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Temperature-Dependent Activation Volumes in Zinc*
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Precision measurements of self-diffusion in zinc as a function of pressure indicate
that the activation volumes AV, and AV, respectively associated with the nonbasal and
basal vacancy jumps have a temperature dependence given by (0AV, /0T), =(6.2+1.9)
%1073 em®/mole °K and (8AV, /8T), =(7.6+3.4)x10"° cm®/mole °K. A model calculation
based on a Morse-like potential indicates that the frequencies of atomic vibrations in the
vicinity of the defect vary with pressure in a way that is consistent with these experi-

mentally measured quantities.

According to the usual assumptions of the valid-
ity of reaction rate theory and thermodynamics'®
in describing the diffusion jump of an atom in a
crystal, the study of the effect of hydrostatic
pressure on the self-diffusion coefficient D of a
pure metal gives information on the sum, AV, of
the volume changes AV, and AV, that are, re-
spectively, associated with the creation and mo-
tion of those defects participating in the diffusion
process. On thermodynamic grounds we would
expect the activation volume AV to be tempera-
ture dependent, since, according to one of Max-
well’s thermodynamic equations,

(8AV/8T), =~(8AS/3p) 1

=—[8(aS;+AS,)/0p ]y, (1)

where T is the absolute temperature, p is the
pressure, and AS is the sum of the entropy
changes AS; and AS,, respectively associated with
the formation and motion of the defect that is re-

sponsible for the volume change AV. As AS de-
pends on the way each perfect-crystal normal-
mode frequency is changed by the presence and
motion of the defect,? we would expect (8AS/8p) ,
and hence (8AV/37), to be nonzero, since the
pressure derivatives of the perfect and altered
frequencies for each mode should in general be
different. However, the typical precision of
~10% to which the self-diffusion activation vol-
ume has been measured for a variety of metals
has always precluded the unambiguous observa-
tion of a temperature-dependent activation vol-
ume. Curiously enough, in those experiments®3
where (8AS/8p) , has been estimated, Eq. (1) has
never been invoked to indicate a possibly temper-
ature-dependent activation volume AV, possibly
because the apparent trend of AV with T falls
within the experimental uncertainty in AV, It is
the primary purpose of this Letter to report re-
cent precision measurements of self-diffusion in
zinc as a function of pressure which indicate that
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the activation volume changes with temperature.
The experimentally measured values of (0AV/
38T), [hence (8AS/9p) ;] are shown to be consis-
tent with the way the estimated ratio of anhar-
monic to harmonic force constants varies with
lattice spacing or pressure.

Self-diffusion and isotope effect measurements
on zinc® “® have indicated that a basal and nonbas-
al vacancy mechanism are responsible for self-
diffusion. Accordingly, the activation volume AV,
associated with the nonbasal jump and the activa-
tion volume AV associated with the basal jump
are given by> *°

AV, = AV, +AV,°

=~RT(81nD_/8p) n+RTK, v, (2)
and

AV, =AV, +AV,°
=-RT[0In(D,~gD,)/8p )z +RTK,Y,, (3)

where R is the gas constant, T the absolute tem-
perature, g a geometrical factor, and the AV, ’s,
D’s, k’s, and ’s are the motional volumes, dif-
fusion coefficients, isothermal linear compress-
ibilities, and Griineisen constants, respectively,
associated with the a- and c-axis directions.
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FIG. 1. Isotherms of InD., InD,, and In(D,—gD,) vs
p for temperatures of 400.8 and 350.7°C for zinc.
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The self-diffusion coefficients were obtained
with Zn®® by the usual radiotracer, lathe-section-
ing technique. A precision of about 2% in the
measurement of AV was primarily achieved by
using molten tin as the medium of a temperature
bath'! to provide a totally submerged small pres-
sure vessel containing the zinc single-crystal a-
and c-axis diffusion specimens with an extremely
homogeneous and reproducible (+0.1°C) thermal
environment. In addition, since all diffusion an-
neals of the same temperature had exactly the
same duration, warm-up corrections, although
affecting the absolute value of the diffusion coef-
ficients by only about 2 9%, have absolutely no ef-
fect on the quantity (91nD/8p), and, hence, the
activation volume AV,

