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The effect of hydrostatic pressure up to 9.5 kbar on the annealing rate of the excess resistivity in quenched
aluminum was measured in two annealing regions. One was at —65°C following quenches from 580°C and
the other at 0°C following quenches from 331°C. Effective activation volumes for motion were determined
to be (3.02:0.3) X107 cm?® and (2.840.3)X10"2* cm3, respectively. These results were interpreted in
terms of vacancy and divacancy motion. The —65°C anneal value represents the motion of divacancies.
The 0°C anneal value cannot unambiguously be assigend to a single type of defect. However, assignment
of a single-vacancy motional volume close to the 0°C anneal value is consistent with these and diffusion
results if it is assumed that there is a divacancy contribution to self-diffusion in aluminum, or that the

motional volume is temperature-dependent.

I. INTRODUCTION

ARGE nonequilibrium concentrations of vacancies
and vacancy multiples are produced by rapidly
quenching an fcc metal from high temperatures. The
vacancies and divacancies are mobile in appropriate
temperature ranges and can migrate through the lattice
until they reach a sink and are absorbed.! The applica-
tion of hydrostatic pressure changes the amount of
energy necessary for an atom neighboring a vacant site
to jump into it. The change in energy is equal to the
external pressure times the motional volume or lattice
dilatation as the jumping atom goes from a filled site
to the saddle point between vacant sites.? The motional
volume associated with the annealing mechanism can
be determined from a measurement of the effect of
pressure on the decay rate of excess resistivity caused
by the defect concentrations. Since the mechanism
usually involves more than one atomic process, associa-
tion of the derived motional volume with a particular
atomic process is difficult.

Pressure studies of the defect properties of aluminum
to date have determined the activation volume of
self-diffusion AVsqs and the formation volumes of
vacancies AV, and of divacancies AV,**. When self-
diffusion occurs by the vacancy mechanism, diffusion
theory3 shows that AV is the sum of AV;® and AV ,,?,
the motional activation volume for vacancies. Butcher,
Hutto, and Ruoff* found that in aluminum AV
=135V, by a high-temperature creep experiment.
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The radioactive-tracer diffusion technique was used by
Beyeler and Adda,’ who found AV,q=1.29V,. Norris®
measured the effect of pressure on the annealing of
prismatic dislocation loops in quenched aluminum and
concluded that AV, fell between 0.44V, and 0.87V,.
The atomic volume V, of aluminum at 20°C and
atmospheric pressure is 16.6X10-24 cm?.

Emrick and McArdle” quenched aluminum wires at
high pressure and found AV ,*=0.64V,. Bourassa, Laza-
rus, and Blackburn® (BLB) measured the effect of pres-
sure on the thermoelectric power and the electrical
resistance of aluminum. The thermoelectric power ex-
periment yielded a value for AV,* of 0.54V, and a
divacancy formation volume AV ** of 0.96V,. The pres-
sure effect on the electrical resistance yielded values
for AV, of 0.60V, and AV *<1.45V,.

If we subtract the quenching and BLB values of
AV® from the diffusion values of AV and assume the
single-vacancy diffusion mechanism, a value of AV’
of about 0.7V, is obtained. Although no calculations or
measurements of AV ,,* have been made for aluminum,
this value is much larger than might be expected on the
basis of calculations for other materials and on the only
other AV ,, measurement to data. The latter was a value
of 0.15V, in gold.® In the case of gold this value of
AV ,, plus AV, 7.8 is just within experimental error of
AV 4 determined by pressure diffusion experiments.?5:10
On the basis of existing data for aluminum, one can
conclude that AV ,? is indeed very large, that large
errors exist in the AVq or AV;? measurements, or that
single vacancies alone are not responsible for self-
diffusion. The agreement between the two AV
measurements and between the AV;* measurements by
different techniques reduces the likelihood of such large
experimental errors. A measurement of the effect of
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1 PRESSURE EFFECT ON DEFECT MIGRATION IN Al

pressure on the annealing rate of defects quenched into
aluminum would help resolve the problem. We chose to
measure the pressure effect on annealing under two
widely separated sets of conditions. Ideally, one would
like to observe the motion of single vacancies and
divacancies separately.

