -1 at 333K has been quoted [21] for 

Ag2HgI4. Both Ag2HgI4 and Cu2HgI4 have similar 
structures [23, 24] and we expect  their a values to 
be of  the same order. Our values, being of  the 
order reported for Ag2HgI4, seem more reliable. 
Furthermore,  both  activation energy and heat  of  
transport  for this material have been found to be 
equal to 0 .11eV,  which indicates that this is a 
typical superionic conductor  at T > 344 K. 

The reported data on ~ and S for the materials 
studied can be conventionally divided into two 
parts: one corresponding to the superionic phase 
and the other for the normal phase. I t  is convenient 
and more relevant to discuss results separately 
in the two phases. 

4.1. Electrical transport in superionic phase 
It has been  established by  earlier workers [ 1 -12 ]  
that in all these solids the copper ion is the sole 
ent i ty of charge carrier in the superionic phase. 
The movement of  the ion is facilitated by  its 
typical  structure. The expressions for a and S for 
the superionic phase where only one type of ion is 

the mobile charge carrier, have been obtained by 
Shahi et al. [20] extending the theory to normal 

ionic solids. Furthermore,  various models have 
been proposed for explaining the electrical 
conduction in superionic conductors. Important  
among these models are free ion [25], lattice gas 
[26], ionic polaron [27] and extended lattice gas 
[28]. Out of  these, the extended lattice gas model  
takes the merits of  all other models and is pre- 
ferred to explain our data. In this model the 
activation energy (Ea) and heat of  transport  (Q) 
are related by the  equation [28] 

where 

E a = Q + E'  a (3) 

( ' )  , __ q 2  1 --~00 E'a 47rZae ~ ~-= (4) 

where E '  a =EB/2, EB is the polaron binding 
energy, q is the charge of  the mobile ion, a is their 
average separation, eo the permitt ivi ty constant,  
and K=, Ko are optical and static dielectric con- 
stants, respectively. Thus this model predicts the 
magnitude of  E a to be larger than Q. This has 
been found experimentally true for all solids 
studied except Cu2HI4. Thus the extended lattice 
gas model  seems to describe the situation in all 
solids fairly well. Fur CuI, K= = 10, K0 ~ 100 and 
a = 5 9 . 6 n m .  This gives E ' a = 0 . 0 6 9 e V  using 
Equation 4, which predicts the difference between 
E a and Q to be 0.069 eV. This is very close to the 
value of  0 .074eV found by  us. The difference 
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TAB L E V Activation energy (Ea), heat of transport 
(Q) and their difference for the solids studied in the 
superionic phase 

Compound E a Q (E a -- Q) 
(eV) (eV) (eV) 

CuI 0.17 0.096 0.074 
CuPb3Br 7 0.37 0.33 0.04 
Cu~Hgl 4 0.11 0.11 0.00 
Cu3CdI 5 0.15 0.078 0.072 
Cu3RbC14 0.10 0.05 0.05 
CuT(C~HI~N4CHs)Br s 0.16 0.10 0.06 
Cul~Rb4ITClls 0.12 0.075 0.045 

between E a and Q for other solids is small (Table 
V) which indicates that in many of the superionic 
solids, a static potential barrier contributes in part 
to the activation energy in a more significant way 
than caused by the dynamic process of polari- 
zation. 

It is seen from Figs. 5 and 6 that even in the 
superionic phase the logoT and S against T -1 
slopes change greatly below their melting points. 
This change does not occur due to chemical 
instability or decomposition of the compound, 
because on cooling, all compounds yield nearly 
the same values of o and S at room tempera- 
ture. We propose that this break is due to the 
mobility of other cations e.g. Rb + in Cu3RbC14 
and Cu16Rb4ITC113, Hg 2+ in Cu~HgI4, Pb 2+ in 
CuPb3Br7 and Cd 2+ in Cu3CdIs with CuI and 
CuT(C6HI~NCH3)Brs as exceptions. All these 
cations, in principle, can jump from one site to 
another and may contribute to conductivity. 
This does not happen at lower temperatures 
because the activation energy involved in mobility 
is large compared to that of the Cu + ion. The 
large value of activation energy for these ions can 
be understood in terms of their large ionic radius 
(r) and charge. The ions Rb + (r = 14.8 nm), Hg 2+ 
( r =  l l .0nm) ,  Pb z+ ( r =  12.1nm) and Cd 2§ ( r =  
9.7 nm) all have a bigger ionic radius than that of 
Cu + (r = 9.6 nm). The latter three also have twice 
the positive charge on them compared to the 
Cu + ion which results in a larger coloumb repul- 
sion. in their motion and thus a larger activation 
energy. Owing to the larger activiation energy, 
these ions have a negligible contribution to e at 
the lower limit of  the superionic phase, but their 
contribution increases at a much faster rate and 
it catches up the contribution of the Cu + ion at 
higher temperatures and gives rise to a break. 
The contribution of these extra,cations~ becomes 
mqre,; significant where; ,the overall c.onductivity 
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due to the Cu + ion is comparatively small (e.g. 
in Cu3RbC14). In CuPb3Brv, it is not apparent, 
because the Cu + ion activation energy is large 
and the contribution of Pb 2+ does not get a 
chance to catch it up. The case for the contri- 
bution of Cd 2+ ion in Cu3CdI5 is probably similar. 
The phase transition temperature reported here 
agrees fairly well with that obtained by other 
workers. 