The isotherms of InD, vs p and In(D,-gD,) vs
p corresponding to temperatures of 400.8 and
350.7°C are shown in Fig. 1. As the isotherms
are obviously linear over the entire pressure
range of 100-9000 atm, least-squares values of
the slopes of lines fitted to the data were used to
determine (8 1nD,/8p)y and [8 In(D,—gD.)/8p] at
both temperatures. After the second terms of
Egs. (2) and (3) were evaluated by recourse to
the data of Griineisen and Goens'? and Alers and
Neighbours®® (these terms must be retained since
they are 2-3% of the first terms), these equa-
tions yielded values of AV, and AV, that appear
in Table I. It is apparent that both volumes in-
crease with increasing temperature, and that the
changes in both far exceed the limits of error on
the changes: i.e., (8AV,/8T),=(6.2+1.9) X102
cm®/mole °K and (8AV, /8T'),=(7.6+3.4) X103
cm®/mole °K. These changes are ten times too
great to be accounted for by thermal expansion
alone. According to Eq. (1), then, both (3AS,/
3p) r and (3AS,/8p) ; are negative.

We can understand the magnitude and sign of
the pressure derivative of the entropy by consid-
ering the following expression®:

AS=R};In(v;, /v;y). (4)

The v;, are the frequencies for lattice vibrations
in the perfect crystal, and the v;, are the fre-
quencies under the conditions where the defect is

Table I. Activation volumes for zinc.

T AV, AV,
(o)) (cm®/mole) (cm®/mole)
400.8 4.28 £0.08 4.30+0.14
350.7 3.97+0.05 3.92+0.09




VOLUME 26, NUMBER 17

PHYSICAL REVIEW LETTERS

26 ApriL 1971

present and moving. For simplicity we assume
an Einstein model in which an oscillator frequen-
cy is determined from the curvature at the bottom
of the potential well formed from only the pair-
wise interaction of an oscillator with its fixed
first-nearest neighbors. Furthermore, although

U(’Vj) =D[2 eXp{"3a(7’j —70)} -3 exp{—za(T

i _7'0)}]:

zinc is severely stretched along the ¢ axis, never-
theless, for simplicity we assumed an ideal hcp
structure and a direction-independent two-body
interaction patterned after the Morse potential.
The ion-core interaction energy U(rj) between
the jth ion and any of its nearest neighbors is
represented by

(5)

where D is the dissociation energy of an ion pair, 7, the equilibrium separation of a pair, r; is a gen-

eral, nonequilibrium separation of the jth ion and a nearest-neighbor ion, and a™*

is a range parame-

ter. The coefficients “2” and “3” were chosen in favor of the usual*! “1” and “2” to “narrow” the
range of interaction and thereby achieve a reasonably good fit to Harrison’s potential’® at a value of «
=1.32 A™' and »,=2.66 A. Substituting Eq. (5) in Eq. (4) and then differentiating with respect to the

pressure p, we obtain

Ud m ('Vj)

<8AS __R'r (26, + & )E [U,,"’(ro)

”n n
U,"(ry) Uy

dp

('rj) ’

(6)

where summing over the 20 ions closest to the vacancy is equivalent to including contributions from

ions out to the vacancy’s third-nearest neighbor.

Since AV, is typically about 20 % of AV " we ex-
pect that (8S;/8p) 7> (8AS,,/8p) r under the most likely condition that AV, and AV,, experience compa

rable fractional changes with changing temperature. Hence, (3AS,,/3,) is excluded from Eq. (6).

