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A TECHNIQUE'FOR MEASUREMENT OF THE HEAT
CAPACITY OF METALS UNDER PRESSURE

Ge Jura and W;IA. Stark, Jr.

Inorganic Materlals Research Division, Lawrence Radiation Laboratory,
Department of Chemistry, : :
University of California, Berkeley, California

. . ABSTRACT

A method is deseribed that can be used for the determination'of

the_heat capacity of a metal (or a semiconductor) as a function of

‘pressure and temperature. The method involves use of a DC electric

pulse. If a constant current I is passed through a wire sample of
resistance R, the heat capacity Cp is related to the increase in tempefa-
ture by the expressiont

c, = I5RR'/(dE/dt)t=o

where R' is the tempexature derivative of the'resistanee, and"(dE/dt)t;o
is the limiting vaiuequ the time rate of change of the EMF across the

sample. Data afe giveﬂ for iron to 100 kbars in the temperature interval '
from'7%°F3to_5OObK. The resuits ebtained are in accord with earlier

theoretical estimatess " The Curie temperature, Tc’ of gaddlinium has

. also beéen determined from heat capacity measurements; its rate of change;

with_pressure was -found to be ch/dP = -1.5°K/kb. For the equipment
that is available at the present time, the measurements can be made as

longeas.the specific resistance is SuQ-cm or greater.
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" INTRODUCTION

thhe heat capacity of a substance is an important thermodynamic

:parameter characterizing the internal energy'state'ofpthat'substanee}

It is therefore of great interest to examine the variation of the

‘heat capacity with temperature and pressure. Numerous investigations

-involuing temperature as the independent variable have been carried

out, leading to a generally good understanding of_the temperature
variation-of'the heat capacity; however, very little work has been-done
at high preSSUres since conventional calorimetric techniques face the
dlfflculty of gross heat leakage when used in h1gh pressure apparatus.
Some success has been obtalned in those cases where pressures were low

N

enough that flow technlques could be used, or 1n those cases where |

‘temperatures were sufficiently low so the heat capac;ty of the pressure

vessel was a detenninabie, and reasonably smail, fraction of the entire

system 2’3

In thlS paper we descrlbe the development of a general method of

_ measurlng ‘the heat capacities of metals (and semlconductors) under thigh
f,pressures The technlque is based on electr1ca1 pulse heatlng of the
’metal sample and has been successfully applled in measurements up to

100 kllobars over a temperature interval between 77°K and 300°K The

prec1s10n appears to be + 5% or better.



As the‘éiscussion'and descriptiom of.the technique>is deueloped.
‘in thls paper it w111 be eV1dent that the heat capac1tles obtained
are relatlve rather than absolute, due to the fact that the geometry
of the system is such that only relatlvely short wire samples can be
: used., There is a large uncertalnty of how much of the sample at the
ends is actually involved in the measurement. In the discussion that
foilows, it'is‘assumedvthat the eod effects remain constant as the '

external conditions are changed.

THEORY
A
Consider a metal wire sample of resistance, R, and heat‘capacity,
s through-mhiCh a COhStant current, I, is pulsed; if ohm1c heating

-
1s the only source of heat the power balance equatlon is:

ayae = 1R-£-1). @
Here'dH/dttis the rate of increase of the“enthalpy with time, t, at
constant pressure; f(T T ) is a coollng tenn wh1ch is assumed to be
dependent only on the dlfference between the sample temperature T,
and the temperature of the surroundings, Ta" Slnce.Cp = (aH/aT)p,
and dI/dt = 0, and assuming that at constant pressure the resistance

R is a function of temperature only by multiplying both.sides of the

2- o UCRL- 18497



' of dE/dt is nearly linear for a short period of time.
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equation by dE/dt = I(dR/dt), we may arfangevK; (1) to give
dE/dt = (ISRR'/CP) S QR/CY ET-T) @

where R' = dR/dT and E = IR, the EMF developed across the eample.v In

the limit of t > 0, T- T, > 0, and the limiting result is

s 300 | | |
- C, = PR/, S ®

Experimentally, dE/dt is found to be linear for 10-1000 microseconds.

