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Diffusion coefficients for Cu™ diffusion in the 7, B, and a phases of CuBr have been measured with an
in situ tracer diffusion technique. The diffusion in the ¥ and B phases obeys an Arrhenius law within
measured temperature ranges and the activation energies were found to be 1.21(7) and 0.324(1) eV, re-
spectively. A comparison of diffusion coefficients measured by the in situ tracer diffusion technique and
diffusion coefficients calculated from conductivity data suggests that a noncharge carrying diffusion

mechanism is operational in the copper halides.

I. INTRODUCTION

Fast ionic conduction in the copper halides
CuX(X =Cl,Br,I) has been studied for several years.
These compounds are of interest both from a scientific
and from a technological point of view because they form
a cheaper alternative to the silver containing fast ionic
conductors. The copper halides form a series of isostruc-
tural compounds exhibiting several interesting properties
such as sequences of structural phase transitions accom-
panied by large increases in the ionic conductivity. All
three compounds have the cubic zinc-blende structure in
their low-temperature y phases. Their B phases are hex-
agonal and the fast ionic conducting a phases are cubic.
The structure of a-CuBr is closely related to the a-Agl
structure in which the iodine ions form a body-centered-
cubic lattice. It has been proposed that a-Cul has the
zinc-blende structure in which the iodine ions are ar-
ranged on a face-centered-cubic lattice. However, a re-
cent neutron-diffraction study has shown that the Cu™
ions in a-Cul are randomly distributed over all the
tetrahedral sites.>?> Only CuBr and Cul transform to the
a phase, while in the case of CuCl melting takes place be-
fore the structure transforms to the a phase. In the case
of CuBr the y-8 and B-a transitions take place at 658 and
743 K, respectively.>

The copper halides form a useful series of compounds
for studies of the relationship between crystal structure,
chemical bonding, lattice dynamics, and fast ionic con-
duction. The Cu™ ion is very favorable for diffusion in
the solid state because of its high polarizability and the
series of anions Cl~, Br™, and I™ exhibit an increasing
polarizability as well as decreasing electronegativity. The
degree of covalency therefore increases along this series
and copper iodide would be expected to have the highest
ionic conductivity for a given crystal structure. Howev-
er, a comparison of measured conductivities shows that
the ionic conductivity decreases by going from CuCl to
Cul at the upper end of the temperature interval in which
the y phases are stable.* The large change in the ratio of
cation and anion masses occurring by going from CucCl to
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Cul is also of importance for the dynamics of these com-
pounds.

Measurements of diffusion coefficients are important
for the understanding of the physical properties of fast
ionic conductors, and we have therefore performed a
series of in situ tracer-diffusion studies of Cu™ diffusion
in the copper halides. The radioactive Cu* tracer ions in
this method are generated within a thin slice in the sam-
ple material itself by neutron irradiation. The values for
the diffusion coefficients obtained from these studies will
be used for an evaluation of the usefulness of the intera-
tomic pair potentials used for molecular-dynamics simu-
lations of the static and dynamic properties of these com-
pounds. The aim of these studies is to study and compare
the pair potentials of the copper halides in the solid
phases as well as in the liquid state. Diffusion in Cul has
previously been studied by an in situ tracer method as
well as being simulated by molecular dynamics.>® Re-
cently we have performed studies of Cu™ diffusion in 8
phase Cul and ¥ and B phase CuCL’® Schifgen and
Richtering have performed a conventional tracer-
diffusion study of y-CuBr.’ In this paper we present the
results of in situ tracer-diffusion studies of the vy, 3, and a
phases of CuBr and these results are compared with the
previous diffusion studies as well as with conductivity
measurements.

II. EXPERIMENT

The experimental setup used for in situ tracer-diffusion
measurements has been described earlier in connection
with measurements on CuCl and Cul.””® The CuBr sam-
ple was made from CuBr powder (BDH Chemicals Ltd.,
Product No. 27853) melted together in a Pyrex ampoule.
X-ray diffraction showed that the sample contained no
impurity phases. No chemical analysis was done. The
sample used for in situ tracer-diffusion measurements is
enclosed in a cylindrical Pyrex ampoule and the radioac-
tive tracer ions are generated in a thin slice located in the
middle of the sample by neutron irradiation. The neu-
trons penetrate into the sample through a 1 to 2 mm wide
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slit in the boron nitride shield in which the sample is lo-
cated during irradiation. The activated rod-shaped sam-
ple is heated to the desired temperature and the time evo-
lution of the activity profile is measured by means of up
to four Nal detectors. A detailed description of the ex-
perimental setup is given in Ref. 8, and only details
specific to CuBr measurement will be discussed here.
The neutron-absorption properties of the bromine nuclei
made tracer measurements on CuBr more difficult than
the corresponding measurements on CuCl and Cul. The
following neutron absorption reactions had to be taken
into account:

SCu+n—-S5Cu+y, T,,=12.8h
$Cu+n—8Cu+y, T,,=5.1 min
Br+n—>5Br+y, T,,=4.6h
8Br+n—5§Br+y, T,,=354h.