To decide the appropriate temperature ranges, we
must consider earlier quench data. Doyama and
Koehler did extensive annealing studies of quenched
zone-refined aluminum. They attributed the value of
AV, derived from —50 and —60°C anneals after
538°C quenches to divacancies. They argued that
immediately after the quench one should have only
single vacancies and divacancies, since there was not
enough time for large clusters to form. Because the
jump rate of the vacancy is three orders of magnitude
smaller than that of the divacancy, the annealing
process is dominated by divacancies. If the divacancies
are then annihilated at dislocations, the motional
energy derived for the process is E,*. Their value of
E," of 0.5040.04 eV along with the value E,,>=0.68
eV is consistent with the postulated jump rates at
—60°C. They point out, however, that for cluster
formation, such a simple model would not be adequate.
Nonetheless, they base their value of E,’ on the
consistency of the arguments of divacancies annealing
to dislocations. Desorbo and Turnbull? found a
motional energy of 0.654-0.06 eV for aluminum
quenched from below 300°C. This energy can be
attributed to single-vacancy motion if one assumes
that the defect concentration is so low that few singles
have the chance to combine before reaching a sink.
Doyama and Koehler! found E,°#=0.61 eV in a
specimen quenched from 301°C. As will be discussed in
Sec. II, our lowest practical quench temperature was
331°C. The implication of quench results for such a
temperature will be considered in the Discussion.

Let us assume that the anneal proceeds by a single
mechanism. The migration rate of the mobile defect
is proportional to its jump frequency. Statistical rate
calculations'®** show that the jump frequency is given

by
T'=peAGnlkT 1)

where v is an effective frequency and AG, is the
change in the Gibbs free energy of the crystal as the
defect goes from an equilibrium position to a saddle
point. The motional volume is defined by the thermo-

dynamic relation
0AGn
AV,,.=(——) . (2)
aP /rp
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When the decay of excess resistivity Ap is controlled
by the migration of one type of defect, the decay rate of
In(Ap) is given by

1
——=—f(48p)T, 3
Ap dt

where the functional form of f(Ap) depends on the
vacancy-loss mechanism. We have assumed that the
defect concentration is directly proportional to Ap.
For convenience, let —Z(Ap) be defined as the slope
of the resistance decay curve (1/Ap)(dAp/dt). By
combining Egs. (1)-(3), we can write the motional
volume of the defect as

a le)
AV = —le:(— lnE) —-(— 1nv>
P 7 \JP T

—(f}; lnf(Ap))T]- @

The first term is determined experimentally. The last
term depends on the nature of the defect sinks in the
metal and on the kinetics of the anneal. The pressure
dependence of the frequency term can be written as

9 lny
( ) —— )
oP /rp

where v ¢ is Griineisen’s constant and k7 is the isothermal
compressibility. The last two terms in Eq. (4) are
usually small. Our procedure, then, is to measure
d1nZ/0P experimentally for two extreme -quench
temperatures and to determine the effective AV ,, for
each temperature by the use of Eq. (4).

II. EXPERIMENTAL PROCEDURE
Sample Preparation

The samples consisted of a specimen and a dummy
specimen made from 0.014-in.-diam aluminum wire of
99.9999%, purity supplied by Cominco American, Inc.,
Spokane, Wash. After the expansion loops were bent
into the specimen and dummy wires, the wires were
etched in a solution of 73%, phosphoric acid, 23%, sul-
furic acid, and 4%, nitric acid. The samples were then
mounted in a frame which was fastened to the pressure
plug,® and potential leads of 0.002-in.-diam, 99.999%,
purity aluminum wire were spot-welded about 7.5 cm
apart on both the specimen and dummy. During the
spot welding, care was taken to position the potential
leads to reduce the difference in resistance of the gauge
lengths of the specimen and dummy to less than 100
pQ. This procedure reduced the effect of temperature
fluctuations during the experimental runs to below the
resolution of the measuring circuit. The samples were
then annealed for 3 h at 550°C, 1 h at 300°C, and 3 h
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at 100°C to remove any strains due to cold work. This
procedure was repeated after each run to remove any
strains produced in quenching and to anneal out any
remaining quenched-in defects.