Consequently,vit'ié not difficult'to obtain ekperﬁnentally the limiting
value of dE/dt,. An analysis of heat loss from an infinitely long wire -
through which a constant current is passing, also showa that‘the value
4v-Though the
bodndafy>conditions fefnthe classic problem are not'the same'ae:those

used in the present experiment, it is feit’that the results should not

be too greatly different. The experimentally measured quantities are

the current I, the electrical resistance R, the temperature derivative

of the resistance’R'; and the slope of the E-t curVe extrapolated to

A'the'beginning of the pulse' -The measuied magnitudes of these quantifies

were typically' I " 2A, R N 107 IQ R' v 10 Q deg , and (dE/dt)t O

volt/sec 'so that the measured heat capac1t1es were. of the order ZOXIO -
Joule/deg sample. Note that an experlmentally small Value of (dE/dt)
could lead to a large inaccuracy 1n.Cp; the method_works best w;th |

large dE/dt.
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DESCRIPTION OF THE APPARATUS

- The pressure apparatus. used was an opposed anvil device similar
- to -that usedgbthridgman,S‘and'has been fully described-elsewhere-6
'Thé sample sétup using a metal wire hoop-shaped sampiei isa modifica-
tion of fhe four probe constructions of Stramberg and Jufa6 and is
iilustrated_in;Fig; 1. A set of 0.005" dia. platinum leads replaces

the gold‘plug cﬁrrent leads used by Stromberg and Jura. Pressure
calibration'bf the system was effected using the room temperature -

’ bismuth.I-II and VI-VIII phase-transitions8 in the identical geometry
-tovthat iﬁ.Fig. 1.

"f.‘Temperature control was achieved by the use of stirred liquid
bathS surfounding the entifevanvilrsample system. . For most of the
experiments reported.hére a Kanolt mixture® which'set'the lower 1imif
of the temperature range ét about 150°K was used. Sbme excursions to
©77°K weré made using ﬁassive heat sinks of the type described bySouers.9
COpber-cdnstaﬁtan,thermoCouples (calibrated at liquid nitrogen, dry ice,
and ice point temperatures) were fastened to the anvil jackets about 1"
: _‘from the axis~of.the.anvil§, and fhé temperature5of.the;samp1e-Was
assumed to be the avefage of the top and bottom anvil temperatures.

'Eigure'2 Shows a block diagram-of the electronics ﬁsed in this
‘ work.._There are two analogqué circuits'in:the_system,'oné circuif.allow—
ing_measureﬁent of a low,.static;EMF across the sample, while the

‘other circuit was used to make the dynamic measurement. When the sample
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is connected to the voltage and curtenttleads'at‘A and A', a constant

current of approximately 10 ma flows through the sample. The potential

- across the sample is measured using. one bank of a L § N White Double

~ Potentiometer having a sensitivity of +0.2 microVolt;‘the other bank

of the potentiometer was connected for measurement of the voltage across

thebstandard one ohm-resistor‘R L1 This latter measurement gave the

: magnltude of the current flowing in the circuit; the sample resistance R

could be calculated directly from the four lead measurements.of the |
'current I and voltage E. - The constant current source was a 12 volt auto
storage battery in series with a nominal 1200  ohm power resistor. By
meiﬁtaihing the battery at approximately two-thirds full charge, currents
constant to v .02% couldgbe maintained for periods of a few,minutes
while measurementstwere“taken. Reversing the direction of ourrent flow
enabled correction for thermal EMF's, if any. The resistance measurement
was the most precise of the quantitieé measured in this work, having an
uncertainty of +.5% for nominal R values of 0.1 ohm. |
tThejsample is connected to the current and potential leads at B and
B'_when_dynamic measurements are made. Invthisvcircuit the oscilloecopeu
replaces the potentiometer of the resistance measuring circuit, and the
current source is a bank of four 12 volt auto storage batteries connected
in series w1th a ballast resistance Varlable from 5.to 350 ohms The

ballast resistance is much larger than the sample re51stance and so con-

" trols the current drawn from the batteries; thus, resistance changes in

the sample are negllglble in comparlson w1th the total resistance. Cal-

culut10n~ ‘based on tho voltdgc rise of an actual sample show that for
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the typical sample the current after the initial rise 1is constant to
a few tenths of a percent during a 100 millisecond pulse.

