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0(z)= (NZePgt/Velirt)z . (22)

For c¢,, the longitudinal sound velocity, the ex-
pression corresponding to a continuugx with
Young’s modulus Y, Poisson’s ratio and mass

density MN/v were used:
Y(1-o0)
z: . 23
= GIN/)(L +0)(d = 20) (23)
The internal electric field is given by the gradient
of ¢(2),

)

Em=—V<: QO(Z)): AL

(24)
% _ LN ZeMg (1+0)(1 ~20)
tnt = £ 2 T2 Y1-0) °

Table I has some typical val'.es of -E.m.

Since the long-range phoons are mainly re-
sponsible for describing the gravitational com-
pression of the lattice, perhaps a better value for

RIEGER 2
TABLE I. Typical values of E, ;.
Material E(V/m)
Cu 4.0x107¢
Sn 6.2x107¢
Pb 1.1x107
Al 4,0%x107¢

¢, the electron-phonon coupling constant, can be
obtained from ultrasonic attenuation data than
from resistivity data. The magnitude of the grav-

ity-induced electric field is roughly an order of
magnitude smaller than the values given in Table

I, if ultrasonic data are used.
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The linear thermal expansion of pure lithium has been measured from 0 °C to the melting

point by dilatometric and x-ray methods.

Changes in length and lattice parameter were de-

termined, respectively, by means of a Fizeau-type precision interferometer and by a high-
angle backreflection x-ray technique. The two expansion curves diverge above 65°C in a
manner indicating the predominance of vacancy-type defects. If the divergence of the two
curves is assumed to be due only to monovacancies, the results yield a formation energy
Ef,=0.34+0.04 eV and a formation entropy S{,=(0.9+0.8)k. The value of E{, accounts for 0.63

of the activation energy for self-diffusion.

This result is much smaller than the correspond-

ing ratio for Na, and, in fact, is comparable to results reported for fcc metals. The results
are discussed in terms of the possible coexistence of monovacancies with either divacancies

or interstitials.

I. INTRODUCTION

The x-ray dilatometric method employed inthis
work has previously been used to determine the

equilibrium vacancy concentration in the following
fcc metals: Ag,' AL,% Au,® Cu,* and Pb.® Although
the vacancy concentration at the melting point var-
ies between 1, 7x10* and 9. 4x 10™* (mole fraction),
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the formation energy of a vacancy in this group of
metals is almost a constant fraction of the activa-
tion energy for self-diffusion (Ef,/Q=~ 0.57). Fur-
thermore, the entropy of formation for these fcc
metals is approximately constant with a value be-
tween 1 and 2.

Extension of these types of measurements to
metals other than fcc metals has only been report-
ed so far on the bee alkali metal Na.®” The re-
sults reported in Ref, 6 indicate that for Na the
vacancy formation energy accounts for almost the
entire self-diffusion activation energy, with the
ratio E/ ,/Q being as high as 0.9, This result,
which makes a striking contrast with the ratio for
fcc metals, is in excellent agreement with recent
calculations by Shyu ef al.! A second noteworthy
aspect of the results on sodium was the exception-
ally large value reported for the entropy of forma-
tion (S%,/k =5.8), when compared to values ob-
tained for the fcc metals, The high value for Na
was explained in terms of the vacancy possessing
a highly relaxed configuration, which is some-
times referred to as a relaxion. Such a configura-
tion can be rationalized in terms of the high com-
pressibility and more open structure of the alkali
metals. Thus, it might be expected that, just as
the fcc metals appear as a group to possess simi-
lar values of E%,/Q and S%,/k, the same may hold
for the alkali metals, The purpose of the present
work was to determine whether such conformabili-
ty existed between sodium, and a second alkali
metal, lithium,

A now familiar method of obtaining the equilibri-
um concentration of defects near the melting point
involves a comparison of the x-ray thermal expan-
sion as measured by the changes in lattice param-
eter and the bulk thermal expansion. The defect
concentration, expressed as a mole fraction of lat-
tice sites (AN/N), is given at temperature T by
the expression