General Experimental Techniques and Equipment

The pressure system is a standard liquid system with
an intensifier and separate pressure vessel. The pressure
fluid used was a mixture of equal volumes of pentane
and isopentane, which remains liquid in the pressure
range 1 bar to 10 kbar down to —78°C. A manganin
gauge calibrated at the freezing point of mercury at 0°C
(7574 bar) was used to measure the pressure in the
system. A Chromel-Alumel thermocouple was used to
monitor the internal temperature of the pressure vessel.
Steel or Chromel and Alumel cones insulated by lavite
were used to bring the electrical leads out of the vessel.
Lead resistance to the vessel was always greater than
1 MQ.

During the anneals, the pressure vessel was immersed
in a bath maintained at constant temperature. The
0°C bath was made by packing wet ice around a bath
of kerosene and allowing the vessel and bath to come to
equilibrium. The —65°C bath was made by packing
dry ice around an insulated container of ethanol. The
bath and pressure vessel temperature was maintained
by a heating coil in the bath. The bath temperatures
were measured by the American Society for Testing
Materials (ASTM) thermometers and found to be
(0.04-0.1) and (—65.040.1)°C. The temperature
fluctuations inside the pressure vessel were measured by
the internal thermocouple and were found to be less
than 0.01°C/h, except for the transient produced by a
pressure change. This transient decayed to less than
0.01°C/h in about 1 h.

The quenched-in resistance was measured using the
procedure first described by Bauerle and Koehler.!s
The measuring current passed through the specimen
and dummy was 0.100002=0.00001 A. The steady ther-
mal emf’s in the circuit were cancelled out by measur-
ing with currents in the forward and reverse directions.
A Rubicon microvolt potentiometer with a Rubicon
photoelectric galvanometer made it possible to deter-
mine §R, the specimen minus the dummy resistance, to
+0.05 pQ. This resistivity sensitivity limited the mini-
mum usable quench temperature T to about 330°C.
The resistance quenched in from temperatures less than
this could not be measured with sufficient accuracy to
give meaningful results.

The base resistance difference 6 R, of the well-annealed
specimen and dummy shifted during the 300 and 550°C
anneals. Also it was found to shift when the specimen
was brought up to the quench temperature of 331°C
and then annealed at 100°C for % h without quenching.
This change in §R, was small and in the case of the

% J. E. Bauerle and J. S. Koehler, Phys. Rev. 107, 1493 (1957).
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580°C quenches the base resistance was taken to be the
R, measured before the quench. However, in the
analysis of the annealing runs after the 331°C quenches
the shift was significant. Consequently, the base
resistance difference was taken to be the resistance
difference 6R; measured at the end of these runs after
an anneal at room temperature for 23 h.

The room-temperature annealing time was found to
be long enough to stabilize the resistance difference Ry
asit did not change with further aging at room tempera-
ture. Since Desorbo and Turnbull!® have found that all
of the excess resistance produced by quenching from
270 to 332°C anneals out during isothermal holds at 0
and 27°C using a low-temperature measuring technique, -
0R; was assumed to be the base resistance difference.

Quenching and Annealing Procedure

The specimen was placed horizontally over a quench
bath of hexane at —78°C and heated by a dc current
to the quench temperature. The quench was performed
by allowing the sample and pressure plug to fall into
the quench bath just before shutting off the heating
current. The quench rate is estimated to have been
10* °C/sec by comparing the quenched-in resistivity
with the results obtained by Bass.!”

