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THERMAL PULSING OF METALS UNDER HIGH PRESSURE

Walter Alfred Stark, Jr.

'Inorganic Materials Research Division, Lawrence Radiation Laboratory,

Department of Chemistry,
University of California, Berkeley, California

ABSTRACT

April 1967

The theory and instrumentation of a method for measuring the heat
capacities of metals and semiconductors as functions of temperature and
pressure in the Bridgman .opposed anvil apparatus are described. The

technigue involves measurement of the rate of temperature increase in

“the sample as electrical energy 1s added at a known rate for a short

period of time. The method was used to follow the heat capacity anomaly

‘near the Curie temperature TC for gadolinium at pressures up to 20 kb;

dTC/dP'was found to be —1.5°K/kb. The heat capécity of iron wes measured
over ﬁhe temperature range 150° - BOOOK for pressures between 20 and 100
kb; within the experiméntal'uncertainty of 5-6% no variation of the heat
capacity with pressure was observed in this interval. Some limitations
of the present setup are discussed.

A variation of the above technique using larger current pulses to

thermally shock a metal under pressure has been applied to the high

pressure transformations of bismuth, tin, and iron. This method appears
to yield thermodynamic values of transition pressures and the following

fixed points were obtained: bismuth, 81 * k4 kb; tin, 99 + L xb; and

iron, 118 * 6 kb.

Finally, the dependence of the electrical resistance'of iron on the
three-halves power of the absolute temperature at pressures greater than

20 kb is noted.



INTRODUC TION

It has often been pointed out that the applicétion of pressure to a
solid ié one method of decreasing the lattice parameter or interatomic dis-
tance; thus propertles such as the electrical resistance which depend on
the lattice parameter. can be convehiently varied for study. Often the.
techniques required are straightforward adaptations of existing one atmos-
phere pressure methods, such as, resistance measurement. However, other
properties require new, and unfortunately in mény cases, less precise,
approaches.

The heat capacity of solids,‘in particular of metals, 1s one such
property which depends on the interatomic distance; of the several com-
ponents of the heat cépaqity at constant pressure, Cp, the lattice contri-
bution at constant volume, Ci, the electronic heat capacity,lce, and a
dilation heat capacity, Cd = Cp - CV; are all functions of the inter-
atomic spécing. Ci'is basically related to the force constants between
neighboring nuclei, and the electronic heat capacity is.dependent upon the
shape of the Fermi surface. Both the force constants and the Fermi surface
contours are highly dependent on the lattice parameter. The thermal ex-
pansion coefficient, ¢, the isothermal compressibility, X, and the volume
v, are‘likewise functions.of pressure which make up Cd. For other com-
ponents of the heat capacity of séme metals, there is expectation of
pressure dependence, as in the case of magnéﬁic order-disorder phenomena.

The classicai methods of determining heaf capacities by measuring the
temperature rise associated with the input of a known amount of energy face
dismal prospects for success when applied to metais under pressure, partic-
ularly at pressures greater than about lO_kb (1 xb = 109 dynes/cm2 =

986.9 atm = 1,0196 1o3kg/cm2). The difficulty is thefact that the
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' pressure trensmitting medium is in.intimaée-éohtact with the sample and

S0 provides an extremeiyAlargé path fér heat 'leak .from- thév:Sample.;ﬁ
Thevmass of the ?ressure generdtihg_appératus is commonly hundreds to tens
.bf ﬁhousandsvtimes larger than thé sample.under study;. attempts Lo see
lO%'changes in a sample heat.capacity’Wouli requifé a precision of per-
haps 1 part in.los'in.é Bridgman opposed anvil setup of the type used in'

' theéé laboratories. |
These-problems nofwithstanding, théréiare in the literature records
svof attémptS'at measufing heat éapacifies”ﬁnder pfessure, with varying
degrees of suécess.,vIn'his 1946 reﬁiew ;fticle, Bridgménl comments on

v sevé?él héat-capacity.de#érminations_of gases to.around 2'k5, on work_of.
some of:the aﬁmonium\halides,eénd_ofvéolid CH#:and solid Cth5at pressureé'
_ below 5 kb, in a,later,réview}¥ he aiécusses heat capacify calculations
for.liquids, for which changes‘in.the heaﬁlcapacity'with pressure méy be
found f?bm the thérmal-expanSion'coéfficienﬁ using thé'thermodynamicl'

H
- relatlon:

Sy R I : B - o

wﬁere T is ﬁhe ébséluﬁe tgmperétﬁre,,v ié thé épecific volume, and P is
the preééure_ Bridgman concludes in the‘same‘book that the effect: of
preséure on the heat capa;ity‘of solids ais‘small.

,Somevdirect calorimetry has.been_doné on solids up ﬁé preésures of

T

about lb Xb; these investigations include work on solidlk;?’%olid Hg;, ;
and more recently, on uraniumgsand ceriumﬁy The studles were performed
. at temperatures sufficientlj low thaf the heat capacity of the pressure

 bomb was a. determinable,:and often’small, fraction of the.total heat



capacity. The method places unfortunate“limitations on both the tem-
peratufe and pressure ranges, but does retain the precision of gobd
calorimetry. |

Equations of state are often goals of high pressure experimenters,
and given such an equation, one could calculate C-p in a Debye-Grunelsen
approximation. An excellent example is Raimondi’s;o equation of state
determination for aluminum. Measurement of the eleéfrical resistance
dependence on pressure and temperature allowed determination of a Debye
charaéteristic temperature as a funcfion‘of pressure. The heat capacity
may be calculated and the results are shown in Fig. 1. The technique
is straightforward and has given apparently excellent results; however its
basic aésumptions require neariy free électrons, and resistance due to
simple électron;phonon scattering oﬁly. A majority of the metals do not
£ill these requirements and the method ﬁresumably would fail.

Other methods have ylelded data which in principle allows calculation
of heat capacities or changes in heat capacities. Dynamic application of
pressure in shock wave work yilelds equations of state.ll—l5 It is
commohly assumed in these analysesvthat~cv is constant, and perhaps a
second order correction is necessary to calculate Cv’ thus.determining v
to what degree the assumption is valid. The pressures attained in shock
work can be as high as megabars, and only rarely extends below hundreds
of kilobars; it 1s consequently difficult to relate any changes to zero
pressure values. Sometimes; as in the case of iron, one of the metals
studled in the'present work, there is a phasevtransition at elevated
pressures, and continuity in tﬁe heat capaclty relative to lower pressures
is lost.

One final mefhd& should\gg mentioned. As Pound and Rebka,l6 and

“h

| Preston, Hanna, and Heb‘e_rle17 h§v§ shown, measurement of the temperature

k)
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_dependence of the absorption intensity in MBssbauer spectroscopy allows
determination of a Debye~like temperature characteristic of the host
lattice; given this one may compute heat capacities in the Debye approxi-
métion. A number of expefiments iﬁvolving the MoOssbauer efféct under high
pressure ha#e been performedlB—Eé'which showbthe method 1s feasible. In

fact, one paper bn tiﬁ metal gilves the Débye 6 as a function of pressure;

The method is limited by the availability of suitable 7y sourceé; one cannot
estimate thé effect on the host lattice of an impurity emitter and con-

. sequently the emitter and host must be the same element. Only a few
convénient sources are avallable, including Fe57, Snllg,‘and Dyl6l.

From the foregoing, it is seen that a gap exists in thevPEESSure—

‘temperature regionviﬁre heat capacity measurements on metals have been

- carried out. Specifically, for moderate pressures of 10-100 kﬁ and tem-
peratures in thevraﬁge above 50°K, little work has been done except for
2 few speclal cases. The present work describes the development of a
general method of‘ﬁeésuring thé heat éapaéity of metals in the above men-
tiloned preésure-temperature range. vThedretically the method may also_be‘

‘applied to semiconductors.

~ The method evolved as a pulsing technique in which the temperature
 rise, measured as an electrical resistance incredse, is‘éontinuously
monitored while electrical energy is added at a known rate, in'a mannexr
somewhat similar to the Wallace, Sidlés, %nd Danielson 'experﬁ’._ment.:"‘25

Extrapolation back to zero time is reQuired to eliminate the effect of
heat conduction *from“:tﬁe';sampie;ﬁ . As will be shown iater, the
resultant eqﬁation gives the heat capacity at ébnstant pressure‘in'terms

of the .power input, the temperature derivative of the electrical re-

sistance, and the rate of increase of the resistance.
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Given the stable and seﬁsitive Tékfféhix Type,W'differential com=-
paraﬁpr amplifier,_the appérafus was developed td'eSSentially its present
‘form; Several initial experiments inVestigated the ferromégnetic- : -

. paramagnetic transition of gédolinium.v’With”an,eye toward develbpmentr

9

: ;of anvequation‘of state,'wérk,then proéeeded‘ﬁo irdn.and aluminumf The‘ ;
formeerAS chosen for its convenient reéistanoe;'compfeésibility, and
Debye temperature3‘fh¢ laﬁter_to aliow_comparison with known data.