AN/N =3(A1/1y- Aa/ay), (1)

where 7, and a, are the values of length and lattice
parameter, respectively, at a low reference tem-
perature, and Al and Aarepresentthe correspond-
ing changes in these quantities between the refer-
ence temperature and the temperature 7, A neg-
ative or positive value of A N/N indicates the pre-
dominance of interstitials or vacancies, respec-
tively. I a single species of defect is present,
then the observed A N/N will be temperature de-
pendent according to the following expression:

AN/N=Kexp(S}/k)exp(- E}/RT) , (2

where S%, and E/ are the entropy and enthalpy of
formation, respectively, of the defect, K is a con-
stant, k is Boltzmann’s constant, and T is the ab-

solute temperature. The magnitude of $%, accord-
ing to Huntington et al., ® will depend upon the type
of defect present. For example, as the lattice re-
laxes about a vacant lattice site the vibrational
frequencies decrease, thereby increasing the value
of S%. Inthe analysis of any experiment which de-
termines the concentration of defects, considera-
tion must be given to the possibility that more than
one defect is present, For the present case, we
will only be concerned with three types of defects,
the monovacancy, the divacancy, and the inter-
stitial. The equations relating the concentration
of each defect with the entropy and enthalpy values
are as follows:

For monovacancies,

C,, =exp(S{,/R) exp(- E{,/kT); ®)
and for divancies,
Cay =4 exp(S4,/k) exp( - Ef,/RT), (4)

where 4 is the number of distinguishable orienta-
tions of a divacancy in the bcc lattice.
For interstitials,

C, =exp(S%/k)exp(—- Ef /kT) . (5)

If ES, is the binding energy of two vacancies to
form a divacancy and S}, is the binding entropy of
a divacancy, then the energy and entropy of forma
tion of a divacancy are given by

E£v=2E{D_Egv ’ (6)

slev = zs{v - ng . (7)

The simultaneous presence of these defects will
produce a value of A N/N which is given by

AN/N=C,, +2C,, - C; . (8)

It should be noted from Eq. (8) that where more
than one species of defect is present, the x-ray
dilatometric measurements [Eq. (1)] yield only
the net defect concentration, In such a case, the
determination of the individual defect concentra-
tions requires additional information, such as may
be obtained, for example, from resistivity mea-
surements., This will be discussed further in Sec,
IVC.

II. EXPERIMENTAL METHOD

A. Specimen Preparation

A modified Bridgman technique was used to grow
single crystals of high-purity zone-refined lithi-
um in a grease-coated stainless steel mold. Since
the density of lithium is less than the density of
the liquefied apiezon grease used to protect the
Li slugs from oxidation, it was necessary to grow
the Li crystals from the top down. The mold, con-
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sisting of three sections, followed the design of
Nash and Smith,!® The upper section provides a
cavity of only 75 in. diameter, which serves to
produce a thin seed from which the larger crystal
is grown. The mold assembly was placed on an
adjustable pedestal which was inserted in a small
tubular furnace which could be raised or lowered
by a variable-speed motor, The entire apparatus
was enveloped in an argon-filled plastic glove bag.
The furnace was lowered at about 1 in./h., The
yield of Li single crystals was almost 100%. The
size of crystal obtained from the midsection of the
mold was % in. in diameter and 3 in. long. Re-
moval was easily accomplished after the mold was
separated into its three sections. The crystal was
oriented on a goniometer table and made rigid by
dipping the assembly into liquid paraffin, The ori-
entation of the (420) plane was determined by the
backreflection Laue technique. Satisfactory pat-
terns were obtained only when the exposure was
made with the x-ray tube held at about 10 kV and
20 mA, with an exposure time of about 4 h. Crys-
tals were cut on a spark cutter into several disks
0. 5 cm thick and one 5. 2-cm rod, to provide the
x-ray and dilatometer samples. The disk cuts
were all made parallel to the (420) plane. The
supporting paraffin was then removed from the
disks, and these were then etched in methyl alco-
hol and stored in hexane to prevent oxidation.