After the quenches from 331°C, the samples were
annealed isobarically at pressures ranging from 1 atm
to 9.5 kbar at a temperature of 0°C for about 26 h.
Resistance measurements were made during the first
8-12 h of the anneal to determine the rate of decay.
The base resistance difference between the specimen and
the dummy was measured at the annealing temperature
and pressure after an anneal at 25°C for 2§ h. New
specimens were used after every two or three runs to
avoid possible contamination of the aluminum wire from
solder joints or the pressure fluid. Each was given the
standard annealing procedure. Bass'” cites evidence
that the sink density does not differ appreciably
between specimens so prepared if they are made from
the same spool of wire.

The quenches from 380°C produced a large excess
resistivity (about 4X10~% uQ cm) which allowed the
use of the slope change method of analysis. The initial
anneal was done at various hydrostatic pressures
ranging from 1 atm to 9.5 kbar at an annealing tempera-
ture of —65°C. After about 5X 10~ uQ cm had annealed
out, the pressure was changed to the reference pressure
of 1 atm and resistance measurements were continued
until an additional 5)X10~* uQ cm annealed out. After
an additional anneal of 14 h, the resistance difference
between the specimen and dummy was measured at
both the initial and reference pressure. By this time,
about 609, of the quenched-in resistance had annealed
out and the resistance difference 6R; was almost
constant, déR/di<0.05 uQ/h. The remaining excess

16 W. Desorbo and D. Turnbull, Acta Met. 7, 83 (1959).
17 J. Bass, Phil. Mag. 15, 717 (1967).
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TastE I Influence of pressure on the annealing rate of
aluminum after 580°C quenches.

Specimen =, (h™?) o (h™7) (Z»/Z0) AP (kbar)
A 0.117 0.100 1.17 0.00
A 0.090 0.092 0.98 1.00
B 0.146 0.160 0.91 3.00
B 0.102 0.146 0.70 4.97
B 0.098 0.167 0.54 6.96
B 0.068 0.147 0.46 9.12
B 0.064 0.125 0.51 9.10

resistance was assumed to be due to the stage-II
defect concentration!’®* and the remaining vacancy
concentration.

III. RESULTS

Two resistance-decay curves following quenches from
580°C are shown in Fig. 1. Table I lists the results
obtained in the anneals after the high-temperature
quenches. Z, is the slope of the decay curve measured
at high pressure, and 2 is the slope measured at 1 atm.
The values of (2,/2,) versus pressure are plotted in
Fig. 2. Within the experimental error, the pressure
dependence of In(2,/Z,) is linear and the value found
for the slope using a least-squares fit is

(2

= —0.09620.009 kbar-'.  (6)

Figure 3 shows resistance-decay curves for three
isobars after the quenches from 331°C. Table IT lists

T T T T T T
O
T, 580°C
o
T, -65°C
e AP 9.2 kbar
3.2F A AP 49T7kbar b
T 30 .
d
o
o 2.8+ J
o
pur}
261 4
24} 4
2.2} E
2.0
L 1 1 1 1 1

(o] 2 4 6 8 10 12
TIME (hours)

F1c. 1. Influence of pressure on the isothermal annealing rate.
Time origins are arbitrarily displaced for clarity.

18T, Federigi, in Lattice Defects in Quenched Metals, edited by
R. M. J. Cotterill, M. Doyama, J. J. Jackson, and M. Meshii
(Academic, New York, 1965), p. 217.
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T T T T

T, 580°C
-65°C

1 1 1

AP (kbar)

F16. 2. Semilogarithmic plot of =,/ versus AP, where AP
is the difference between the pressures at which the annealing
rates 2, and =, were measured.