Whilé the.fihal-setup awéited thé development of suitable oscilloscbpeb
amplifiers,vearlier e#pgriments took advantage of favorable phase diagraﬁs
»of.bismuth, iron,.éﬁd‘tin té inveétigéﬁé the éfféét of mémentary heating
': oh thévtrdnsifion pfessures‘qf.certain phase transformations;.the apparent-

results were transition ﬁfeésﬁres likely tovbe closer fé_the "true'
‘_>therﬁodynamic pressure than those_measured undér more static,'isothermdl

conditions.



PART I. HEAT CAPACITY MEASUREMENTS

.The heat capacity of a substance reflects the ability of the con-
stituent particles of the substance to take up in their motions the
potential and kinetic énergyvchanges accompanyingva rise in tempefature.

In particular, for a solid metal one commonly hés a heat capacity Ci due
to the vibrations of the lattice nuclei, and a heat capacity c® due to the
motion of the electrons near the Ferml surfaqe. For metals having d and £
electrons, one may also encounter various magnetic heat capacities.

These heat capacities aré both pressure and temperéture dependent
and ' a proper..discussion .bf tthéée -aépeéts'urequires ‘a brief . review
of the origins- of heat Cgpacity;f More ' detail’ - may be'fféund“ in standard
tests such as Kittel,eu VZiman; 25 or: Eorn and Huang.26 The review
article of de Launay”i is also quite informative.

The lattice heat capacity at constant volume has been explained,
with good success, by aésociaﬁing energy with the vibrational motions of
the nuclei in the regular crystal lattice. Classically it was assumed that
each mode of vibration could take up energykgig where ky 1s Boltzmanns con-
stant, 1.38 x 10_16 erg/deg, and T is the absolﬁte temperature. For one

mole of nuclel, each with 3 degrees of vibrational freedom, this meant an

energy of BNOKBT = 3RT, and consequently a heat capaclty C = BE/ aT = 3R.

While this.resuit gave some theoretical justification for the law of
Dulong-Petit, it was far too simple and did not explain those solids which
had lower heat capacities. The advent of the concept of discrete energy
states and the accessibility to those states provided further explanation.
Earlier workers treated the harmonic oscillator of frequency v by

assuming discrete states characterized by energiles

E, = hv (n +1/2) , (T1)



n belng an 1nteger and h Planck's constant Accessiblllty to each state

1s glven by the Boltzmann dlstrlbutlon law, so that the average energy

E of an osc1llator lsrglven by

;nhi)_/k T

; :

E nhvy <¢: 
= _n=0
osc o
Sooe 0 ITE L

hv

TTERET

(Te),

‘negleeting}the_zefo"point‘energy,feThé"hegtgpépaeityﬂfelléys1aSﬁﬂ"w

3F '7J£f 2 hyfkgroo -
¢ .,"S%EE - kp <E§% >  ;.<éh;/k£Tf:lj%,.e%' (13)

: A crye£alilat£iceeis'ffeated as‘a colieetion:efveoﬁﬁiedlhafmehie.oseillatorS;
. the frequenc1es of whlch are the frequenc1es of the normal mode v1bratlons
of the crystal system. The enefgy,;and Hhence the‘heet'capa01uy, of the
‘-lattlce is obtalned as the sum of the energles Eq (T2) of all the |

oscillators:
. - - hvye R o o o
Bt T2 Ty T alvy) Co (T
, i i .
Here g(vi) is a density function giving the humber.g'of nuclei oscillating
at v,. _ , ' f .
Generally, as shown by Born and von Kérman, = among others, the dis-

tribution of modes in a real lattice is a rather.complicated function of



frequency and depends on the nature_and relative value of the force con-
stants between neighboring nuclei, next neighbors, and further neighbors.

In principle one could take into account the various interactions between
all nuclei (and electrons; see the de Launay review) iﬂ the crystal lattice,
and calculate the distribution function; practitally, however, because of
the 1arge:numbef (~5No/mple) of normal modes, sampling techﬁiques must be
used and oniy an approximation to the distribution'curve may be found, as
for example, the work oﬁ‘the fee lattice by Garland and Jura.29

Other theoretical successes in regard to the heaﬁ capacity were ob-

tained with different approximations to the distribution function. Einstein

" assumed a "spike™ distribution function with partial success, while Debye

treated the collection of nucleil as a continuous medium, and evaluated the

density of modes in that approximation. After correction for lattice ex-

pansion and the elecfronic-heat capacity, experimental data agreed
quite well:with Debyetheory. The Debye approximation is widely used
today and 1is a partial basis for the presenf-work.'

vThe Debye model, like the Einstein approximation, ylelds one para-
meter relations for the energy and entrbpy of a regular lattice. The

energy E 1s given by

E =‘\/p§ha?ﬁw) <——523§—;+ > dw ' <T5)

0 , QW'Vb
where # = Plancks constant over o,
o = 2m,
v, = the velocilty of propagation of the oscillation through the lattice.

(A slight approximation'has been made here: +the transverse and longitudinal

velocities are assumed identical.)
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whax'= cut off frequency, def;ned by:
. max .. R : T ‘ -
T / g(w) do = 3N - . 'j ’ : iy ' -
v o . : '

0]

llmltlng the total number of modes to 5N N

The rlght term in parenthes1s in Eq, (T5) represents the dlstrlbutlon
function for a 3 dlmenslonal solld continuum whlle 1w 1s the energy of a

given vibration. ~The eguation is more commonly written as

E = ORT (-—g—- > f -—U-“I—l-q’—ul— ' _ o (TT)
-\ Yo | et -1 | o |
. o . Co
where u = dummy variable
QD‘= adjustable parameter-v

Qb arises in the theory as the temperature equivalent to the energy
jof the mode vibrating at the maximum ellowed frequency; i.e.,
'k 0. = hw o , _ (18)

For metals QD:is typically.of the order 3 X 102_K,: The heat capacity

'follows.en differentiation of Eq. (T7) as

oy =9 f 'uedu o aw
' Y ' (e ~l) : ‘4»" m

This fﬁnction, as well as the Debye functions for E, S, and A are known
and tabulated, for instance, in UCRL'Rebbrt 17225.50 For convenilence in

later discussion the Debye Ci curve as a function of T/@D is shown in Fig. 2.
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The Debye theory gives Ci as a function of T/0; “ commonly-the: -

measured quantity is a total heat capacity at constant pressure, Cp, which
1 .

has a lattice component C;. The difference C; - Cv’ is found from ther- ®
3L
modynamics to be5
. ‘ﬁ
11 P |
S-% - | (T13)
where ¢ = coefficient:of thermal expansion
_ L ( OV >
T\
X .= .isothermel compressibility
_ _’1( 3V Y
B AN .

' This difference is the "dilation" term, and essentially is the temperature
‘derivative of the energy required to ekpand the lattice against an external
pressure. In the temperature rangeiof the experiments reported later,

“this term represents approximately 1 - 2% of the total lattice heat capacity.

Another component of the total heat capacity is the electronic heat:

" capacity c®. This heat capacity arises from those electrons near enough

the Fermi surface that they may be excited thermally to take up energy.

Only a small fraction of the total number of electrons may do this, giving;

as shown in ref. 2¥, the relation
e [ T° > N\ -
c =< 3—5 (eF) Ky )T | | (T1k)

whereﬁB(eF) is the density of electronic states at the Fermi surface, with

, L | b
energy = €p. For a free electron gas, it may be shown  that
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e 1 B ' :
C = 5 T o= T | (T15)

Tt is seen that C° is inversely proportional £o €p- The simple particle-~
in-a-qu model of a nearly free electron in a metal ﬁredicts that the energy
levels should rise as the width of.the box is decreased, i.e.; as the metal
is compressed, the energy states of thefelectrdns, and>thérefore the Fermi
level,. go up. Thus one expects.on the basis of free electron theory that

c® will decrease with increasing pressure. Support for this view comes

from some preliminary work of Burton and Jura55von positron annihilétion
in aluminum under pressure. It was found that the Fermi momentum increased
with preésure roughly as.(VO/V)l/B, a result.inAéood agreement with free
electron theory. One may also calculate the change with volume assuming
that the aata of Swenson and co—workers56’57are representative of all
' metals. . From their work on tantalum and mercury-one may say that
Bﬂnye/aln V ~ 5. Realizing the crude nature of this assumption, one may
‘calculate the decrease in Yo (the derivative 1s positive, hence Ye de-
creases with increasing pressure);

_ Blogye

: Alogye A SToa7 AlogV

5 ¢ AlogV

13

~ 5+ (-.023)
~ =.115

The change in log V at P = 100 kb has been.calculated from the compress-

C -4
ibility data given for iron (see Appendix II). Y, is given as 11.9x10

cal/deggmole58 so that log Yo = -2.925. Thus at 100 kb Yo has decreased
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by 25%_to_.9:x 10'3. Since at fooﬁ temperature the‘electroﬁic heat
capaeity of.iron is 6% ef the total, a change of 25% in Yy means

" a change of 1-2% in the total heat capacity. |

| Twe'of the metals iﬁ the present study_Were.gadoliniﬁm and iren;vboth'
of ﬁhich are.fefromagnetic in.:all .or;pertvof the temperature range in-
vestigated, There is associated with magnetlc properties a heat capact ty
‘Que to the disorder-order staﬁe.of the electrons in the 5@ or Mﬁ bands.

