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Formation volume of vacancies in platinum quenched under high pressure
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The effect of hydrostatic pressures up to 8 kbar on the electrical resistance quenched in platinum has
been studied. The formation volume of vacancies V" was obtained under experimental conditions that
minimized necessary corrections due to vacancy interactions and vacancy losses during the quench, as
well as various uncertainties in the quench temperature. In particular, special care was taken to
monitor the quench temperature accurately by using a specific calibration for the variation of resistance

against pressure. The fractional measured value of V" at 800'C is. 0.67 ~ 0.03 atomic volume.

Previously published results are reviewed and reanalyzed with the help of the new calibration data.

I. INTRODUCTION

The formation voluxne of vacancies in metals is
of great interest because it is directly connected
to the atomic relaxations which occur around a va-
cant site. From its measurement, information
ean be derived concerning interatomic potentials
and the accuracy of atomistic models.

Most experimental studies have been based on
the measurement of the variation of the equilibrium
vacancy concentration with pressure, as described
by the classical thermodynamic expression

where U~ and V~ are, respectively, the energy of
formation and the volume of formation of vacan-
cies, The relevant concentrations are measured
in the quenched condition, using electrical-resis-
tivity measurements.

Several investigations in this field have dealt
with gold and aluminium. 3 More recently, plati-
num has been studied also. 4 6 In this metal, re-
sults appear to be rather scattered, ranging be-
tween 0. 58 atomic volume and 0. 76 atomic vol-
ume. ' %b have conducted a new determination of
this forma, tion volume under experimental condi-
tions capable of eliminating or minimizing a num-
bex' of possible soux'ees of ex'101. In partlcu]ar,
we have taken into account the influence of temper-
ature on the pressure coefficient of resistance in-
volved in the evaluation of the quench temperatux'e.
%e therefore have made a specific calibration in
the high-tempex ature-high-pressure domain. Ear-
lier formation volume data for platinum4'~ are
reanalyzed with the aid of the new calibration
curves.

II. EXPERIMENTAL CONDITIONS

Specimens were 0.070-mm-diam wires supplied
by Compagnie des Mdtaux Prdcieux, Paris. A
spectrogxaphic analysis is listed in Table I, which
gives a total effective impurity content of about
15 ppm. In the annealed state, the resistivity ratio
between room temperature and 4. 2 K is 580, after
correction for the size effect.

The samples, 12 mm long, were mounted hori-
zontally and soldered at their ends on 1-mm verti-
cal coppex wires affixed on a Teflon holder. They
were equipped with 0.040-mm-diam potentia1. leads
of the same material, spot welded 6 mm apart frcgn
each other. This assembly was placed in a verti-
cal pressure vessel, with internal dimensions of
3 cm diam and 12 cm long. The large hydrostatic
pressures required were obtained with the help of
a standard gas system which enables pressures up
to 10 kbar at room temperature and 8 kbar with
the vessel immersed in a liquid-nitrogen bath.
Helium gas was used as the high-pressure fluid.
Pressure was measured with a calibrated manganin
gauge.

The annealing was made in situ by direct current
heating for 1 h at 1500 C. %hen perforxned in air,
this tx'eatxnent induces an lx'x'eve181Me ine1ease of
the base resistance at 273 K of about 6%. This
effect is attributed to a reduction of the sample
cross section by formation of the oxide Ptoa, which
is volatile above 750 'C. 7' Consequently all an-
neals were conducted in a helium atmosphere, un-
der noxmal pressure. Under these conditions the
base resistance is lowered by 2% and the resistivity
ratio between 273 K and 4 K is improved by 10%.

Before quenching, the specimens were heated to
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TABLE I. Spectrographic analysis of samples: metal-
lic impurities in ppm.

Mg
Al
Si
Fe
Cr

1
0.7

&3
2

&0.3

Ni
Cu
Rh
Ir
Mn

0. 8
1
1,6

&2
&0.2

the desired temperature for a period of 3 min. The
heating current of about 9 A was then cut off. A
residual current of 0.2 A was kept for the deter-
mination of the quench rate. Prior to measure-
ments of the quenched-in resistivity, the gas was
evacuated and the lower part of the pressure ves-
sel was disconnected. The specimen holder was
then removed and dipped into a helium Dewar for
more accurate electrical measurements.

III. EXPERIMENTAL PROBLEMS

It is of primary importance that the quenched-in
vacancy concentrations are not disturbed by a possi-
ble modification of the vacancy losses during the
quench when the quenching conditions are modified.
This goal is not easily attained, as the quench rate
depends on the pressure, due to slight variations
of the thermal conductivity of helium in the pres-
sure range investigated. Emrick4 attempted to
take into account vacancy losses by use of an ex-
trapolation to infinite quenching rate from various
linear quenching rates. The actual quenching rates
were below 10000'C/sec. As far as we are con-
cerned we managed to get high and rather constant
rates of (70000+10000) 'C/sec. For the lower
pressures, this result was achieved by immersing
the pressure cell in a liquid-nitrogen bath and
quenching down to 78 K. For pressures above
1 kbar, for which the rates are high and do not vary
much with pressure, the chamber is kept at room
temperature.