T T T T T T
T, 33°C
T, OC

A | kbar
ok B 4.97 kbar 4
® 940 kbar

-20-

-40F _
3
-60} £
d
o
-80F 8
=
’ A
-100F

TIME (hours)

F16. 3. Isothermal anneals at 3 isobars. Time origins
are arbitrarily displaced for clarity.

the values of the slopes of the resistance-decay curves
found in this region between the excess resistivity
values Ap; and Aps. Figure 3 is a semilog plot of 2 as a
function of pressure. The pressure dependence of In(2)

TaBrE II. Annealing rate of aluminum quenched from 331°C.

Apy Aps P> P
Specimen (107 uQ cm) (1074 uQ2 cm) (h™) (kbar)
C 3.7 2.5 0.043 9.20
C 3.7 2.5 0.055 9.06
D 3.6 1.7 0.089 1.00
E 3.6 2.1 0.064 3.00
E 3.2 1.7 0.064 3.00
F 4.8 2.0 0.082 4.97
F 3.6 1.7 0.070 4.97
G 3.6 1.9 0.070 6.97
G 3.2 1.9 0.058 6.97
H 3.1 1.2 0.121 0.00
H 3.0 1.2 0.094 0.00
I 3.6 2.1 0.049 9.40
I 2.6 1.2 0.122 0.00
J 3.1 1.7 0.075 2.00
J 4.5 2.6 0.050 9.20
J 3.3 1.8 0.112 0.00
K 3.5 2.5 0.043 9.25
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2'0 T T T T
Ty 33
128 T, ©O¢C i

Pressure (kbar)

F16. 4. Semilogarithmic plot of annealing rate versus pressure.

is also linear within the experimental scatter and a
least-squares analysis gives

9 In(2)
( ) = —0.080+0.008 kbar'. Q)
OP /r

IV. DISCUSSION

580°C Quenches

After high-temperature quenches, the defect con-
centration in aluminum consists of vacancies, di-
vacancies, higher-vacancy multiples, and dislocation
loops. Doyama!? calculates the divacancy/single-
vacancy concentration ratio after a quench as a function
of defect concentration, binding energy, and quench
rate. It is strongly dependent on binding energy. For
even moderate binding energies, the divacancy concen-
tration can be appreciable. The excess resistance of the
quenched specimen is then given by

AR =B (Pv5v+va5w+APm+Apd) ) (8)

where 3 depends on the dimensions of the specimen,
p» and p,, are the vacancy and divacancy resistivities,
and ¢, and c,, are the vacancy and divacancy concentra-
tions. The terms Ap,, and Apg are the resistivities of the
vacancy multiples or clusters and the dislocation loops.
At the annealing temperature —65°C, the cluster and
dislocation loops are stable and their concentration
remains constant. As discussed in the Introduction, the
mobility of divacancies is at least 10 times greater than
that of singles. (If the E,* value of Bass! is used, the
ratio is even greater. The applicability of his value will
be discussed shortly.) To describe the motion of
divacancies to dislocations, we replace f(p) in Eq. (3)
by aX?, where « is the sink density and X is the lattice
parameter, and I’ by T',,. Since the slope change method
is used at this quench temperature, we can rewrite

¥ M. Doyama, in Lattice Defects in Quenched Melals, edited by
R. M. J. Cotterill, M. Doyama, J. J. Jackson, and M. Meshii
(Academic, New York, 1965), p. 167.
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Eq. (4) as

/2,
AV o= —kT“:— 1n<h—)]
oP \Z¢/lr

—"”G_I:;E 1n(a>\2)l} )

The contribution of the frequency term krye is less
than 29, of the first term and is neglected because of
the error involved in determining the pressure depen-
dence of the resistance decay. The pressure dependence
of the last term is determined by the nature of the sinks
present in the quenched metal.