59

Hofmann, et al. have.discussed the roblem at some length. They separated
the magnetlc heat capacity by subtractlng the lattice and electronlc con-

N tributions from the measured CP, and requiring the magnetic entroﬁy as
>calculated from the magnetlc heat capac1ty to be Rln (28 + l) where S is

v the spin of the metal, The results for: 1ron and: gadollnlum at: aumospherlc

ppresSure:arekshownwlanlg},i. lForhlronmat‘roomrtemperaturemand:zero
pressure, the magnetic heat capacify is about 2%,of.the‘tofal,_

The effecf of pressure on the magnetic heat capacity is netiknewn ﬁo

aﬁy great extent; therﬁodynamically it ean'be shown;g that for a second
.erdef transition (i.e., a phase transition with no volume or entropy: dis-

continuities) the requirement that the free energy G across the “phase

'beundary be continuous leads to the result

c . e ' ,
—= = = X | o (T16)

A0 is the-ﬁagnitude ef the discoﬂtinuity in the thermal expansion coeffi-
clent, AX is the magnitude oflthe discontinﬁity in the isothermal com-
-pressibility,vand ACP is fhe discontinuity in the heat capacity, all

measured across the phasetboundary. (Whether or nbt'Eq.l(Tl6) is wholly

| applicable %g ﬁhe*fefromaghetic~§éfamagﬁeﬁie'transitien is & moot point.

The Weiss molecular field model yields a second order phase transition,
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Fig. 3 The separated magnetic heat capacities of Fe and G4
(Hofmann, et al.59).
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but the experimenﬁal behaviour of iron is moré complicaﬁed, and indica-

59

tive of a higher order transition. See Pippard, & Chapter 9). For simple
| e s 2 | R |

molecular field theory, it is found b that the exchange integral J is pro-

portional to Tc’ the Curie temperature, at which the metal passeS'from the

ferromagnetic state to the paramagnetic state:
J = s(s + . |
J = 3k, T /22 8(S + 1) _ _ (Tl?)

z, is the number of neighbor atoms, generally approximated by the number

of nearest neighbors. In this same approximetion ¢ is found %o be%o

- 3 3/2 o
mag’_ - I - I e
C™% = const < 578 ) = A ( T ) | (T18)

The magnetic heat capacity will follow approximately the change in TC.
' 19,41-kh

: Measurements ofAdTC/dP for ironhl andvgadblinium give values of

~0 and ~-l.5°K/kb, resﬁectively. The measurements on ir§n were made only
at pressures up té 7 kb, but calculations based on interhal field measure--
menté from Mﬁssba#er speétroscopy give essentially the same résult, showing
a decreése of apprﬁximately 2°K at 100 kb.u5

Given experiments iﬁ whi¢h the lower limit ofvthe temperature range
s sufficiéntly low to allow determinétion of thé lattice and electronic
vheat capacities separateiy from the magnetic ordering heat capacity, it
woﬁld be possible to measure both the magnetic energy and entropy as a
functibn of pressure. Unfortunately this is not the case in the presént
experiment; as a matter of fact, high pressure experiments at temperatures

- L6 .
below ~60°K have only recently met with success. The experiments re-

ported here on gadolinium were essentially an early test of the apparatus.
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Experimental

The working equation for the experiments on Gd, Fe, and Al was de-
veloped as follows: consider a metal sample of resistance R and heat
- capacity Cp carrying constant current I since time = O. The énergy flow
‘balance is given by
- dH

i Heat flow in - Heat flow out

- TR - £(T-Ta) , | (51)

The‘func£ion f(T—Ta) is a cooling function which we have assumed is pri-
marily dependent on the difference between the temperature T of the sample
.and the temperature Ta of the surréundiﬁgs. dH/dt repreéents the rate of
increase of the enthalpy of the sample, which is assumed to be at constant
pressure. We assume that the electrical resistance at constant pressure

is a function of the temperature only

R R(T)

(E2)
dR/aT = R' (1)

Under this aésumption, and using the relations E = I R, where E i1s the

. voltage across the sample, and Cp = (OH/OT)p, one finds

@ _ @ g ou . om®
@& T pat T p R It
2.1z
= R T at
and
4B IR 2 '
® T, [ IR-f(T-Ta)J ) (E3)



o0

If one now assumes that the data allow extrapolation back £6 0 time where

T = Ta and the cooling term vanishes, it is found that

which on rearrangement gives

c, = iEﬁgt o | . | (25)

Eqﬁation (EL) prediéts_‘ that dR/at) 4o WiLL be 1inéa:1~' in 13, a prediction
‘which is verified expefimentallyvto‘within.B% for iron. Equétibn (EL) |
also indiéates that O current should give dE/dt =.O; 'insteéd it was -
'found expeﬁimentaliy that the:dE/dt,intercept was commonly negative; and
",éfteh c§uld no£ be ‘explained on the basis of data'séatter. In additibn,.
particula?ly in the case of alumiﬁum, it Was'found'that sometimes
dE/dat ‘o I" with n greater than 3.0. This behavior is consistent with
heat>ieakage away from the sample, and 1t was felt that an analysis
taking heat leak intobaccount shﬁuld be made. The approximation made
ﬁas the assumptidn of linear heat tfansfer at the boundary betwéen the
metal sampléland the pressure transmitting medium. This hfadiation”

~ boundary condifion states that the heat flux across a boundary is pro-

. portional to the temperatﬁrevdifference across the boundary.u7
Under this approximation, Eq. (El) becomes
aH .2 ' ' - : '
L = - - o
& IR - A(T Ta) | » (E6)

where A is the constant of proportionality. Now, in order to make the
equation somewhat more tractable one makes the additional assumptions

that over the short (2 - 20°K) temperature range involved, Cp is constant
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and the resistance R is a linear function of temperature:

R = R, +Br, T =TT, ;

with these approximations Eqs (E6) may be rewritten as

. c
aH p 4 2 A
—— 2 i r—— = T [ — ~R )
it TRt % TR -7 (R-R)
dE IR l’ 2 A 1 _
£ - 6;~.t;1 R- 3 (R-Ra)] | (37>

One may approkimate A by going to the steady state, at which

%% = 0 = IisRss'_ g:(Rs "Ra)
or
A ;‘ B IisRss ‘ : ' (E8)
Bes e

Here the sé-subscript represents the values of the variables at the steady
state. (In reality this is really only a psevdo steady state, since the
medium surfounding_the sample is heating slightly,thus changing Ta°>

Substitution of Eq. (EB) into Eg. (E7) yields

A

R-R
a

dE R* 2 2 \
— =2 —— T —- —— L he
at C .[*R T Reg (R " /} (9)
v b ' s a 7
- The ss subscript has been removed from the 12 term since Rss = RSS(I).
Now
dE R R - < KR,
at =~ C ss'\R__-R
D sS a
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and -
- Prr R -RT7 |
dE 2 ‘ S8 , : : —
& T TC R_R | | | (£10)
' P ss " a
o : . ' - A4

or, in terms of observed voltages,
Q-_E . IER' E ESS- E : . . (Ell)
it T 7T a| E _-E_| -
- P ss a

. | ss - IR' a - ‘
Aln_ el B g TG t (E12)

S ss a ] ; P 88 a
The'integration constant was evaluated by the boundary condition E = Ea at
£t = 0. If now ln[Esé-E/Ess;Ea] is ploﬁted'vefsus‘time,t_fbr a:givén':

current, a linear relation is expected; the slope S of the line is'v

« _ R P
= T N\E_E
: p/\ ss a

from which ﬁhe heat capaciﬁy is easily found as

. ~T°R! CoBy o .
% = - ( 5 ) B - (13)
 Tss Ta . -

\
>;‘This latter‘ﬁefhbd has tﬁe'advantage that'eXactbknowledgé of O timé is
" not required, é.problem whicﬁ~sometimes arose when currents were large
~and the cir;uit wéuld "ring* somewhat, or when the skin.effectiin iroﬁ
‘ﬁould create an initiél hump in the_Voltagé time trace. _
Both methods were used; the method characterized by.Eq. (E5), réf

‘férred to hereafter as Method I,.Was used more extensivély‘because of

éonvenience. The method characterized by Eq. (E13), referred to later

as Method II, is somewhat heir to large errors because of the term

(B -E ), a small difference. Method II in particular ‘delineated the



-0% -

time scale pecessary for these experiments. It wasffo@nd'that the sample
could not be heatéd more'than 1-2 milliséconds before heat transfer to the
surroundings was sufficient to affect the results.- This effect was shqwn

by the fact that decreésing timé scales (equivélent to a decreasing eldpsed
time ffom a point near t = 0) gave decreasing heat capacities until the 1
millisecond level was reaéheda at which point the heat capacity became rel-

. atively constant and independent of the time scale used. The heat 1loss at
the longer time scans meant lesé energy into the sample, with the conseqguence
an'apparently larger heat capacity.‘

These results agreed with expe?ience with method I: fOr nominal 2 ampere
currents it was found necessary to use time scales of about 50 microseconds/
cm (thus giving a totéi time scaﬁ of around 0.5 milliseéonds) to obtain-a
linear trace. Beyond this time-the-trace began to exhibit the concave down-
ward. curvéture characteristic 5f heat leak.