Another important problem was that of rapid
fluctuations of the mean quenching temperature due
to convection currents in the gas. This phenomenon
was followed by recording the specimen voltage on
an oscilloscope. It could be minimized by a maxi-
mum filling of the experimental chamber with an
aluminium lump. This led to a thermal stability of
2 or 3 C for wires heated at 1200 C under 5 kbar.
In addition, a special temperature controller was
designed, which reduced fluctuations below 0. 1 'C,
due to the fast response of the electronic system.
A check on the longitudinal temperature homo-
geneity was made using a gold wire with a similar
sample geometry. Gold was used since resistance
versus pressure and temperature calibration curves
are available at elevated temperature and pres-
sure. It was found that at a pressure of 5 kbar

'

the sample could be heated up to within 10'C of
the melting point without indication of melting.

Finally, our greatest concern was to ensure the
precise determination of the quench temperature.
As is general, this temperature was derived from
the resistance of the specimen. At atmospheric
pressure, we have used the data issued in Ref. 9.
For temperatures ranging between 600 and 800 'C,
they can be expressed by

g(t p =1+0.8980x10 ~f
&(0 C, &a~m)

—0. 586 x 10 ~f2

1.00 ok bar

)I—g
)~J
ii—4

Q99 .

kbar

0 &00 800 &200 t{'C]

FIG. 1. Influence of pressure on the electrical resis-
tance of platinum: & Bridgman (Ref. 10); ~ this. vrork.

where t is the Celsius temperature.
A special calibration was essential for the high-

pressure work, since no high-temperature- high-
pressure resistance data were available for Pt.
For this purpose a new pressure cell was built
consisting of a horizontal tube which was heated by
means of an external furnace. The longitudinal
gradient in this facility has a parabolic shape, with
a temperature difference of 0.5' between the cen-
ter and positions 1 cm apart from it. The wire
specimen was placed along the horizontal axis after
bending to a U shape to get a higher compactness;
a chromel-alumel thermocouple was placed in a
symmetrical position. Data have been collected on
thermal cycling between 500 and 700 'C for pres-
sures up to 8 kbar. They are reported in Table
II and Fig. 1 together with the values obtained by
Bridgman' at 0 and 100 'C.
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TABLE II. Influence of pressure on. the electrical resistance of platinum at
various temperatures in terms of R(T,P)/R{ T,Patm).

1
2
3
4
5

7
8

0.9S803
0.99608
0.99415
0.99224
0.99034
0.98846
0.98660
0.98476

1OO'

0.99811
0.99622
0.99435
0.99249
0.99064
0.98879
0.98696
0. 98513

0.9976 0.9955
0.9950 0.9932
0.9929 0. 9913
0.9899 0.9896
0.9889 0.9881
0.9872 0. 9865
0.9854 0, 9850
0.9843 0, 9834

O. 9953
0, 9931
0.9913
0.S897
0.9881
0.9865
0, 9846
0.9833

0.9954
0.9930
0.9909
0.9892
0.9876
0. 9859
0. 9843

aValues obtained by Bridgman (Ref. 10).

IV. VACANCY FORMATION UNDER NORMAL
PRESSURE

To validate the quenching and measuring tech-
niques used we first remeasured the formation en-
thalpy of vacancies in platinum, for low quenching
temperatures, using static quenches and helium
gas under 2 bar as a cooling medium. The initial
quenching rates were about 25000'C/sec. Results
are shown in Fig. 2, together with those of Jack-
son. ~~ For quenches between 700 and 1000'C, we
obtained a formation enthalpy of 1.47+ 0.03 eV.
This is to be compared to Jackson's value,
1.51+0.04 eV, deduced from immersion quenches
in the same temperature range. The agreement
is satisfactory, although the quenched-in resistivi-
ties differ by a factor of 1.6. Bifferent sink con-
centrations or quench rates could cause this dif-
ference.

~ 800~ C 0' 33 +«o 800 o C
R

500-
E
CJ

300-
Cs

m~
C)

1500
I

T( C)
1XM 1000 900 800 750

100-

~y, soo c =(0 67+0.03~&st , soo'. c ~

is the atomic volume at the subscript tempera-
ture.