Electron-microscope studies of quenched aluminum
have shown that the vacancy multiple or void con-
centration is quite high after quenches from 570°C at
cooling rates of 10* °C/sec.2®?! Thus the sinks present
are the preexisting dislocation lines and the voids
formed during the quench. The last term can be
written? as

9 9 1
<—— In(aA2) ) - 1n(21rNd>\2———+41va>\2r,,) .
oP T aP 11’1(7’1/7’0),1
: (10)

In this expression Ngis the number of dislocation lines
per cm?, (r1/rg)a is the ratio of the average distance
between dislocations to their capture radius, NV, is the
number of voids per cm?, and 7, is the capture radius of a
void. The pressure dependence of the contribution by
dislocations to the sink density is small and is assumed
to be negligible. Vg\* has no pressure dependence and
since the ratio (r1/79)q is of the order of 10¢ in a well-
annealed metal, In(ry/7)4 is insensitive to large varia-
tions of the capture radius with pressure.

In the contribution from the void concentration,
N,\? changes by less than 19, over the pressure range
0-10 kbar. Kiritani* has found that the lattice is highly
strained in the neighborhood of a void, which makes the
pressure dependence of 7, small. This is seen by assuming
the voids to be spherical holes in an isotropic solid and
the strain field to be caused by a pressure on the
external surface. In order to cause an observable
compression of the solid in the neighborhood of a void
the pressure would have to be >10 kbar. In this case,
applying an additional pressure of 10 kbar on the surface
would change the capture radius of a void due to its
stress field by less than 25%,. Since the annealing rate
at 10 kbar is observed to be about one-third the
annealing rate at 1 atm, the variation of 7, is neglected.

When we substitute our experimental value, Eq. (6),
into Eq. (9), we find that the motional volume of

20 M. Kiritani, J. Phys. Soc. Japan 19, 618 (1964).

2 M. Kiritani, Y. Shimomura, and S. Yoshida, J. Phys. Soc.
Japan 19, 1624 {1964).

2 L. A. Girifalco and H. H. Grimes, NASA Technical Report
No. R-38, 1959 (unpublished).
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divacancies at —65°C is (2.7640.28)X10~%* cm® or
(0.1740.02) V,. No previous pressure experiments have
been performed on aluminum nor have theoretical
calculations been made. The value can be compared
with the general strain energy model described by
Keyes.?? From the expression

AV =2(ye—3)krAG, 11)

the motional volume of divacancies in aluminum is
calculated to be AV ,,2=0.23 V,, in reasonable agree-
ment with the present value. However, theoretical
calculations of AV, for the noble metals are in poor
agreement with this value and with each other. For
example, the largest AV ,,*® Schottky et al.?* calculate is
0.02V, for copper. More recently, Doyama and Cotter-
il125 find a value of 0.06V, for copper. The large oscilla-
tions in the aluminum potential may result in a larger
theoretical AV ,?? in aluminum. However, the calcula-
tion is yet to be done. BLB?® found a large relaxation
of the lattice about a divacancy in aluminum, i.e.,
2Vo—AV>0.55V,. This may also be related to the
large (relative to theory for noble metals) motional
volume.

331° Quenches

If, as is assumed by Desorbo and Turnbull,?? after a
low-temperature quench the decay of excess resistivity
is controlled by vacancy migration, we can interpret our
low-temperature quenches in terms of a single-vacancy
motional volume. f(p) in Eq. (3) is @A? and I is T',. An
expression analogous to Eq. (9) can be obtained and the
same arguments used to neglect the second and third
terms. The motional volume which results when we use
the result in Eq. (7) is (3.02£0.3) X10~2* cm? or (0.18
#+0.02) V,.

This effective motional volume cannot be attributed
to single vacancies alone. Doyama and Koehler!