When the shorter time scales were used in both methods, agreement
.between the two ié satisfactory t§ the degree allowed by the uﬁcertainty
in method IT.

Examination: of Eq. (ES) shows that the experimental data required To
find Cp'by method I‘areAI, R, Rf, and dE/dt. Figure L shows a block diagram
of the apparatus uséd for these measurements. The apﬁaratus essentially éon-
sists of two systems, bne to measure a static EMF across the sample‘at low
level direct currents, the other to measure a dynemic (time dependeht) EMF
using relatively large cﬁrrenté. Provisions for switching one system or
the otﬂer to the sample are indicated by the dotted lines in the figure.

To measurevthe dc electrical resistance of the éample the connections at A
and A' are made; fhe potential across the sample was determined potentio-
metricelly using one bank of a Leeds and Northrup White Double potentiometer

with a sensitivity of #.2 microvolt. The magnitude of the current passing
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ﬁhrough the sample was found from the potential across ﬁhe standard 1 ohm
resistor Rsl’ utilizing the other bank of the potentiometer. The constant
current source itself was usually a 12 volt auto storage battery in series
with ahigh wattage variable resistor of nominal value 1200 ohms. By main-
taining the battery in a reasonable state of charge a current of around 10
milliamperes constant to approximately .02% could be maintained for a
period of 5 minutes. Dummy loads were provided for the supply during the
time 1t was not connected to the sample. This éteadied the dischérge
characteristics of the battery.

The resistance of the sample is easily obtained from the relation
| R = E/I once E and I héve been measured. Not indicated in the block diagram
. are provisions for reversing the direction of the current, a procedure
necessary when working in the presence of a temperature gradient. In that
event the average value of the resistance measured with positive current and
that measured with negative I is taken to be the correct value; the thermal
EMF cancels out. The dc resistance measurement is the most precise of the
data teken in this work, with an estimate of i.2% given as the uncertainty.

The circuit is conhected at points B and B' for the dynamic measurement
of the‘voltage across the sample. With the exception of the switching circuit,
_ this configurétion 1s analgous to the dc meaéuring circuit: The 50 volt bank
of 12 volt auto storage batteries in series with the variable ballast resistor
form a constant current source while the oscilloscope becomes the potential
measuring deviée monitoring the EMF's across the sample and across the stand-
ard resistor RSQ' "The latter measurement enables determination of the cur-
rent I flowing through the sample fbr the duration of the pulse.

It was found experimentally that appreciable heat flow out from the
sample had occurred in about 1-2 milliseconds under typical conditions. It

was also known that large currents (2-10 anperes ) cogld melt a portion of



6.

"the sample if applied for approximately i second. ﬁhus the need for a
pulsing technique was dictated, a technigque in which a sgquare current pulse
with a fast rise time could bé generated with a pulse widtﬁ of something less
than a few hundred milliseconds. A solid state switching device'coupled'to
 a battery~-resistor current supply was the systeﬁ.developed to'meet this need. «

A‘battery—reéistor supply for the coﬁétant éurrent was found to be nec-
essary.in ordervtbrobtain fast rise time én the current pﬁlse; rise times of
10 psec. for current pulse of‘appfoximateiy'E;S amps are'achieied in the
apparatus. The ballast resistance‘éovered‘ﬁhe rénge 5-400 ohms, giving a
 current rangé of ;03410 émperés. Sample resistances were 5f.the order of
.2 ohms; changes in the Sample resistance were at most:approximately .05
" Ohms. .Thus a-ballést'reSistance of 20 bhms‘résultéd_in a current of ~2.5
‘amps, and the.increasé.of reéisfance dué to.thé heating of the_sample résuitS'
in a current decréa#e of only ~6 milliamp, a féw tenths of a percent. The
cUrreﬁt may be-éonsidered constant to this extent. Because of the higher
currents fequired-in this part of the experiment, repeated charging of the
Eatteries was necessary for.proper operation. Insufficient charge resﬁlted
.inAlongef rise;time of the current pulse as well as a marked variation in'
the current’during the pulse. |

The solid'staﬁé switching circuif generated the éurrént pulse. Mechanical
dévicés were found previously to be insufficient for the task.becaﬁse of speed
>and current carrying 1imitations. The device shown in Fig: 5 Was_developed
for this purpose by the Special Problems Engineering group at Berkeley, under
the direction of Paul Salz. There are actuvally ﬁwo "switches" im the device,
one for a dummy load and one for the sample. Each'éét of'2N3?l6 transistors -~
| is triggered by an EECO T-166 one shot multivibrator whose output pulse is
amplified for switching purposes by the EECO T-170 relay driver. Pulse

widths are detefmined by the charging rates of the external capacitors,
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.C3Vand ch, on the one~shotsf The.charging rate of capacity Ch .of the sample -
(load 2 on»the schematic) multiVibrator is variable through resistor Rk to
allow varying pulse widths. There is also a charging circuit on the output

a of the sample nultivibrator to allow a delay in the firing of the sample
tranSistors The action of the deViceecan be seen by examining Fig. 6, which .
shows the current.output as a function of time for both the sample and the |
dummy loads. .The current is first sent throughvthe dummy load, a resistance
of roughly the value'ofbthe sample resistance, in_order:toeliminate the
transients_andrinstabilities generated when the_batteries-first'begin to
deliver current. After a suitable time, about 10 milliseconds, the circuit-
through the sample is closed while current is still flowing invthe dummy
'circuit; Then the dummy circuit is opened so-all current flows through the
'sample. The rheostat R6 controls the charging rate of CS and thus the overlap
of the two pulses. In practice the overlap-was minimized to diminish the
additional heating of the sample during the overlap period._

The amplitude of the current pulse is determined from the voltage across
the standard resistor Rse’ the.resistance of which had been determined earlier
to be 0.1 ohm. Thus a current.of 1 amp resulted'in an easily measured 100 -
milliuolt signal'at theloscilloscope. R o had a sufficiently high power
_rating- and low thermal coefficient of reSistance that during a pulse R oo
- did not change appreCiably in value. |

- Both the potential across the sample and the potential across RsE were
measures as a function of %time on a Tektronix 555 dual beam oscilloscope.
As indicated in the block,diagram, the voltage across Rs2 was measured differ-
A entially while the sample voltage was measured relative to a ground point | .
mhich served as a reference for the entire system; The potential across ng
may be measured with any.amplifier having approximately-.l volt/cm sensitivity
for differential determinations. In the present set up, a Tektronix type 1AT

amplifier is used because of its sensitivity and exceptional stability.
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:The sample potential was measured ﬁsing the Tektronix Type.w amplifier;
'This is a very stable, high gain diffgrential comparator having a maximum
seﬁsitivity of 1 millivqlt/cm. The internal comparison voltage enables one
to examine the top:-of the voltage pulse at maximum seﬁsitivity. For, as seen
in Eq. (ES), one is interested only in the rate of change of the voltage, not
the absolute magnitude. The situdtion is'depic%ed\graphically in fig. f:
from the sample:voltaée pulse a dc voltage is subtracted, leaving only the
top portion df the'sémple pulse to be examined at maximum sensitivity.

The éample voltage pulse was roughly Fourier anslyzed. It was found that
components above 100—3OC ke were relatively unimpdrtant while the lowef Tre-
- quencies played a larger role. t was most important to dc coﬁ?le all ampli- 1
fiers since the dc gndvlow frequency compoﬁéﬁts contributed-é gréat.déai to ”
the wave shape.

Figure 8 shows a typical data record; the uppef trace 1s the voltage

across the sample, at 1 mv/div., the lower parallel traces give the current,

at 1 amp/div. The time scale is 10 psec/division.
The traces were recorded by either of two methods. If records were made
on Polaroid film, the various measurements of current and slope were made by

hand, with the aid of a Gerber Variable Scale. To facilitate reduction of a
" large volume of data, some wOork was recorded on rolls of‘35 mm Tri-X photo-
" graphic film and measuréﬁents were made with the TRAMP II, a digitized pro—b
traétor of the Heckman Visual Measuring group at Befkeley. Currents and
slopes measured by hand have an estimated precision of il—Q%, while ﬁhose
i done on the TﬁAMP are somewhat more precise. The oscilloscope time scales
were calibrated to il/E% several times during the course of the research 50
the precision is assumed to represent the uncertainty in measuring disténce'
on the photographs. |

The high pressure generating appafatus is the opposed Bridgman anvil type

o . . . L8 . : .
used in these laboratories and described earlier. A new grade of carbide,

Kennametal X-68, was used for the anvil inserts with very good success. This
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material repeatedly waé taken to 100 kb and over without fracture or notice-
able deformation; no problens were encountered in the low temperature (77°K)
runs, either.