The 5. 2-cm-long cylindrical specimen was
cleaned of all paraffin and immersed in light min-
eral oil. The ends were flattened and made paral-
lel by compressing the sample to a length of 5 cm,
using the jig previously described in the work on
sodium.® The specimen was cleaned in hexane
prior to insertion into the dilatometer, In handling
the samples, it was observed that the oxidation
rate of Li was much lower than that of Na, For-
tunately, therefore, difficulties encountered with
Na were not present with lithium. Specifically, no
hysteresis was observed in the thermal expansion
behavior., This will be discussed later in the pa-

per.
B. X-Ray Method

The x-ray equipment used to measure the lattice
parameter as a function of temperature is similar
to that described in previous work.® The (420)
crystal plane and CuK a radiation provide a rea-
sonably high-angle reflection. Over the tempera-
ture range from 0 to 180 °C, the corresponding
Bragg angle varied from 79° to 77°, respectively.
Because of the low values of the atomic scattering
factor and the absorption coefficient for Li, the
peak-to-background intensity ratio of the (420) re-
flection is relatively low. This necessitated com-
paratively long counting times during the step scan-

ning operation over each peak, The counting time
was increased with increasing temperature to give
statistics such that the peak position of the reflec-
tion could be determined to within one part in 10°.

C. Dilatometric Method

The changes in length as a function of tempera-
ture were measured using a Fizeau-type interferom-
eter. The equipment used for this measurement
has also been described previously.® A He-Ne la-
ser is used as the light source and the fringes are
counted automatically by a two-phototube system.
The precision of measurement for a 5-cm speci~
men was approximately 1 ppm. A minor change
in technique was necessitated by the use of a speci-
men in the form of a solid rod rather than a tube.
In the present case, the upper optical flat was ar-
ranged to overhang the top surface of the specimen,
so as to create a region at the side of the specimen
for the appearance of the fringe pattern.

III. RESULTS

All thermal-expansion measurements of the x-
ray lattice constant and the bulk crystal of Li were
observed to be completely reversible during all
heating and cooling cycles. This behavior con-
trasts with that of sodium, where exposure to air
at room temperature for as little as 2 min causes
the macroscopic thermal expansion to exhibit an
irreversible behavior.® Dilatometric reversibility
was only obtained with Na specimens which were
carefully protected from oxidation. The absence
of irreversibility for the Li samples is consistent
with their noticeably lower oxidation rate. Expan-
sion measurements were obtained from three sepa-
rate specimens, and these are plotted versus tem-
perature in Fig. 1 as the fractional change in
length (Al/1,) and the fractional change in the lat-
tice constant (Aa/a,). The lattice constant and
length measurements were made from 0 to 179 °C.
Smooth curves were drawn through the A1/l points
and Aa/a,, respectively. The lower-temperature
scale and the right-hand (A1/ly), (Aa/a,) scales
refer to the lower curves. The upper-temperature
scale and left-hand (A1/1y), (Aa/a,) scales belong
to the upper set of curves, The two expansion
curves coincide from 0 to about 65 °C and subse-
quently diverge. For convenience, the two sets of
measurements were pinned at 20 °C., The absolute
value of the lattice parameter at 20 °C was obtained
by averaging over five specimens and found to be
3.50914 A. This compares favorably with the lat-
tice constant given in the International Tables!® (g,,
=3.5092 A). The data points obtained from the
length measurements represent results from runs
on three specimens. The circular symbols repre-
sent the dilatometric thermal expansion and the
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30 FIG. 1. Length and lattice-parameter
expansion of lithium versus temperature.
Curves A (31-110°C) are represented by
lower and right-hand scales; curves B by
left and upper scales. Circles represent
length changes while triangles represent
lattice parameter changes. Open sym-
204 bols are used for heating runs and filled
symbols for cooling runs.
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triangles represent the thermal expansion as mea-
sured by changes in the x-ray lattice parameter,
Open symbols denote results of heating, whereas
the solid symbols denote values on cooling. InFig.
1, the maximum deviation of any experimental
point from the corresponding drawn curve is
1x105, The difference between the two curves
(Al/14~- Aa/ay) is 1.47x10™ at the melting point,
Thus, from Eq. (8), the corresponding net defect
concentration AN/N is 4.4x10™,