The associated macroscopic relaxation volume

per vacancy is given by V~=V —v«, so that

V. VACANCY FORMATION UNDER HIGH PRESSURE

A quench temperature of 800 'C was selected.
It is close to the maximum temperature at which
resistance calibration curves were obtained, so
that it can be determined with a good accuracy.
Furthermore, the correspondi. ng equilibrium va-
cancy concentration is about 4x10 atomic frac-
tion; thus the vacancy interactions during the quench
should be negligible under these conditions. After
each quench, specimens were annealed directly at
650 C for 20 min to eliminate the quenched-in de-
fects. This procedure is effective in obtaining a
reproducible base resistance. Its variations be-
tween two successive quenches were less than 0.5

pg, when the total quenched-in resistivity was 60
pg.

Curve 1 on Fig. 3 shows the variation of the
quench-induced resistivity increment as measured
at liquid-helium temperatures as a function of
pressure in the range 0. 5-9 kbar. The experi-
mental points for two different samples fit well
on a straight line whose slope leads to a value of

)0-

06-

0.4-

8
'Io IT (K )

FIG. 2. Resistivity increments in platinum for quenches
under normal pressure: + Jackson (Ref. 11); o this
work.
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TABLE ID. Formation volume of vacancies in platinum, in fractions of atomic volume. All the results have been
normalized with respect, to the atomic volume at 20'C.

Atm. pressure
parameter
measurenmnts

High-pressure
quenches
gas {Ar)

gas (He)

solid (BN)

Temperature of
determination

(oC )

800
this
work

5

Uncorrected
value

0.58+0.06

0.67~0.08

0.67+0.03

0.76+0.09

Correction for
temperature
calibration

~&at. ,r~

Correction for
thermal

expansion of
the lattice

~&a&.,20'C~

+0.Q3

+0.02

+0.03

Intr inslc
variation
of V„by

reference to
800 C

—0, 05

—0.05

Final value
at 800'C
~&at. ,&0 c&

0.73+ 0.06

0.78+0. 08

0, 69+0.03

0, 85 + 0.09

have apybed to Emrick's results a correction de-
rived from an extrapolation of the calibration data
we obtained up to 700 C (Fig. I). On this basis
it is found that Emrick'8 indicated quench tempera, -
tures were too high by V C at 1000 C and by 9 'C
at 1200 'C at a pressure of 6 kbar, with an uncer-
tainty of 1'. This induces an avex'age correction
on the measured formation volume of +0.13 atomic
volume

In Senoo's work, no correction at all was made
for the effect of px'essux'e on the xesistance-tem-
perature calibration curve. From our data at 8
kbar, 700 'C, using for temyeratux'es the extrap-
GlRt1on 1ndlcated on Flg, 1~ Rnd fox' pl essux'es R

linear extrapolation from 8 to 30 kbar that we have
verified to be valid from 4 to 8 kbar, we are led
to a correction of about 15 C at 1100'C. The
incident correction for the formation volume at
1100 'C would be +0.11 atomic volume.

A second correction factor affects Rll the re-
sults. Up to recent years, it was usual to con-
sider that the relative temperature dependence of
the formation volume of vacancies was identical
to that of the volume of the host metal. However,
recent experiments in zinc and cadmium" ' have
shown evidence that, at least in these metals, the
self-diffusion volume was more markedly tempera-
ture dependent than expected from the ideal-lattice
thex'mal-expansion coefficient, namely,

An atomistic calculation based on a Morse-like
potential confirmed the exyerimentally measured
order of magnitude of this effect in zinc. "

Thus, from the above considerations, we have
tentatively ta,ken a value of 5 for the magnification
coefficient, to evaluate roughly the variation of
the formation volume of vRcRncles %1th tempex'R-

ture in platinum. The cox'x'esponding corrections
are listed in Table GI, by x'eference to a standard-
ization temperature of 800 'C.

To summarize, it apyeax'8 that the agreement
for the corrected values is practically within ex-
perimental exror. It must, however, be recog-
nized that Senoo's results show considerable scat-
ter as illustrated in Fig. 3. Furthermore, a
strong curvatux'e is evident on the Arrhenius plot
of the quenched-in resistivity at 30 kbar. Thus
experiments under solid pressure must be con-
sidered with cax'e, due to experimental problems
involved, although they eliminate contamination
risks by the quenching medium, at least as far as
gRses RX'e COnCelned,

We close by mentioning the possible influence
of 1Rx'e gRses on the vRcRncy 8 chax'Rctex'lst1cs Rs

determined by high-yressux e gas quenches. Evi-
dence for the dissolution of helium and its inter-
action with lattice vacancies has been shown in
quenched gold ' Its disturbing role on the deter-
mination of the formation volume of vacancies has
been clearly estabhshed for the high quenching
temperatux'es. ' We have, 1n fact, detected a
simila, r effect in platinum specimens quenched
from high temperatures, 1060 and 1200 'C, lead-
ing to apparent values largely in excess of the
proper formation volume. 13 Further studies are in
progress to obtain a better understanding of the
role played by dissolved ga,ses in this type of ex-
periment. Their eHect on the formation volume
measurements should be negligible for the lower
quench temperab1res.
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