The sample was contained in the four-lead, split—fing set up described
by Stromberg and Jura,u9 modified by replacing the gold plug current inputs
with anotﬁer set of wire leads through the pyrophyllite wall.  Figure 9 1ll=~
ustrates the sample "sandwich”. WNot shown in the figure is the .00025" mylar.
sheet fastened to the sides of the AgCl disks facing the sample. The mylar
very effectively eliminated reaction between the metal sample and the corrosive
silver chloride pressure transmitting medium without noticeably affecting the

gquasi-hydrostatic nature of the system.

The system pressure was monitored using a metal coll strain gauge and BLH
strain indicator to measure the force applied by the hydraulic system. Cali-
bration of the pressure scale was effected using the bismuth I-IT and VI-VIII
trensitions, which have transition pressures of 25.4 kb and 88 kb, respec-

48,50 Since 1t is known that this type sample system is prone to

tively.
redial pressure gradtients,LF8 all sample hoops were 0.2" in diaméter and were
‘ placed concentric to the axis of the press. Calibration runs were made with
0.2" hoops also; all experiments and calibrations were made on compression
runs only. The author presumes further that the fluidity of the silver
chloride medium decreases with decreasing temperature° Conseqﬁently on those
experiments where temperature was the variable parameter, the pressure was set
at room temperature and while cooling or warming every effort was made to main-
~tain constant loading. Tt is felt that the above technigues give a pressure
scale which is accurate to at least 5%. v

Temperature control has proven difficult for the Bridgman opposed anvil
system, but progress is being made in eliminating temperature gradients which
sometimes appear across samples which have been codled to temperatures below
51

200°K in a simple dewar system. Karly experimgnts to 77°K used massive

copper blocks surrounding the sample and anvils inside a dewar to decrease
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the temperature gradient from 20°K to 2-6°K. The technique is difficult for
the four lead samples prepared in this research and was thus modified. A
stainless steel can surrounded the loaded sample in the anvils. If the
sample proved "goéd", i.e., if all electrical circuits were intact, approx-
imately 75 lbs of fine No.1l2 lead shot was poured into The can, making a
large heat sink. The sample itself was somewhat isolated by the use of
Duxseal to prevent the lead shot from shorting out the leads. This sYstem
is essentially the eqguivalent of the copper blocks, although much easier to
load (unloading is a little messy), and resulted in a temperature gradient of
~2°K. While such a gradient seems to have little effect on the measured
quantities (and indeed the effects may be further diminished by taking
_measﬁrements with both positive and negative current floﬁs), the rate of

© warming must bertaken into account. Too high a rate inhibits taking data‘at
meaningful increments. The above systems can warm as fast as 2—5°K/min; we

have found that a reasonable rate is.O.loK/min. Hence a move was made to

[l

liguid baths, in particular to the Kanolt solution bath described by Souers.)e
This bath 1s usable only to about lSOoK, but 1s much more convenient in terms
of apparatus required than the methyl-butane éystem,of Phillips,19 which

| could attalin femperatures of 100-120°K. By the use of cooling coils carrying
liguid nitrogen through the Kanolt bath, any desired warming rate could be
achieved; actually it was found necessary to warm the bath with heaters as
the temperature rose above 220°K, in order that the experiment did not take

overly ‘long. The bath was stirred with an air motor since electrical motors

interferred with the triggering systems of the oseilloscope.

The temperature was measured using copper-constantan thermocouples
which were spot welded or silver soldered to the anvil jackets, about
. Q .

1-2" from the center. The thermocouples were all calibrated at 77 K in

. . . ’ o . s o . .
fresh liguid nitrogen, at 193 K in solid CO,, and at 275 K in crushed ice.
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With the éppropriate corrections made it is feit that temperatures 'are
gccurate to £,1°Y. The temperature gradient was usually l/h degfee<or lesse.

The techniqué and procedure for taking data at a point along an iSobar
was the following. ‘The tem@eratures of ﬁhe fop and bottom énviié were
measured and recorded, and the voltage across the sample and current flowing
through it were méasured'first with thelcurrent flowing one direction then
in th¢ other. Thé system was next switched to the oscilloscope and a
series of abéut 15-25 pictures were taken:at 5 or 6‘differeﬁt currents,if
the 35mm camera wéé used;_'Because of the time involved when the Polaroid
camera was used only 8-15 pictures were taken at the various currents.
'Then the temperatures of the top and bottom anvils were measured again.
Temperature rise for the whole sequencé was l/QOK'&henthe-55 mm camera was
used, andvsoméﬁhat>m0re for the Polaroid. The'éverage of the two sets of
_temperature data was used for the temperature of the héat capacity deter-
mination, while thevaverage teméerature;of the first set of data was used
in preparihg tﬁe resistance temperature:curve.

‘As menﬁiongd earlier, if the E-t data were recorded on Polaroid film,
the neceséary_measuréments were made by hahd whereas data taken on 35 mm
film were measured on the TﬁAMP, Which punchés the apprppriate coordinate
dafa'onto paper tape. Following convérsion to magnetic tape on a DDP-24
computer; the 35 mm data was fed into the IRL IBM 7094 or CDC 6600 computer
for reduction. A leaét squares linear fit was performéd on the dE/dt and

>

I” data for a gilven témperature, Points of poor fit (greater than 2.8
standard deviations away from the line) were discarded and a fit was
attempted again, with the process repeaﬁed until suitable convergence was

achieved. Polaroid data was genérally fit graphically. The total data

~ for a run was smoothed graphically, and often the temperature derivative of
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the resistance was calculated graphically by the chord area method. Final

-point by point calculations were carried out by hand on a desk calculator.
Results

The first investigation using the above apparatus was an examination
of the heat capacity of gadolinium in the vicinity of the Curie temperature,TC.
At atmospheric pressure Gd undergoes the ferromagnetic-paramagnetic transi-
tion in the neighborhood of 292°K.55755':fhe“heat capacity aromaly. occurs .
at 291.8°K with ACP= 7 cal/deg—mole.:55 This change of roughly 100% in
Cp afforded a simpie test of the apparatus.

The gadolinium used was a portion of that studied by D. Phillips in this
laboratory.19 The metal was supplied by Research Chemicals,‘Phoenix,
Arizona; Impurities of other rare esarths and of transition metals were
stated to be outéide the limits of defection by spectrographic analysis.

Five separate runs were made in which two were in a sense less than
successful because the full width’of the transition was not investigated.
A relatively complete transition at 20 kb is shown in Fig. 10 a plot of
“transition temperature T, versus pressure is shown in Fig. 1L. The lower
point at 20 kb ié weighted more heavily because the two incomplete runs

were at 20 kb and indicated that TC at that pressure was somewhat lower

than 270°K. As calculated from the graph ar /P = -1.3°K/kb, a value

b1 u3

—1.55; s

which is in good agreement with the literature valuves of -1.2,

o Ll

-1.6,77 -1.73; and ~l.9°K/kbL19 Data was not extended to pressures

above 20 kb since gadolinium is known to undergo a phase transformation

ip Lk

to the samarium type structure aba pressure between 20-25 kb. Further

analysls of the data, such as calculationhafZﬁ%mg ahdésm the megnetic

na.g’
enthdlpy and entropy, respectively, was not possible because the limited
temperature range did not allow separation of the lattice and electronic

heat capacity.
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. For}equation of_etate studies it'ls deeirable to‘have'a metal with
-both a large compresslblllty and a‘hlgh eharacterlst1c temperature 9,
':-that the change 1n 2] (or other parameter characterlzlng the stlffness of ”.
the lattlce)‘Would be as large as possible. Unfortunately, to some extent
vthese:two propertles-are mutually exclu51ve;1one mlght 1ntu1t1vely assojp
oiate a high oompressihility uith.a low forcerconetant,iand henCe from Eq.
71(TlO); a larger conpressibllity‘meansaavlower :9;"bne»deelree'furthermore.
a netal uith a relatiVely large'resistlylty;SOithat,a reasonablensize sample B
may be used; smaller eleetrical resietivities requirepmaking,the‘physical' |
”aimensions or'the eample'small ihvorder>to increaserthe,resistance. Flnally,
~one would like a metallwith'a,large tenmerature‘coeffielentpof‘reSistance,
'55 that témpéfatﬁre:iﬁéféasesﬁméyftéxéeeﬁ'ﬁo%e”éééirfff*=«*,.3. S