The data points for Aa/a do not, in general, fall
atthe same temperatures as those for Al/l,. Also,
as was previously mentioned, the precision of
Al/l, is much greater than that of Aa/a,. Conse-
quently, AN/N was determined as a function of
temperature by taking the difference between the
x-ray experimental points and the smooth curve
for the macroscopic expansion, Figure 2 shows
this difference in a semilogarithmic plot of AN/N
asafunctionofthe reciprocal temperature, When-
ever several x-ray measurements were made at
a given temperature, these values were averaged.
The vertical bars in Fig., 2 show the average error
for each point, which is 1 part in 105, Although
bars are shown for only a few of the data points,
this error applies to all of the points. The solid
line is the best straight line that could be drawn
through the data points. Although a straight line

TR N NN U WY NN SN SR (RN SN (N R R S SR
35 40 45 50 55 60 65 70 75 80 85 90 95 100 105 IO 115

was drawn through the data points, it is conceiv-
able that a curve could have been drawn through
the points with a slight negative curvature. With
one exception, all points are within 3 parts in 10°
of the drawn line, The values derived from the ex-
perimental slope and intercept of Fig. 2 will be
defined as an “effective” formation energy E* and
entropy of formation S*, Only when a single de-
fect exists can E be set equal to EJ and S* to S7.
From Fig. 2, we obtained the value of E = 0. 34
+0, 04 eV from the slope of the curve and S¥/%
=0.9+0.8 eu from the intercept of 1/7=0.

IV. DISCUSSION

It can be seen from Fig. 1 that once the Al/]
and Aa/a curves diverge Al/l is always greater
at any given temperature, Hence, the positive
value of AN/N=3(A1/I - Aa/a) shows that the pre-
dominant defect in thermodynamic equilibrium at
elevated temperatures is of the vacancy type. Fur-
thermore, the difference between the curves plot-
ted in Fig. 2 indicates that, within experimental
error, the defect concentration varies exponential-
ly with 1/7. This is consistent with the presence
of a single-defect species,

As shown in Table I, a comparison of the values
of Ef and S¥/k reported for Na and the present ex-
perimental values for Li reveal that, despite the
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FIG. 2. Semilogarithmic plot of net-defect concen-
tration versus reciprocal temperature. Bars represent
average error for each datum point.

higher melting point, Ef (Li) is less than E¥ (Na).
Also, S%k (Li) is appreciably less than S¥/2 (Na).
In terms of these parameters, Li is quite different
from Na. An analysis of the results on Na indicate
quite strongly that the vacancy was the major de-
fect present, sothat Ef (Na)=E{, (Na)and S’/£(Na)
=8%,/k (Na). Accordingly, we shall first examine
the consequences of a similar assignment for Li.
Following this, consideration will be given the re-
sults in terms of the coexistence of vacancies with
other species of defects,

A. Monovacancies

If we assume that the defect concentration (Fig.
2) is due only to single vacancies, we have the va-
cancy-formation energy (E{,) from the slope and
the entropy of formation (S%,) from the intercept
of the curve at 1/7'=0. This gives a value of 0. 34
eV for the formation energy and 0, 9 eu for the en-
tropy of formation. If we use the average value @
=0. 54+0. 04 for the self-diffusion activation ener-
gies reported by Ailion and Slichter!! and Hultsch
and Barnes,? the ratio Ef,/Q is found to be 0. 63.
This value is somewhat greater than the ratio found
for fcc metals, and substantially less than the val-

ue E%,/Q=0.9 found for bcc sodium, I we sub-
tract the present value of E{, from the value of @
we obtain a value of 0,20+ 0. 06 eV for the activa-
tion energy for vacancy motion E7,. The best
values to date of the principal parameters for Li
and Na are listed in Table I,