- The solid state switching and gating it for generating a square
current pulse is basically two switches, one which completes the current
:path through.a dummy ‘load of approximately the same resistance -as the
sample, and one which completes the circuit through the sample load.

The purpose of the dummy load is to dissipate'fhe odd transient current§
which appeared when the storage batteries first begins to deliver cur-
rent. Thebswitching circuit'has pfovisions for externally varying the
.pulse widph through .the sample and thé overlap of the sampie and dummy
'ioad pﬁlsesr10¢ |

v A Tektronix 555 dﬁal beam oscilloscope was used to display both
'thebvoltage“E across the sample, and‘the current I;thrqugh;the'sample.
The latter was:displayediaé the véltage aéross the Standard resistor

R52 in series with the current source. As can‘Be seen from Eq. (3).
~only the_sloPe of the E-t iévnecessaryto_determine Cp’ and it is
advéntageous to use a differéntial technique to éxamine only the top
portion-of’the pulse at maximum Sensitivity. iToward,this end avTektronix
iype W differential camparator with a maiimum sensiti?ity of 1 mv/cm was
~ used fof measuring.the voltage across tﬁe‘samplé;.a‘Tektronix Typé 1A7
preamplifier was used to measure the higﬁer level voltages across RsZ'
| The data were faken directly fram photographs of the oscilloécope
' display;:a-typical record is shown:in Eig; 3. The first 10-20 micro-

seconds of the upper trace represent the rise of the current in the -
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eample; rough approximations indicate that heating of the samﬁle durihg
this buildup is negligible. The‘measured slope was taken'fram the"
later linear portlon of the E-t trace after the current had reached
1ts constant value..

Many efforts were made to reduce the rise time of the current in

“the sample. - However, this time could not be reduced below 10 to 20

microseconds. For a glven sample, the variation of the sweep rate

"yielded the same initial slope of dE/dt. Obviously, if slow sweep rates

were used, the E vs. t display could yield a curved line, and at suf-

ficiently slow sweep rates appeared to approach a steady state value of

E. These very slow sweep rates could not be used for the determination

of ‘the slope at t = 0..

' prprqximately-twoFthirds of the displays were recorded on 35 mm

film, the remainder on Polaroid. The data on 35 mm film were analyzed

with the aid of the TRAMP II, a-digitiied protractOr. The angular co-

“ordinates were converted to Cartesian coordinates by an IBM 7094 computer.

The computer then‘perfohned an analysis whereby the measured (dE/dt)t=0
data were fitted linearly.to the respective Is-values Points of poor
fit (p01nts dlfferlng from the fltted line by more than 2.7 standard
dev1at10ns) were dlscarded and a new 11ne fltted with the Tremaining points.
The' sequence was contlnued until su1table convergence was obtalned How-
ever,. as shown in Fig. 4 scatter was typlcally small, and usually in

a series of 25 measurements one or two points at the most were dlscarded
Computer Qutput was double checkcd hy visual 1nspett10n to assure that -no

unreasonahlc flt> were made. by the computo
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Déta recorded on Polaroid filmtweré'measured by hand with the aid
bf‘a,Gefber Variable Scale; the slope of the dE/dt versus I% graph
‘vas_compyted graphically.; | |

. The vertical amplifiers of the oscilloscope were checked for.calibra-
5tion_évery fewvhours during a rﬁn, and the time scaleé.were ca}ibrated.to
' i}/z%_several times during the course of this work. The main source of
randq@ exberimental,error_was presumed to be due .to. the measuring_of
_thérdata froﬁ thé photographic records. Uncertainties of approximately
=;% éach in the dE/dt and I measurements are assumed, although the smaller
~ slopes are prone to larger errors.