%Cu decays by positron emission and two photons with
energies 511 keV are created when the positrons annihi-
late with electrons. This annihilation radiation is used
for the determination of the concentration of %Cu tracer
nuclei in the sample. The 511 keV line is relatively close
to the 554 keV line originating from the decay of 3?Br,
and the Nal scintillation detectors are unable to resolve
these lines. It is however possible to separate these lines
by performing the measurement in coincidence mode as
described in Ref. 7. The two y rays are emitted 180°
apart and it is therefore possible to distinguish the decay
of the %Cu tracer nuclei by counting the 511 keV pho-
tons in coincidence. However, two additional processes
give contributions to the 511 keV line even in the coin-
cidence mode. Several y lines with energies greater than
twice 511 keV are present in the bromine spectrum and
photons with these high energies can undergo pair pro-
duction in which an electron positron pair is created.
This process can take place in the sample itself or in the
lead shielding. The positrons produced in the pair pro-
duction process will annihilate with electrons and in this
way contribute to the 511 keV line. Furthermore random
coincidence of Compton scattered photons originating
from high-energy lines can also contribute to the 511 keV
line. The activity profile measured for the 511 keV line
will in this way contain contributions from %Cu and %?Br.
No substantial **Cu diffusion has taken place at room
temperature and the spatial distribution of the ®*Cu and
82Br contributions will coincide at this temperature. Cu™
is diffused at elevated temperatures, while the Br™ ions
are considered to be stationary. The total activity profile
measured at elevated temperature will therefore contain a
82Br contribution, which has the same shape and half
width as the total profile measured at room temperature.
The 32Br contribution has been accounted for in the
analysis of the measured activity profiles, but care was
taken to make this contribution as small as possible dur-
ing the irradiation of the sample. We have recently
shown that the Br~ ions are diffusing with a diffusion
coefficient of the order 10”7 cm?/sec in a-CuBr, while no
Br diffusion could be detected in the ¥ and B phases.!®

The 3?Br contains several resonance absorption peaks at
epithermal neutron energies and these peaks give a sub-
stantial contribution to the total neutron absorption cross
section. The initial irradiations showed that the ?Br con-
tribution to the coincidence rate was about 10% at the
beginning of a measurement and increasing with time.
The creation of ®?Br nuclei was therefore minimized by
irradiating the sample in a position in the reactor where
the ratio of the epithermal to thermal neutron flux was as
low as possible. Samples irradiated this way showed no
significant 3?Br contribution to the coincidence rate.

The analysis of the measured activity profiles was per-
formed as follows. The spatial distribution of radioactive
nuclei at time ¢ is related to the initial distribution at
t =0 through the equation

I(x,t)=eﬂ“f1(x’,0)P(x —x',t)dx’ . (1)

I(x,0) is the distribution measured at ¢t =0, A is the ra-
dioactive decay constant, and P (x,t) is the diffusion func-
tion to be determined. In the present cylindrical
geometry, the solution to the diffusion equation depends
only on the coordinate x along the cylinder

Plx,y=—31Q)_ x2ap: @)
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where S (0) is the total source strength at t =0 and D is
the diffusion coefficient. The activity profile is therefore
at all times a function with variance

oM I(x,t))=0XI(x,0)+0XP(x,1)) . (3)

From (2) it is seen that o?(P(x,t))=2Dt and D is there-
fore determined directly from the variance of the mea-
sured activity profile by the equation

D=%{UZ(I(x,t))—az(I(x,O))} . )

When mounted in the furnace the sample was first
scanned at room temperature and then heated up to the
temperature at which the measurement was to be per-
formed. Heating and subsequent equilibration took
about 90 min. The temperature was measured by a
Chromel-Alumel thermocouple. After equilibration the
sample temperature was maintained stable to better than
+ /—0.6°C. Typically 10-20 activity profiles were mea-
sured at each temperature, and the measurement of these
took 1.5-5 h depending on the magnitude of the diffusion
coefficient. Data analysis was performed by least-squares
fitting of a Gaussian plus a linear or, in some cases, a par-
abolic background function to the measured profiles. No
asymmetry in any of the measured profiles was observed,
which shows that the time needed for scanning a profile is
negligible compared to the rate of diffusion. Sample inho-
mogeneities caused by cracks in the sample will immedi-
ately show up in the measured profiles. The source posi-
tion at £ =0 is treated as an adjustable parameter in the
determination of o*(I(x,t)) and the determination of D
is not affected by resolution effects and the spatial extent
of the source at t =0, because these effects cancel out ac-
cording to (4).
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TABLE 1. Diffusion coefficients at various temperatures for
Cu* diffusion in CuBr.