The metal studled most extens1vely in this work was 1ron,‘wh1eh was :

chosen as hav1ng an optrmlzed comblnatlon of the propertles llsted above,

56 38

at room.temperature and Zero pressure, Oy = M)E K 826xlO 7(c*nkg),

p = 9.8uQ Cm,57 and % g? = 5% 107°x -1 58

'Iron.wire-OOOB in dlameter and stated purlty 99 9% from Unlted Mlneral
and Chemlcal Company, New York was used for the sample.__wSpectrochemlcal_
;l:analys1s confirmed the purlty glven above, although the technlque used is
' not sens1t1ve to carbon 1mpur1t1es.: The w1re was generally annealed at
etemperatures of" llOO X for several hours in either a good vacuum or a -
few mm of & 9&% He-6% H, mixture. This was-done mostly o make the wire
;easler to shape, llt le difference in re31etance wae found between the
' annealeduand unannealed wire., '
More than twenty separate runs were made about half'of which were
.1sobar1c runs at 20,25,30,50,75, and 100 b, At'least'three room.temper_

.lature isotherms to 100 kb and above were run, and these data were supp-

" . lemented by points taken while increasing the,pressureffor some of the
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higher isobars. The data of three isotherms at dry ice temperatures (195°K)
showéd good agreement with values calculated from the iscbaric runs and the
rocm temperature isotherms. (This result shows thét it is possible to vary
the pressure at lower temperatures, provided changes in P are made slowly, and
provided that sufficient time is allowed for the system +to come to equilibrium.)
It was found to be practically impossible to retain a given sample for
more than one isobaric run; in only one case did the sample not blow out after
warming to near room temperéture. (It is probable that the cooling bath li-
guid penetrated the pyrophyllite ring, weakening it by decreasing the co-
efficient of friction. When the temperature rose to the point where the AgCl
was sufficiently fluid#»the bl&wout occurred.) It was therefore required to
relate the various runs to one.another. The effect of sample size was elim-
inated by using reduced resistances and slopes (henceforth the symbol 8 will

Bpkm% The isothermal R and S

. ~
data enabled one to tie the isobaric runs. together.

be used to denote the slope of a dE/dt vs I

The experimental data are:

R P'295) ‘ °
§%§8;§§57 ve P at 295 K

R(P,T) '

§(§f§557_ vs T at P |
1 . . ar(p,7)

R(P,200) T Vs Tatk

S(p,295) ' o

(20,205 ve P at 295 K

s(p,T)

vs T at P
S(P,200)

200°K was a common point for all-isobaric runs. The data 1s shown in Figs.
12-19. TFigure 12 illustrates the room temperature resistance isotherm,
R(P,295) /R(20,295) vs pressure; the solid line is a least squares poly-.
nomial fit of the data of this work, and the squares are from Bridgman's
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opposed anvil dats. The ‘agreement is satisfactory in view of the fact

that Bridgmaen, unaware of the pressure gradient in the ring system, used
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Fig. 12 Room temperature resistance isotherm of ironm.
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a sample strip straight across the ring. This technidue results in pressures
lower than the applied pressure (defined as the applied force divided by the
area of contact) by a variable factor of around O.8.u8 Distortion of the
anvil faces at high pressures may also give discrepancies;

A composite.graph‘of R(P,T)/R(P,200) is shown in Fig. I3, ami it can be
seen that the temperature dependence of the reduced resistance is very nearly
the same for all pressures of 20 kb and greater.. The O kb data was taken from
the work of white and WOods;?? the intersection of the 20 kb isobar of this

" work with their atmospheric values at 150°K most likely is due tc a difference

in purity of the iron used in the two studies. Tt was found experimentally

3/2

that the reduced resistance of iron af P>20 kb was proportilonal to T7/ ~;

the implications of this find are discussed in Appendix I. The data for 20 kb
‘are presented in this fashion in Fig. 13, which includes the experimental
_points as well as tﬁe computed line. The slight~differences in the R curves

3/2

are best seen in the derivative. If one assumes that R/REOO = a + o7/,
then the derivative is given by (L/Rogo)dR/AT = 3/2 VT2, A graph of b
versus ﬁressure is shown in Fig. 1h. The dashed line is a least squares fit
by the equation

b = 3.502x10"" + 2.35¢10™C P,
for P in kb. The fit is vélid only for P > 20 kb; since at lower pressures
" the exponent of T in the resistance function increases. The increase in b
with pressure represents a slight stiffening of the lattice.

The slope S is found from the dE/dﬁ Vs 15 graphical plots or numerical
fits. A typical dE/dt vs 2 plot for iron is shown in Fig. 15; the linear
fit is quite good and error analysis6o indicates a probable error of 1-2% in
the slopeé the uncertainty in measuring daté off of the ?hotographs leads to
an uncertainty of 3% in I5 and of 2-3% in dE/dt; Note that the line does not
intercept the origin; in this graph, as in the majority of the plots, the in-
tercept is negative. The magnitude of the intercept is also usually outside

the limits of experimental error. A series of experiments on iron, somewhat
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uncer"ca:.n because of ’she :Lnabll:.ty to determine small values of dE/d.t Wluh
'good prec1s1on, showed no curvature to meet the origin. The behavior of the
- intercept w1th:varylng_pressure orvtemperature is rnot partieularly regular,
" and no explenaﬁion_Save some systemstic error can be glven ot this time. The
'ihterce?f ie.freaﬁed.in thie.werkves a eonsﬁant heat leak hence the slope’ 5
ofvthe'linear_dE/dt vs 15 graph is'ﬁSed to calculate‘cp.r
| Figure 17 is the S(P)/S(éO) 295°K isotherm; the solid linesis 5 least
' _squares polynomﬂal it of all data, while the various p01nts indicate the
vdegree of_scatter. All data lie w1uh1n 2 5 standard dev1atlons from the
 fitted curve; with ¢ = 2°8Xlo_2. Finally, in Fig. 18, the slope data '
S(P,T)/S(20;é95) for iron are presented. Like the resistance data these last
1 data show Little difference from pressure to pressure When displayed in |
_reduceé form. . . | ”
All heat capac1t1es were computed relative to the heat capacity at 20 kb
and 299 K. The method of calculatlon is the follow1ng | |
From theory (Eg. (E5)) the heat capacity at pressure P and ﬁemperafure

T is given as

R(P T) ° R’(P T)
s(?,T)

_ CP(P’T> -
and at P = 20 kb, T = 295°K,

20,295) - R'(20,2
C,(20,295) = B(20, 92220 goé) 95)

The ratlo of these two heat capac1t1es 1s therefore glven by

Cp(P T) _ R(P T) Rr(P,T) | . s(e0, 295) (52)
¢,(20,295) ~ R(20, 255) R’(?O?2957 5(P, 1)

Each of the three terms on the right may be expressed in terms of the

. measured quantities: ,
R(P,T) _  _R(P,T) . R(P,200) . R(P,295)

R(20,295) - R(?,200) ' R(P,295) R(20,295) (®3)
R(p,T)  R(P,295) /R(P,295)

R(P,200) " 'R(20,295)/ R(¥,200)

1l
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RY(P,T)

R*EPZT) _ R(p,200) , _ R{P,200)
R!(20,295) ~ R(20,200) + R'(20,295)
’ ' ’ - R (20,200)

S v : R;JP ’
R(P,200) , R(P,295) . R(20,295) . R(P,2C0

R(P,295) R(20,295) R(20,200) R*(20 295)'
: | . R(20,200)

- RY(P,T). ., _R(P,295)
_ R(P,200) R(20,295) . D (£1)
_ R(P,295) -
R(P,200)

‘ R(20,295)
p 2 R§20)2005
R'(20,295)
R(20,200)

and 1s a constant for any given metal.

where

8(20,295) _  §(20,295) . 5(,295) , S(P,200)
RS

S5(%,295)  §(2,200) = S(B,T)

S‘<Py 295) ’

S(P,200) (£5)
S(P,295) , S(P,T)
§(20,295) ~ §(®,200)

On combining Egs. (£3), (Eb), and (ES) one finds the ratio of heat capacities

in terms of reduced variables as

R(P,T) R'(P,T)
C, (P T) R(,200) ° “R(P,200

¢ _(20,295) ~ _5(3,T)
P , §(P,200

- M(P) - D (E6)



.
) ' R(2,205) 5(p,295)
o - (L5 ) (L

R(P,200) - 75(20,295)

and 1s seen to be a function of pressure only.

bThe iéobaric runs were calculated aécording to'Eq.v(E6). Thé isobérs
weré tied together at 295°K.using the additiohal results'of_6;isothérms
| which indicated a l% drop in Cp from 25 to lCO kb, and which, if lineariyA
extrapolated to zero'pressure; indicate that Cp(b;295) isvapprbkimatélyvl%
greatef than-Cp(25,295);' The spread of dété is such that one'éould say the
”'heat capaéity remains constant from O—iOO kb”ét'295°K;.howevep,vby uéing
fhe thermai expansion data'of Nii.and>McNair;6l and byvassuming thét ACp