It is somewhat surprising that the two alkali
metals are not more similar in the values of Ef
given in Table I, It can be seen from Table I that
the values of @ for Li and Na correlate in the ex-
pected way with their melting points, and the same
behavior could have been expected for E{,. How-
ever, our results show that despite this expectation
the formation energy Ef, (Li) < Ef, (Na). The only
experimental comparison that can be made with
the present result is the excess resistivity mea-
surement of MacDonald!® who reported a formation
energy of 0.40+ 0,02 eV, Even though this result
is somewhat higher than ours, there is agreement
within experimental error, MacDonald’s findings
again point to the conclusion that (Ef/Q).,
<(E'/Q)y.. The present results may also be com-
pared with the theoretical calculations of Kojima,!*
McClellan'® and Fumi.'® Kojima applied a correc-
tion to a Huntington-Seitz-type calculation and
found E{, =0.4 eV. McClellan obtained a value of
Ef,=0.33 eV from a strain energy calculation.
Fumi, calculating the changes in potential upon
the creation of a vacancy, obtained Ef, =0. 55 eV.
If one uses a simplified shear-strain energy ap-
proach for Li as proposed by Lazarus,'” the va-
cancy-motion energy for Li would be ET, =0. 28
eV, implying that Ef, =0. 26 eV. Except for the
calculation made by Fumi, the other calculations
are consistent with the assignment of the result
E’=0.34 eV as the vacancy-formation energy.
The weight of theoretical evidence apparently sup-
ports the view that EY (Li)<E’ (Na).

A comparison of the S¥/% values for Li and Na
again reveals significant differences between the
two metals. A high value of S*/k as found for Na
is usually taken as indicative of a highly relaxed
vacancy configuration, This could have been ex-
pected for Li but surprisingly is not the case. The
relatively low values of S*/% and E*/% for Li make
it look much more likeafcc metal. The unexpect-
ed low value of S%/ for Li is an apparent contra-

TABLE I. Principal parameters for Li and Na.

Li Na
Q(eV) 0.54+0.02 0.445 +0.015
(Refs. 11 and 12) (Ref. 19)
S/k 2.0 3.5 £0.7
E* (eV) observed 0.34+0.04 0.42 +0,03
S%/k observed 0.9 +0.8 5.8 1.1
E™ (eV) 0.19 0.04
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diction to the results of pressure experiments on
self-diffusion by Hultsch and Barnes.'? These in-
vestigators found that a pressure of 7000 atm re-
duced the self-diffusion coefficient in Li by a fac-
tor of 3, whereas a pressure of 3000 atm reduced
the self-diffusion coefficient in Na by a factor of

6. From measurements of this type, the activa-
tion volume ratio A V/V, was found to be 0. 28 for
Li and 0. 41 for Na, which indicates that the relax-
ation about a vacancy is even larger in Li than it
is in Na.'® It might have been expected, therefore,
that S%/% for Li should have been even larger than
the value for Na. This explicitly is not the case.
The cause of this anomaly may reside in the as-
sumption that S¥/2 monotonically increases as the
relaxation becomes progressively larger. In one
respect, the concept that the vacancy in Li is even
more highly relaxed than in Na does appear to be
consistent with the present findings. As Hultsch
and Barnes have pointed out, the energy for an at-
om to jump into a vacancy may increase as the re-
laxation becomes larger, This implied that E [,
for Li should be greater than for Na, in accord
with the present interpretation.

In summary, starting with the assumption that
monovacancies are the only defect species present,
we must conclude that the parameters character-
izing the vacancy concentration in Li resemble
those for the noble fcc metals more closely than
they do for Na, In the remainder of the discussion,
we shall attempt to see how this conclusion can be
modified by considering the coexistence of mono-
vacancies with other defects. In view of the sharp
contrast between the present results on Li and
those previously reported for Na, we have sought
in particular to find schemes for which E, and
$%, would assume higher values.