T (K) D (cm?/sec)

523 2(1)x 1078 ¥ phase
577 2.9(6)Xx 1078

603 5.1(5)x 1077

623 1.8(4)x107¢

645 3.20(6)X 1076

693 2.1(1)x1073 B phase
723 2.6(1)x107°

733 2.8(1)X 1073

744 3.2(6)X107° a phase
746 3.1(1)X1073

749 3.4(1)X1073

754 3.1(1)X 1073

III. RESULTS AND DISCUSSION

Activity profiles were measured for the temperature
given in Table I and as an example selected activity
profiles measured at 693 K are shown in Fig. 1. Plots of
o0%(I(x,t)) versus t are shown in Fig. 2. The measured
tracer-diffusion coefficients for the y phase are in good
agreement with the results obtained in an earlier conven-
tional tracer-diffusion study by Schifgen and Richtering
who performed measurements in the temperature range
443 to 615 K.° A plot of logD versus 1000/T for a, 3,
and y-CuBr is shown in Fig. 3. Points belonging to the y
and B phase fall on straight lines indicating that the
diffusion in these phases can be described by an Ar-
rhenius equation

D=D0e—Ea/kBT’ )
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FIG. 1. Plot of selected activity profiles measured at 693 K.
The profiles shown here were corrected for the decay of the
%Cu nuclei. The solid curves represent a Gaussian plus a linear
backgorund fitted to the measured points.
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FIG. 2. Plot of o*(I(x,t)) versus time for activity profiles
measured at 693 K.

where E, is activation energy and kp is Boltzmann’s con-
stant. The Arrhenius plot given by Schafgen and Richter-
ing did however show some curvature which indicates
that the Cu™ diffusion in y-CuBr cannot be described by
the Arrhenius equation over a more extended tempera-
ture range. The curvature of the Arrhenius plot might
well be due to two or more concurrent diffusion process-
es, each with its own activation energy, and with their
relative contributions changing with temperature. The
activation energy for Cu* diffusion in CuBr is given in
Table II together with the corresponding activation ener-
gies for CuCl and Cul measured by the in situ tracer
method>”® and Arrhenius plots for CuCl and Cul are
shown for comparison in Fig. 4. The temperature inter-
val in which a-CuBr is stable is rather narrow, and it was
therefore impossible to determine an activation energy
for Cu* diffusion in @-CuBr. CuBr has the lowest activa-
tion energy of the three copper halides in the ¥ phase,
while the activation energies are almost equal for CuCl
and Cul. It is rather surprising that CuCl and Cul have
equal activation energies taking into account that the
iodide ions are considerably larger than chloride ions.
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D-6.0F 3
° 3 3 3
-7.0F E
-8 osnunul....I-...I....l..-.l--..l----E

1.3 1.4 1.5 1.6 1.7 1.8
1000/T (K V)

FIG. 3. Plot of logD versus 1000/T for CuBr. Points marked
with circles, diamonds, and squares belong to the a, B, and y
phases, respectively. The points in the ¥ and B phase were fitted
to an Arrhenius equation (solid line). D is in cm?/sec.
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TABLE II. Activation energies in eV for Cu™ diffusion in the
copper halides.

v phase B phase a phase Ref.
CuCl 1.4(1) 8
CuBr 1.21(7) 0.324(1)
Cul 1.30 0.91(9) 0.31 5,7

The activation energy found in B-CuBr is considerably
lower than the corresponding value for S-Cul. The ac-
tivation energies found in B-CuBr and a-Cul are quite
similar and from Figs. 3 and 4, it is seen that the diffusion
coefficient in B-CuBr is about two and four times larger
than the diffusion coefficients measured in a-Cul and -
Cul, respectively.