| uMbst.of the experiments were isobaric rumns in which the procedure
waé to apply pressurerét room témperature, then cool while.maintaining
constanf 1oading.* _Data_pointsvwere taken approximately every 5°Klas
fhe sample slowly wafmed: the.temperatures of the fop and bottom anvils -
were measured, then the sample‘resistange was meaSured, first with the
current flowing in one direction, then thehdther; The system was

sWitched to the dynamic measuring circuit and a series of 3-5 pictures

e

*Electrical resistance measurements on iron samples - indicate that cooling
fhe;AgC1 pressure transmitting'medium>did not greatly alter the pressure
calibration as derived from room temperatﬁre méasurements of the Bi I-IIV
and VI-VIII phase transitions. The resistance obtained by room tempera-
tureséompression to preséure'P fbildwed by isobaric cooling tb,tempera-
‘tUré'T was witﬁin eXperiméntalvefrorvof the,resistancé value oBtained

by isothermal compression at temperature T to pressure P.
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‘was taken at each of several values of the current. The temperature

was noted again, then the procedure was repeated after the sample had

‘warmed a suitable amount. On an_average,’aboUt twenty pictures were

taken at-each temperature interval; the temperatﬁre rise during a

'photography sequence was typically 1/2°K or less.

The temperature ‘derivative of the electrical re51stance was com-

puted graphically from the R-T data collected during the isobaric Tuns.

 The isobars were related to one another using isothermal runs made at

298°K ‘and 195°K.

RESULTS

~The apparatus was first tested for gross sensitivity by examining

~ the Curie transitiohquzgadblinium as a function of pressure. At

atmospherie pressure this transition occurs at about 292°K; the heat
| ' 11

‘This large anomaly was easily detected by the apparatus, as illustrated

in'Fig.‘S, which shows the heat capacity variation:with'temperature
at 20 kb. Several isobars yielded‘therplot of the Curie temperature Tc
versus pressure that is shown in Fig. 6. The zero preSsure point.is

from Griffel, Skochdopole, and Spedding,’! and the lower 20 kb point is

_ weighted more heavily on the basis of two additiohal runs which did not-
- cover the entire tran51t10n but did indicate that T at 20 kb is less

~ than 270°K. The slope dT /dP of the fitted stralght line is found to be
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-1.3°K/kb, in reasonable agreement with literature values of —1.2,12

o -1.53,13 51.6,14 -1.73,15 and -1.9°K/kb.*°
Because of its relatlvely large values of the re51st1V1ty and its
'temperature derlvatlve and 1ts h1gh Debye characterlstlc temperature

iron proved,to be a convenlent metal to study with the hope of obtaining

eQuation of state data by means of the themmodynamic identity:

4)

The low compressibility of iron was a definite detriment for the
-application of Eq. (4). Fifteen isobars spanning aAtemperature
interval 150°K to 300°K were run at pressures between 20 and 100 kb,

“and a similar number from 77°K to 300°K at pressures to 50 Kbars. As

- 1t was difficult to maintain'a given sample for more than one run, these

isobars were relateduto onevanother with isothermaldruns at 195°K and
298°K. Aiso since in the opposed anVil setup electrical contacts at
zero app11ed load are rather poor and one may not perform the experiment
with confidence, the 20 kb results were related to atomospherlc data
using a Debye- Grunelsen approx1mat10n and exper1menta1 thermal expan51on
| data Connected in thlS manner, our. hlgh pressure data showed very
'llttle variation. in g01ng from 20 to 100 kb The spread of ~1-2% is
less than the experlmental uncertalnty of about So, and it must be con-
cluded that in the measured pressure range 20 - 100 kb the heat
capacity of iron is constant. W1th1n expernnental error, this is in

agreement with Russian work,l7_wh1ch.reports a calculated 0.8% decrease

y
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in CV fOI.f iron .:a.t about 30 kb. The 'aVteagé 'd.a-ta are shown in Fig. 7
as the shaded area;»'alqng- with the zero pressure data of Kelley',18

oC

and

a 25 kb curve calculated from Eq. (4) assumlng (—-ﬁﬂ-) T to be constant

19

arid using the thermal expansion data of Nix and McNair. Relatlve heat

capac1ty curves for 25 and 100 kb as calculated in a Debye Gnme1sen

| approxnnatlon assumlng constant electronic and magnetlc contrlbutlons

to ‘the heat capacity are also shown. It can be seen that the expen;

mental values are not out of line with these various approximations.