B. Coexistence of Monovacancies and Divacancies

For this situation, Eq.- (8) reduces to AN/N
=C,, +2C,,. From this expression, we can con-
clude that the exponentials for C;, and C,, mustbe
below the A N/N curve at all temperatures. If we
then require that E, > Ef, we must assume that
E%, < Ef,. This is in itself a most unlikely situa-
tion. Furthermore, even if this condition is as-
sumed, highly unrealistic values of S}, are re-
quired to obtain the required fit to the A N/N plot.
We may conclude, therefore, that coexistence with
divacancies cannot serve to explain the difference
in the Ef and S¥/k values between Li and Na,

C. Coexistence of Monovacancies and Interstitials

The expressionto cover the coexistence of mono-
vacancies and interstitials for the present type of
measurement is AN/N=C, - C;. In contrast, it
should be noted that in a resistivity type of mea-

surement, such as performed by MacDonald,'? the
net resistivity change Ap/p would be the sum of
terms AC, + BC;, where the constants A and B
give the resistivity change per unit concentration
of defects. With this in mind an attempt has been
made to compare MacDonald’s data with the pres-
ent results, To do so, the following assumptions
were made: (a) The constants A and B were as-
sumed equal; (b) the total defect concentration in
Li at its melting point was taken to be roughly the
same as that for Na at its melting point, With
these assumptions, MacDonald’s data can be trans-
formed to the plot marked (C, +C;) in Fig. 3, for
comparison with the A N/N curve (which is now
regarded as the C, - C; curve). Using these two
curves we obtain the curves for C, and C; sepa-
rately as shown in Fig. 3. From these we obtain
the values of E, =0.37 eV, ${,=2.0 and Ef
=0.47 eV, S%/k=3.1. The reason that this new
estimate of Ef, is not appreciably higher than the
E’ value of Table I is that this value of Ef is only
slightly smaller than the E/ value obtained by Mac-
Donald (0.4 eV). In fact, it appears that the rela-
tively small difference between these values of E*
can be even further reduced by drawing a different

10 I T | T I
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FIG. 3. Combined analysis of MacDonald’s resistivity
data and the present AN/N data, according to the assump-
tions made in the text.
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line through MacDonald’s data to give less weight
to the uppermost data point. Thus, the evidence
suggests that EX cannot be greatly different from
Ef,. This conclusion was reinforced by perform-
ing graphical exercises in which attempts were
made to force E{, and S%,/k to higher values, such
that S%,/k~ 5 and Ef,/Q has the value 0.9 found
for Na. While such self-consistent analysis can
be performed (and indeed yield the slight negative
curvature exhibited by the data points in Fig, 2),
the required entropy factors for the interstitial are
so large and positive (S} /%~ 9) that the realism of
such constructions is open to considerable doubt.

V. CONCLUSIONS

It is clear that the vacancies are the predomi-
nant defect in Li, as they are in Na. However,
the values for E and S*/k for these metals are not
similar, Attempts to explain the differences in
terms of coexistence of vacancies with other de-
fects have not been successful and, in fact, serve
to reinforce the view that Ef, for Li cannot be
greatly different from the measured value E

(1)

=0.34 eV, Though this is significantly smaller
than the value found for Na (0.42 eV), this result
appears to be consistent with MacDonald’s mea-
surements and with the tenor of theoretical calcu-
lations. As a corollary, it appears, therefore,
that the migration of a vacancy in Li is appreciably
higher than in Na, Perhaps the most surprising
single result of this work is the finding that the
vacancy entropy factor in Li is of comparable val-
ue to those found for the noble metals, since the
work of Hultsch and Barnes gives strong evidence
that the vacancy configuration in Li is very highly
relaxed. This result suggests that new theoretical
calculations to obtain the entropy factor for vari-
ous large degrees of relaxation would be of value.
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