The sum in Eq. (6) was evaluated in terms of the first-,

second-, and third-nearest-neighbor dis-

placements d,, 6,, and 0,, all directed radially towards or away from the vacancy. The first- and
third-nearest neighbors were relaxed inwards while the second-nearest neighbors were relaxed out-

wards,

in accordance with patterns observed for vacancy relaxation in cubic metals.'® Fourth and

more distant neighbors were held fixed. Under these conditions we obtain, to second order in the dis-

placements from equilibrium:
9AS
),
FromEq (mn, for o= 1‘32A1 *266A and
8,=10"%,=0.266 A, varying & /6 from 0 to 0.5
changes (9AS/8p) ; by no more than 7%. Hence,
the third-nearest neighbors can be considered
fixed. When 6,/6, is varied from 0 to 0.5 and 6,
is varied from 5X10 %y, to 10 "1y, (8AS/8p),
varies from -2x107% cm®/mole °K to —=11x107
cm®/mole °K according to Eq. (7). Considering
the simplifying assumptions made in the calcula-
tion, this range of values is in remarkably good
agreement, both in sign and magnitude, with the
experimentally measured values of (8AV,/87),
=(6.2+1.9)x107 cm®/mole K and (8AV, /T),
=(7.6+3.4)x10= em®/mole °K. It should be noted
that a Born-Mayer—type potential, according to
Eq. (6), would predict (8AV/8T), =0, contrary
to our experimental results.

Our model can also be used to make an order-
of-magnitude estimate of (8AH/8T),,'° AH being
the activation enthalpy for self-diffusion. Since
differentiating AS with respect to T is equivalent
to replacing x by —a (« is either principal-axis
coefficient of thermal expansion) in Eq. (6), the

61/6 30

=-&-Q(2Ka+xc)a3612[545+(36~/—a6)-—2-+270(-2-> zowfsg? w5, 5. "Js' 30(5)2]‘ ("

! thermodynamic relation (8AH/8T), = T(3AS/8T),

is integrated to obtain

AH(T)-AH(T,)
-+|(2a, a3 Wl e _pn o

where T, is some reference temperature above
the Debye temperature. As the quantity in the
brackets varies by no more than 10% over a wide
temperature range, it was assumed to be con-
stant for the integration. The quadratic variation
of AH with T derived here is in contrast to the
linear dependence assumed by Nowick and Die-
nes.?® Furthermore, changes in AH calculated
from Eq. (8) can be some five to ten times larger
than those of Nowick and Dienes. From zinc
thermal-expansion data?! and our calculated
values of (8AS/8p),, the change in AH varies
from 0.2 to 1 kcal/mole over the range 250 to
400°C. Since atmospheric self-diffusion data for
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zinc® ® show no change in AH (to within the ex-
perimental uncertainty of +0.2 kcal/mole), it
would appear that the combination of relaxation
displacements that places (8AS/8p) , towards the
low end of the calculated range is most probable.
On the other hand, the parameters in Eq. (8) can
be varied over reasonable limits to yield changes
in AH of the order of 3 kcal/mole over typical
diffusion temperature ranges. This is large
enough possibly to account for the presumed?
curvature in the Arrhenius plot for self-diffusion
in gold in terms of a monovacancy mechansim
only,

In summary, a model calculation based on a
Morse-like potential indicates that the frequen-
cies of atomic vibrations in the vicinity of the de-
fect vary with pressure in a way that is consis-
tent with the observed temperature dependence of
the activation volume for zinc. It is expected
that more refined measurements for other metals
would disclose the same type of behavior.

The authors wish to express their gratitude to
Professor H. B. Huntington for many stimulating
discussions, suggestions, and encouragment
throughout this work.
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The overlap of the ground states of a many-fermion system in the absence and pres-
ence of a localized potential is recalculated using a method introduced by Rivier and
Simanek. Contrary to their claim, the result previously obtained by other methods is

recovered.

The calculation of the overlap between the
ground states of a fermion gas in the absence
and the presence of a scattering potential is the
simplest example of a class of related problems
which contain infrared divergences.! Other ex-
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amples occur in the problems of x-ray absorp-
tion in metals? and of magnetic impurities in
metals.®"® In a recent Letter® Rivier and Simanek
(RS) claim to have calculated an exact expres-
sion for the overlap which disagrees with that