(I)NCLUSIONS ‘

o - Experiméntélly wé'haye demonstrated a tec}miqué for measurlng _
heat .capacities (at 'coﬁstant pressure) of metals in a high pres'sure.
environment; theoretlcally the method should be adequate for semi-
conductors also, provided the energy gap : is not so small that d.R/dT'\uo
The calculated experlmental uncertainty is in the neighborhood of + 5%;
hence the technique at present is more suited to inves.tigation'.-of same

of theﬂ high pressure phase transitions than to equation-of-state studies

where the lattice and electronic heat capacity changes are of the order

of t}"i'e_‘eXperiment.al uncertainty. An example‘ is shown ivn.vF}ig. 8, which
demo_n',svtrat’:'es' evidence of the 130 kb iron transition. '
It is felt ‘that future developments 1n preamplifie‘rs'will even-

tually enable.'USe of samples of much lower resistivity.' These metals

Y
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are cqmmonly those of higher compréSSiqn.(AV/Vb) and should allow
_equation of state studies; Dhring the course of this work some experi-
ments were performed on aluminum, but the results were erratic and
anomalous, giVing,a rise in Cp with increasing pfeésure;' These results
are presumed due in part to the extremely small sample which was |
neéessary_in order to obtain a usable'eleétricél resistaﬁéei'tﬁe Aly
samples had calculated heat capécities more than an order of maghitude
smaller than the iron samples. ‘The method is ﬁfeSently limited by the
“electfical.resistivity and its temperature derivétive; as discussed
~earlier, the derivative will always set resolution limifs;

It should be.nofed that an extension of the temperature range to
lower temperaturés—should increase the cépabilities of the technique.
For instance, it might be possible to fit a Debye-like characteristic
températuré to the expérimental'data, and .in conjunction with compres-
sibility data obtain a Grumeisen y parameter as a funétion of pressure.

Finally mention is made here of an interesting observation made
during the course of the iron experiments: at pressures of about 20 kb
and above, the eleCtrical resistance of iron was observed to have a
three-halves power dependence on the absolute teﬁperature. An explanation
based 6n enhanced magnon-electron interaction is possible,20 but more
thedretical.énd experimental investigation is necessary to unravel the

problem.
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" FIGURE . CAPTIONS

Schematic. diagram of sample setup. .00025" mylar film

was placed between the wire sample and the AgCl pressure

transmitting medium to prevent chemical reaction between
the two.
Block diagram of electronics. - Not indicated in this

diagram are provisions for keeping the constant

~current source under load while making the dynamic

measurements, and for reversing the direction of -

~

current flow.

- A typical data trace. The upper trace is the sample

voltage at 1 mv/div, the lower two traces give ‘the

current at 1 amp/div; the time scale for both sets of

~ traces is 10 microseconds/div.

Typical dE/dt versus 1’ plot for iron. The non-zero

intercept is as yet unexplained.

Heat capacity of Gd through the Curie transition.

Curie temperature of Gd as a function of pressure. The

siope, g%g, of the line is -1.3°K/kb.

Experimental results and theoretical estimates.
Shaded area 20-100 kb, this work

memmoomeen _ Zero pressu_re,’Kelley18

Nix and.McNair19

25 kb, using thermal expansion data of



Figure 7

Figure 8
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FIGURE CAPTIONS

EXpefimental results and theoretical estimates

6 S ZS'kb;‘Gruneisen>approkimation,
y=2 | |
A 100 kb, Gruneisen approximation,
| Y =2 | |

295°K slope isotherm for iron. As can be seen from

Eq. (3), the quantity dE/dt is inversely_pioportional

to C I

- p'

'A transition is indicated at about 125 kb.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person.acting on behalf of the

Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee

of such contractor prepares, disseminates, or provides access

to,

any information pursuant to his employment or contract

with theé Commission, or his employment with such contractor.
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