IN Al 3927
observed a temperature dependence of E,,*ffin quenched
aluminum. As T was lowered below 400°C, E,.* began
to increase above 0.50 €V and for a T'¢ of 301°C it had
risen to 0.61 eV. This value is still below Desorbo and
Turnbull’s'? low 7' value of 0.65 eV. Bass!” argues that
the best value for E,? is 0.754-0.08 e¢V. However, his
value is for high-temperature (7'>400°C) rather than
room-temperature migration and his analysis assumes
that self-diffusion in aluminum is by single vacancies
only. The present quench temperature of 331°C is
apparently not low enough to assure that only a single-
vacancy mechanism is in operation, so that the effective
value we measure may not be indicative of any partic-
ular atomic process. Johnson?® has used computer
simulated anneals to show that when two or more
mechanisms are involved, the effective energy bears no
simple relation to the energies of either process.

More recently, in a series of papers Burton and
Lazarus?” have considered a simple single-divacancy
annealing mechanism. They show that the slope-change
analysis yields an activation energy which is usually
between the instantaneous activation energy, character-
istic of the actual defect annihilation process, and the
effective activation energy, characteristic of the rate
controlling process. Thus, if as in the present high-
temperature quenches a large divacancy concentration
is already present and if the equilibrium concentration
is unaffected by the pressure change, divacancy motion
is both the rate limiting and rate controlling process.

The Burton and Lazarus analysis is not directly
applicable to the present 331°C quenches, since the slope
change method was not used. We can, however, estimate
the effect of a divacancy (second-order kinetics) con-
tribution. It can be only an estimate, however, since
the effect of second-order kinetics cannot be detected
within the scatter of the data. By use of the steady-state
approximation derived by Damask and Dienes,! one
finds that the “effective’” motional volume is given by

d
AV o — AV, 0= —kT— ln(avN-i-cv
ar

The effective frequencies »; and », are assumed to be
constant and to have the value 101 sec™!. The vacancy
concentration is assumed to be 10-¢ which corresponds
to an excess resistance of about 1.5 uQ.2° The term avi?
is assumed to be 2.3 X107 sec™! as found by Desorbo and
Turnbull®? and the change of volume on the formation

2 R. W. Keyes, in Solids under Pressure, edited by W. Paul and
D. M. Warschauer (McGraw-Hill, New York, 1963), p. 71.

24 G. Schottky, A. Seeger, and G. Schmid, Phys. Status Solidi
4, 419 (1964).

25 M. Doyama and R. M. J. Cotterill, in Laitice Defects and
Their Interactions, edited by R. R. Hasiguti (Gordon and Breach,
New York, 1967), p. 79.

26 R. A. Johnson, Phys. Rev. 174, 691 (1968).
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of a divacancy from two vacancies AV, is found
experimentally® to be 0.12V,. The migration energies
are taken!® to be FE,*=0.65 eV and E,**=0.50 eV.
Binding energy values Ej of 0.50, 0.20, and 0.10 eV
were used. If the binding energy is large, the difference
AV ' —AV .0 is small. However, this difference
depends strongly on FEj, so that for E;=0.20 eV,
AV ' — AV ,211=0.3AV .. As stated earlier the difference
between AV, and AV,?, values which have been
determined by at least two independent measurements
each, is about 0.7V,. If E;is 0.17 eV, as determined by
Doyama and Koehler,* AV, should be at least
three times as large as the present experimental value
if we take the 0.7V, value as AV ,’ A smaller value
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would be required to reconcile the present AV ,,°ff with
a 0.7V, value for AV ,?. There is little, if any, experi-
mental evidence to support a lower value for E.
Admittedly, the frequency factors used in the calcula-
tion have not been verified and some of the other
measured quantities are uncertain. Nonetheless, such a
large single-vacancy AV, should be evident in our
low-temperature quench measurements.