4.2. Electrical transport in the normal 
phase 

Below the phase transition temperature all these 
solids are in a phase in which all the ions occupy 
specific positions. Thus 13-Cul has a typical zinc 
blende structure, and /~-Cu2Hgl4 that of a fcc 
cation lattice. In general, they are similar to a 
normal ionic solid. Thus electrical conduction in 
this phase can be discussed using theories for 
normal solids which have been dealt with in 
length by many workers [29, 30]. The electrical 
conduction in ionic solids mainly occurs due to 
the motion of defects. The principal types of 
defect are Frenkel and Schottky defects. It is 
difficult to analyse data if more than one type of 
defect is present. The superionic solids have a 
cationically disordered lattice in  the superionic 
phase. In the lower temperature phase, the cationic 
disordering tendency is more natural in such 
solids. Formation of Frenkel defects has been 
accepted [21] in almost all types of Ag + ion con- 
ducting superionic solids. The copper ions with 
smaller ionic radi compared to silver (r -- 11.3 nm), 
can more easily stabilize themselves in interstitial 
positions. Thus we shall attempt to explain our 
data on the assumption that Frenkel defects are 
more mobile in these solids. 

When the temperature of the material is not 
very high, the number of defects are usually con- 
stant over a; fairly wide range of temperature, in 
such a situation the variation of uT with T is given 
[21] by the equation 

oT = C1 exp ~ (5) 

where C1 is nearly constant and hf is the enthalpy 
for the migration of mobile defects. However, at 
a sufficiently high temperature, thermal energy 
begins t o  generate defects and the expression for 
aT becomes [21,28, 29] 

(H, + 2h, t 
o r  _z C2 exp ~ - - I  (6) 



where 6'2 is a constant and He is the enthalpy of  
formation of the Frenkel defect. Both Equations 
5 and 6 predict linear log aT against T -1 plots 
with a change in slope at some temperature, T k, 
usually referred as the Knee temperature. The 
higher temperature region (usually referred as the 
intrinsic region) is associated with a higher slope 
[E a = (Hf/2) + hf] and the lower temperature 
region (referred as the extrinsic region) with a 
lower slope (E a = he). Similarly, the expression 
for S where only Frenkel defects are mobile is 
given by the expression [ 16, 21 ] 

e V  e ~ -- (7) 

where Q is the heat of  transport for the mobile 
species, n and N are the number of  defects and 
normal sites per unit volume, respectively, g is the 
amount of  work required to bring the cation (Cu § 
ion in present case) from a state of  rest at infinity 
to an interstitial position in the solid at constan.t 
temperature and pressure, and S is the partial 
entropy of  the Cu + ion in copper metal. The 
number, n, at any temperature can be expressed 
by the relation [21] 

n = ( N N ' )  1/2 exp ( - - H f / 2 k T )  (8) 

where N '  is number of  interstitial sites per unit 
volume available for the Cu § ion. Since N and N '  
are nearly the same, one can write from the above 
equation 

k log ( N )  - - H f / 2 e T  (9) 
e 

Normally the sum of the third and fourth terms 
of  Equation 7, becomes nearly temperature 
independent, as variation of  one nearly com- 
pensates the other [21], and we can express this 
by the temperature independent constant, Sa. 
Thus from Equations 7 and 9, we can write 

S - -~ Ar S a (10 )  
e T  

Obviously this refers to the intrinsic region. In the 
extrinsic region, n is practically constant and then 
the expression for S reduces to 

Q 
S - + H  (11) 

e T  

where H is now independent of  T. Thus a plot of  
S against T -1 should be a straight line with a break 
in the slope at the Knee temperature. The higher 
temperature region should give an apparent value 
of  Qa = Q + Hf /2  and a lower temperature equal 
to Q. 

In the light of  the above discussion, we can 
analyse the experimental data in the normal 
phase and obtain values of  Q, Hf and he. The 
phase transition temperature of  Cu3PbC14, 
CuT(C6HlzN4CH3)Br8 and Cu16Rb4ITC113 lies 
below room temperature and since our studies 
are above this temperature, we have not observed 
the normal phase for these materials. 

For CuI and Cu3CdI5, we obtained two distinct 
regions and from these w e 9btained values of  hf, 
Q and Hf. Hi was evaluated from both a and S 
data and the values differ little, as is evident from 
Table VI. This justifies the validity of  the proposed 
conduction mechanism. For CuPbaBrT, the 
logaT  as well as S against T -1 plots have two 
distinct regions. But here the S plot for the upper 
region has an almost zero slope. We expect a much 
higher slope for the intrinsic region. Thus nearly 
linear log aT against T -1 plots on the higher side 
of  T do not represent the intrinsic region. In fact, 
the temperature i:s too low for the appearance of  
the intrinsic region. 

For Cu2HgI4, the phase transition temperature 
is 344 K; below this temperature we obtain linear 
logoT and S against T -1 plots. It refers to an 
extrinsic region because it has a lower value of  
slope and we do not expect the appearance of  an 
intrinsic region at such a low temperature. The 
calculated values of  E a and Q for CuPbaBr7 and 
Cu2HgI4 from the lower temperature region 
slope, thus give the value of energy for the 

T A B L E V I Values of h i, Q and Hf as deduced by a and S in the normal phase of the solids studied 

Compound s trmeas Smeas 

Hf/2 + h t hf 
(eV) (eV) 

Hf Q + Hf/2 Q Hf 
(eV) (eV) (eV) (eV) 

CuI 0.96 0.37 
CuPb~Br~ - 0.48 
Cu2HgI 4 - 0.28 
Cu3CdI 5 0.84 0.31 

1.18 0.85 0.20 1.30 
- - 0.42 - 
- - 0.27 - 
1.06 0.84 0.20 1.28 
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migration of defects (he) and the heat of transport 
for the defect, respectively. 
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