'_is’given'appréximately Eva-

0\ e
ACp'N -—8% T AP = TS5 RIS (E7)

~one fiﬁds thevheat capécity aﬁVO pressufe is about .8% greater théh at. 25 kb.
The data connécted:in the above'fashioniis shown.inkFig. 19, along with

the éero pressure data of Keliey.62’63 The scatter among»the expérimentél .
'  points»is apﬁroximately +1% ét the Worsf, and the déta indicate no regular

progression with pressﬁre. ‘Hence the data is treated asvindependent of

' pressﬁre, and averaged to give the gfaph of Fig. 20, again including the

, atmospheric pressuré datao. Also shown in Fig. 20 are the Cp cufve at 25 kb
'1calculated from the thermal expahsibn'data of Nix and McNair using the re-

lation (E7), a Cp curve ati25.kb calculated in the Griineisen approximation

‘With v = 1.70 and independent of volume; the assumption that the electronic
.and magnetic heattcapacities were inde?endeht of pressure was made in this

calculation as in the identical calculation of fhe Cp curve at 100 kb. The

- experimental data average-lies in the region bounded by these approximations.
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Fig. 19 Exp'erimental heat capacity isobars of iron.
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Within the 5-6% uncertainty of the experimental data then, the heat
capacilty Cp of iron definitely does not change in the pressure rahgeVQO—lOO
'kb. Moreover, although no experimental comparison was possible, it is
. probable that the difference between the high pressure heat capacities and
the zero pressure value is small. It appears that a Grineisen type apprex-
imation, with a < which is independent of volume, is sufficient to describe
the thermodynamlc behavior of the iroﬁ Iattice as a function of pressure; the
assumption of constant magnetic and electronic is apparently reasonable, and
at any rate introduces only a small error since these two heat capacities
are only small components of the total in the temperature region investigated.

Because of the apparent small variation in the heat capacity of iren at
high pfessures, an attempt was made to measure the heat capacity of aluminum,
which is known to exhibit a 6% decrease in Cp at room temperature,lo and the
greater increases attendant.af lower temperatures. Some degree of success
was had in the isobaric runs, as shown in Fig. 21, wﬁich'compares measured .

values at 50 kb with the result of calculations using Raimondi's equation

+ )

of state. The agreement is good, but somewhat misleading since a = 20
variation in 6 will still fit the curve within experimental error. The room
temperature isothermal runs disagreed badly with existing theories in that
an increase in Cp was found, the heat capacityat 100 kb being about 1.7
times the zero pressure value. It is not known at present exaetly why the
method should give these apparently unreasonable results, but the following
observations and conclusions can be made. The'first 1s that on the basis

of log (dE/dt) vs log (I) linear plots, 4E/dt was not proportional to D
as required by the theory developed earlier and shown by the iron and
5.7

gadolinium work; rather it was found that dE/dt « I”°", approximately.

This behavior, the exponent of I being greater than 3 is what one would
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expect to find if there were a large heat leak. Beéaﬁse of the low re-
sistivity of the aluminum the samples had to be made very sméll (.0005"
thick) tQ have a resistance of usable magnitude. This resulted in a

sample smaller, mole Wisé, than the iron samples by about an orde; of
magnitude. A smaller sample heats more rapidly for a.given power input;
'hence the point at which heat leakage becomes excessive 1s reached earlier.
Highér currents were required in the aluminum work in order to develop
significant potentials across the sample and it is possible‘that during the
?eriod of owerlap of current flow throughlthe dummy and sample. resistances
sufficient heat was generated in the samplé to complicate the resulting
measurements. Also; it haé been noted. experimentally that the higher
currents have slower rise time, meking it somewhat more difficult td as-

5

certain the limiting slope on the dE/dt vs T 'ﬁlots.
Coﬁéiuéioﬂé

The experiments reported here show that it is possible to measure the
heat capacities of metals under pressure Wiﬁh some measure of certainty.
The results of the gadolinium experimenﬁ and the iron and aluminum isobars
indicate that the meth§d works feasbnably well if the heat capacity changes
are large; the :experimental uncertainty of around +5b sets a lower limit to
the resolution of the present apparatus.

Some difficulty was bréught to light in the isothermal experiments
where SOmétimes in the case of iron a slight increase in Cp was noted on
pressure increase, albéit within experimental error. The aluminum isotherms
show a very definite increase in Cp as the pressure is increased, in con-
tradiction with present theories and experimental work. Part of the diffi-
culty is £he lngeIECtrical resistivity of aluminum, but it is felt that

there might also be some pressure dependent heat leak function which could
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- give rise to this effect. The nature of thiS'functiQn'is-as yet undeter- -
mined;
Apother puzzllng 1ncons13uency whlch could be related to the above

3

fproblem is the fact that the dE/dt Ve I relatlon, while: actually llnear_ 
as requlred by 31mple theory, experlmentally does not glve a zero inter-
| cept; the common resuvlt.is thau for I3 0, dE/dt < 0. .‘Thls resultpmay=-.
be interpreted as’ a heat loss, and in this'thesis it'wes assumed to be a
:c01staﬁt.v It pos31bly may be a more compllcated functlon. Addltlonal
" evidence that thls negatlve intercept mlght represent a heat loss comes .
‘from some preliminary experlments done out51de the pressure cell, whére
'onevwould expect the heat loss term to Be rery much smaller. vin these
7e.caSes.the dE/dt line was found to passﬂphrough the origiﬁ.i'r o
Future reseereh thus has several directiens.‘véne"iefa elerificepien_
| of the heat loss problem; both as e funcpion of;pressure, and at a éiven
preesdre and temperature. Many of the probiemsboutlinedvabove could be
‘pinvestigated more theroughly when sensitive differential_preamplifiers
- can be developed te allow use of larger'samplee,aﬁd-lowervheeting currents.
| Hepefully present'limitatione of the technique to‘metals haVingrresietivities
greater fhan about S5uohm cm ceul@ be relaxed with such preemps.'
_Siﬁce the variation'of the heat cepacity with temperature is ‘much
v?greater than its.apparent.isethermelfveriation, the heat capacity work”
i reported here would beﬁefit greatiy by aﬁ extensiee of the temperature
range ueed; To this end‘a more elaboratevtemperaturercantrol system 1is
necessary, and phe author envisions a combination of the massive heat sink
and liquid bath ﬁechniques to allow a temperature range from 65°K to over
.room temperature. Included in this control system should be. some auto-
‘matic loed,maintaining mechaﬁism to‘prevent'pressdre drift when heating

or cooling.
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As it appears that isothermal variation of the heat capacity is: re-

Jatively small, a more fruitful direction of research using heat capacities
measured at high pressures might center on studies of phase changes under
pressure. The gadolinium work presented here is one such study; further
studies on gadolinium at higher pressures could give insight iﬁté the
nature of the samarium type structure which apbears above 25 kb, There

are numeraus other possibilitiés; Fig. 22 chows a dE/dB/&5 isotherm for
iron. ,The.break at approximately 120 kb reflects the phase transition to
the hep structure at that pressure. Measurement of the resistance and
temperature derivative of the resistance of the high pressure phase would
allow the interesting caleulation:-of the change in heat capacity across

the phase boundary.
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SO CPART IT. . THERMAL SHOCKING

Many substances exhibit polymorphism under pressure, with the differ-
ent phases most often having different physical characteristics such as
. volume, electrical resistance, magnetic permeablility, etc., which enable
identification of the particular phase. The problems of finding new
phases‘and delineating their existence in P-T diagrams is a continuing
one in high pressure research.
Quite often it 1s found that phase transitions are sluggish, and in
some cases, for instance the Fe transition, super pressures of 20-60 kbars
- are required to complete a transition. Furthermore, even for a relatively
"sharpf transition it can be argued that the observed isothermal transition
pressure is greater than the thermodynamic pressure. The problem was
recogﬁized by Bridgﬁan,u,whe termed. the region between_the transition
.pressure on compfessien and the transitioh pressure on decompression as
the region of indifference. Bridgman's regien was widened édditionally
from friction effects in the pressure generating aparatus; he chose as the
thermodynamic transition pressure the average of the compression and de-
compression\values. _
More recently, Kennedy and La Moriaj obtained transition pressures
| which are probably quiﬁe close to the thermodynamic value; a shearing
technique greatly decreased the difference between the compression and
decompression values of the transition preesure. It isvpossible that local
heating may facillitate the transition under these circumstances.
In dynamic shock experiments where maximum pressures are availlable only
.Tor periods dofvmicroseconds, . phase transitions are found to occur, and

in a period of time less than the duration of the shock. This is in.

marked contrast to experience with static pressurés where a sample can
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be compressed to a pressure greater than the known thermodynamic pressure

and yet give'no indication of tfansformation. Since there 1s local -
adiabatic heating dufihg»the shock wave 1t is‘apparént;that the increase
“in témpé?aturé has aided'the traﬁsitiono :It was thus felt_thét if a
sample uﬁder sfatic_pressure could be heated moﬁentarily a more accurate
 determination of the therﬁodynamic presSure could be made. A metal wife
éample in the PBridgman opposed anvil Systém described earlier makes an
ideal systém since electrical ohmic heating by é current pulse” enables

| heating the sample‘moﬁenfarily to essentially any desired temperature..