The value of AV for aluminum is larger than for
other metals studied to date, whose values range from
0.7 to 0.9V ,.3:28 A possible reason for the large AV in
aluminum is that there is a divacancy contribution to
self-diffusion. This conclusion is supported by the
measured increase of E.q with increasing temperature,??
although Stoebe and Dawson argue that divacancies
alone cannot explain the entire temperature dependence.
Another possibility is a temperature dependence of
AV .. Both AV and AV,* are measured near the

28Y. Adda and J. Philibert, La Diffusion dans les Solides
(Presses Universitaires de France, Paris, 1966), Vol. II.
2 T, G. Stoebe and H. I. Dawson, Phys. Rev. 166, 621 (1968).
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melting point, whereas AV, has been measured at
room temperature and below. This is also consistent
with Stoebe and Dawson’s conclusions that there is a
temperature dependence of E,’. Enough data are not
yet available to decide the relative importance of these
contributions in the present case.

V. SUMMARY

The pressure effect on the annealing of electrical
resistance quenched into aluminum from two different
temperatures was studied. The effective motional
volumes were (0.172£0.02)V, for quenches from 580°C
and (0.1840.02)V, for quenches from 331°C. The
former is attributed to divacancies. The latter should
show evidence of a single-vacancy contribution. It is
consistent with these and other pressure data for
aluminum that the single-vacancy motional volume is
not appreciably different from this value and that the
large self-diffusion activation volume in aluminum is
the result of a divacancy contribution to diffusion or a
temperature dependence of AV .

PHYSICAL REVIEW B

VOLUME 1,

NUMBER 10 15 MAY 1970

Landau Quantum Oscillations of the Velocity of Sound in Be:
The Strain Dependence of the Fermi Surface

L. R. TesTArDI AND J. H. CoNDON
Bell Telephone Laboratories, Murray Hill, New Jersey 07974
(Received 4 November 1969)

Landau quantum oscillations of the velocity of sound in Be are reported. A general thermodynamic
relation between the quantum oscillations of the velocity of sound (elastic moduli) and the strain depen-
dence of the Fermi surface is given and is used to interpret the results. This relation shows that the amplitude
of the oscillations is determined by the magnetic susceptibility and the strain dependence of the Fermi-
surface extremal areas. An oscillatory as well as a monotonic Alpher-Rubin effect is obtained in this treat-
ment. All major features of this theoretical result are generally verified in the experimental results. The
strain dependence of the Fermi surface obtained in this work is in susbtantial agreement with previous
hydrostatic pressure studies. At low temperatures, magnetic interaction effects modily the oscillation pattern.
These results imply that the (differential) susceptibility at high frequencies is never paramagnetic. This
behavior is shown to be consistent with the presence of magnetic domains whose walls are immobile at the
sound frequency. Experimental techniques are also presented.

I. INTRODUCTION

N recent years, Landau quantum oscillations in the
velocity of sound have been reported in Bi! Au,?
and Ga.? To date, much of the information provided by
these experiments has been limited to determinations,
from the measured periods, of the extremal areas of the
Fermi surface.* Although the conditions normally neces-

1]. G. Mavroides, B. Lax, K. J. Button, and Y. Shapira, Phys.
Rev. Letters 9, 451 (1962).

2 G. A. Alers and R. T. Swim, Phys. Rev. Letters 11, 72 (1963).
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41L. J. Neuringer and Y. Shapira (Ref. 3) have applied several
existing theories to account for the amplitude of the oscillations.
One such theory was shown to be reasonably consistent in relating
the velocity and attenuation changes,

sary for the occurrence of Landau quantum oscillations
(wer>1 and 7w, >kT) apply as well to the sound
velocity behavior, it is apparent on physical grounds
that in the latter case the amplitude of the oscillations
must also reflect the deformation properties of the
Fermi surface. Attempts to calculate the amplitude of
this effect®™” in terms of all controlling factors are
generally compromised by simplifying assumptions in
which real metal effects are precluded. There remains,

( 5].)]. Quinn and S. Rodgriuez, Phys. Rev. Letters 9, 145,
1962).

6 S. Rodriguez, Phys. Rev. 132, 535 (1963).

7A. Ya. Blank and E. A. Kaner, Zh. Eksperim. i Teor. Fiz.
50, 1013 (1966) [Soviet Phys. JETP 23, 673 (1966)].