It is rather remarkable that the change in the diffusion
coefficient encountered by going from the B to the «
phase is so small in the case of CuBr. For CuCl and Cul
large jumps in the diffusion coefficients are observed at
the structural phase transitions which is also the case for
the y-B transition in CuBr. A recent conductivity study
of CuBr also shows a rather modest jump in the conduc-
tivity at the B-a transition.!! The high value of the
diffusion coefficient in the 8 phase of CuBr presumably
indicates that this phase is highly disordered with the
Cu' ions occupying both sets of tetrahedral holes in the
hexagonal structure. This view is supported by thermo-
dynamic measurements for the copper halides. The en-
tropy changes at the y-f3 transition are 7.115, 7.005, and
4.82 J/K mol, while the entropy changes during melting
are 10.178, 6.725, and 9.139 J/K mol for CuCl, CuBr,
and Cul, respectively.12 The B phases in both CuCl and
CuBr therefore have a higher degree of disorder than the
B-Cul phase. Furthermore NOlting has shown that the
specific heat increases in B-Cul and decreases in 5-CuBr
for increasing temperature. His explanation is that S-
CuBr is formed in a state where the cations are complete-
ly disordered but the cations in B-Cul are becoming in-
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3 > E
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FIG. 4. Arrhenius plot of tracer-diffusion coefficients for
CuCl and Cul measured by the in situ tracer-diffusion tech-
nique. D is in cm?/sec. Data for CuCl are taken from Ref. 8,
while the Cul data are from Refs. 5 and 7.
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creasingly disordered as the temperature is increased.!?

Safadi et al., in a recent conductivity measurement on
v-CuBr, have shown that the ionic conductivity is impur-
ity controlled below 573 K with a transition to intrinsic
Frenkel equilibria above this temperature. The activa-
tion energies were found to be 1.1 and 1.85 eV above and
below 573 K, respectively, leading to a migration enthal-
py of 1.1 eV and Frenkel energy of 1.50 eV. The activa-
tion energy or migration enthalpy in the 3 phase was
found to be 0.35 eV.!! These activation energies are in
reasonable agreement with the values obtained in the
present study.

A comparison of measured tracer-diffusion coefficients
and charge diffusion coefficient calculated from conduc-
tivity measurements can, in principle, yield information
about the microscopic diffusion mechanism. The charge
diffusing coefficient D, is related to the tracer-diffusion
coefficient D by the relation

=D
f= D, ’ (6)

where f is the Haven ratio. D, is related to the ionic
conductivity by the Nernst-Einstein equation:

kyT

qz——n(Ze)za R 7

where kjp is the Boltzmann constant, 7' is the temperature
in Kelvin, n and Z are the number density and charge of
the diffusing ion and e is the electronic charge. Table III
contains calculated values of f for the three copper
halides at selected temperatures in the a, B, and ¥ phases.
The Haven ratio f is smaller than or equal to one in the
case that the charge and mass transport are due to the
same diffusion process. As seen in Table III, f is however
greater than one for all the copper halide phases except
for a and B phase CuBr. Schifgen and Richtering made
the same observation in their study of y-CuBr and they
proposed that an additional transport process which does
not carry charge is taking place in y-CuBr.” Two copper
ions are interchanging sites in the proposed diffusion pro-
cess via intermediate jumps to an empty tetrahedral
copper site and no net charge is therefore moved in the
process. The zinc-blende structure is especially suited for
this type of diffusion process because only half of the
tetrahedral sites are occupied by copper ions. A full in-
vestigation of the diffusion processes in the copper
halides would however require that tracer-diffusion and
conductivity measurements are made on the same sam-
ples. In addition, an eventual contribution to the
diffusion process from grain-boundary diffusion should
also be taken into consideration which would require
knowledge about the grain-size distribution in the sam-
ple.

A full understanding of the role of ionic size, mass, and
polarizability for the ionic diffusion in and the dynamics
of copper halides will require molecular-dynamic simula-
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TABLE III. Conductivities, diffusion coefficients, and Haven ratios for the copper halides. Conduc-
tivity data are from Wagner and Wagner, Ref. 13 (CuCl and Cul) and from Safadi, Riess, and Tuller,

Ref. 11 (CuBr).

T K o(Q 'em™) D (cm?/sec) D, (cm?/sec) f
CuCl 624 1.45%1072 6.7(4)X 1077 1.93x 1077 3.5
CuBr 623 6.54X1072 1.80(4)x107¢ 1.05X 107 1.7 v phase
Cul 605 7.30X1073 1.9(4)x 1077 1.34Xx1077 1.4
CuBr 723 1.21 2.6(1)Xx107° 2.18%x107° 0.9 B phase
Cul 666 7.76 X 1072 5.53(4)X 107 1.58%x107¢ 3.5
CuBr 750 2.26 3.4(1)X1073 4.32X107° 0.8 a phase
Cul 763 0.1 2.2(4)X107° 2.386X107° 9.2
tions of all the phases for each compound. The results of ACKNOWLEDGMENTS

our tracer-diffusion studies will, in conjunction with ther-
modynamic quantities, be used as input parameters for an
evaluation of the validity of the interatomic potential
used in molecular-dynamics simulations of the copper
halides.
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