65

A review by Kaufman outlines the thermodynamics andvresults of
metalAphase equilibria under pressure. -;t is easiest:to:understand phase
eQuilibria from the poiﬁt Qf view of free-énergieé G; Figurg_QSa shcws
ﬁhe generali2ed free énergy'curvés at'constant'T‘as éwfunction of ﬁressure :
for phases A and‘B; A beihg-the stable low:pressure phase. ‘PT 1s the
“true" transition temperature.. The diagramvindicates the Qrigin of the
~region of indifference (apart from fricfional effects): if the G curves
. are cioser tégether.than.an émoﬁnt AG ~ RT then the two.phases may co-
exist. Tt ié seenbthat Py ~ 1/2 (Pu + fl).where Pﬁ is the transition -
pressure on isothérmal chpgession and P1 1s the tranéition pressure on
isdthermal de§omp?éssion. Figufe 23b ié a G(P = Cohst.)'— T plot which"
indicates'howfan increase ih ﬁemperature cén reéﬁlﬁ in a-transition to
the high pressure B phase. |

The method used in this work involved forming.the two different
vphaées iﬁ intimate‘confact at the desired,température. If in such &
“-situation onelphése grows at-the;eXpense of.ﬁhe'other,'it is fairly cef-
fain that the gfowing phase is ﬁhe thermédynamically Stable phase at

 that temperature. The coexistence of the two phases was obtained by pulse
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 Ghe

'v':heatlng, hence 1t 1s required that the slope dT/dP of the phase boundary
vi'be negatlve.. Concelvably thevexperlment’could also be done by momentarlly l
increasing'(or»decreaslng)ithe pressure on the sample;‘but ne work has“
_been'performed to this end. |
| vOne_may easilj heat a metal sample hyhpassing avhigh»current:through':;v:'
iit for a short period.' For the small’(~lo—4 mole).samples.used invthis
work it was no problem to reach temperatures as high as l8OO K (fixed by
vi_the meltlng of an iron sample) y Indeed the inltlal problem was one of _
- smaklng the pulse duratlon‘shortlenough that the samples were not melted;s
The'experimental'procedure:was somewhat like that described.earlier:.n.
0.003" diameter wireslmere bent lnto circular:arcsgand.mounted in then
V“Brldgman,anvil‘systemrbeour lead measurements.were not‘aluays made;‘morem
commonly currentimas sent into‘the anvils;through'Au plugs to_thevsample
"and the total voltage drop across the anvils was'measured; Fortunately,
at room temperature the contact resistances.involvedvare negligihle com=-
pared to agtypical sample resistance of .20 and higher. |
| . The pulsing circult'was simpler than the}previously described circuit;e
~a block diagram is shown‘in'Eig. 24. A current source of threele volt |
auto storage batteries connected dn parallel'was set up so that current'
"could be drawn at voltaées of 2-12 volts in 2 volt 1ncrements. ‘The out-
"puts of the battery current source and of the constant current supply(go to
‘a gating and sw1tch1ng unlt which used mechanical mercury reed»relays to
; generate a.variable 360 millisecond pulse. | |
Activating the unit.shunts current from the constanttcurrent supply to
a dummy load of 1 ohm after which current from the batteries 1s dlrected
1-through the sample. After the prese tlme of the power pulse, the sw1tch1ng

is reversed: the battery current is disconnected and the lower constant
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Fig. 24 Block diagram of simple pulsing circuit.
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-_:current is again sent through the sample. The L and N Speedomax recorder""
monltors the voltage across the sample before and after the hlgh current
pulse.

The transitiom_pressure was determined ln tﬂe following manner: 'the
metal underusuudyis compressed to a pressure 10-20 Kbars below the ob-
served isothermal transition pressure. At thls p01nt the sample is
thermally pulsed and the res1stance followed as a functlon of tlme.

o Proper pulsing changes the res1stance of the sample to a value inter-

“mediate between”the'low.pressure phase reslstance aﬁd'the high pressureb‘
phase resistance. If,.after pulsing the resistance returns to its value
~-before the pulse, the pressure is 1ncreased by a - small amount the re-
s1stance.noted and the sample is pulsed agaln. .If the res1stance re-
:turns to its initial value, a further pressure 1ncrement is made.- This
procedure 1s repeated until the resistance remaius in-the high pressure
phase. | |

' lhe precision of a'trahsformation found in this manner is not as

.'.great as when the sample is isothermally-compressed in the usual fashion.
In the.usual_experiment, if the transformationistarts while the sample is
being’ compressed ‘the compress1on can be 1mmed1ately stopped and the . |
. pressure noted. In our technlque all that 1s known is that at some
.pressure P the materlal 1s in one phase, and that after an 1ncrement of
pressure is added, the material is in another phase. We have assumed that
the trahsition pressure is giren by the arithmetic mean between these
. two pressures;

| Several preliminary experiments are needed to determine the optimum
conditions to be used. Obviously, the voltage and duration of the heating

‘pulse must have values such that the sample is heated to a,sufficiently

high temperature, but not so high as to melt the sample. A sufficiently
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high temperature is one in which the two phases coexist. In the case of
bismuth, the resistance—pressufé relation is followed during decompression;
if the transition pressure is the same on compression and decompression,
the run is discardéd as this wquld indicate that too large an energy

pulse was applied, driving the entire sample irreversibly into the high
pressure phase. In general, if the pulse strength.is such that the

entire sample is not transformed to the high pressure form, this difficulty
is not encountered.

The geometry of the system is too compléx to.compute the sample
temperature behaviorvas_the energy is electrically generated in the wire.
An analysis of a simple and idealized'system.indicates that the heat
leakage fromlthe sample becomes appreciable in tens of microseconds. That
this is so can be shown by the fact that a 0.010-sec, l-volt pulse through
a silver sample should melt the entire sample.if there were no heat leak.
Experimentally it 1s found that a pulse of about 10 volts is necessary to
melt a part of the sample., What has been repeatedly observed ié that for
a pulse of dﬁration up to 0.060 sec, the temperature of the system, as
determinea by the resistance of the sample, returns to the ambient
témperature in less than 1 min, provided the pressure is far from a
transition pressure. The total heat generated is small compared to the
heat capacity of the surroundings and the heat leak is large; consequently
the short pulse of energy used in these experiments does not appear to
. have a long—term'effect on the temperature of the system. EIven though
the heat leak from the sample is grgat, if the duration of the pulse is
suffiéiehtly short, the surrounding silver chloride is not appreciably -
heated, and the sample returns to the ambient temperature in about ten
milliseconds after the cessation of electrical heating. If the silver

chloride is heated, then a time as long as a minute is required for the



-68-

:.return to room tempereture. Either‘of’thelferegoingttimes is shert-COm_
vparedito the duration,ofvthe-study of theieffect'ofvtherepergy'pulse.' The
r.above can be.ﬁicely;illuStrated With‘aﬁhaterialbsth'as:tinlor.silrer‘as.long -
:tas the pressure is far from the trans1tlonlpressure. 'lf-a'silver Wir
;vio 005 in. dla and. about 1 1n. long is pulsed with 6 volts for about lO
- millisec, thevres1stance returns to 1ts,1n1t1al,value in less thap O,l
min.. .. | ‘ | |
The geometry used most commonly in thls work was the l/2” dla‘x 5/52”
ulwall X .020" system described in the sectlon on heat capaolty. In some

. cases, notably blsmuth,geometrles using l/l6" and 1/52" width wall rings

,'were examlned. No,s1gn1f1cant;d1fferences were,observed. All pressure

ealibratieﬁ’Was.pesed en earlier:work'in thislleberatpry.f
Results,.
Bismuth._<The bismuth used.in these.erperiments had a suppesed
'lpurlty of 99.999 percent and was supplled by the Amerlcan Smelting and
Refvnlng Company, South Plalnfleld New Jersey. It was drawn to wire
ZfOQOOB 1n._d1a. The samples were bent 1nto 01rcular arcs.of 0.2 in. dﬁa
and had resistance of about 2 ohms.v Three different'geometries were
‘1‘ﬁsed. It was found, that the transition pressure was 81 * L kbars. Con-
v_rentional isothermal experiments give 88vkbers for the VI-VIIT transitien.
;Siﬁce the tlme_this work was performed,lprlvate ebmmupicetiQhS'6 have -
pindlceted that other experimenters ere'reprddueihg'the 81 kbar results,
both'byia pulsiﬁg technique,.and in the more nearlyjhydrostatic conditions
| which prevall 1n tetrahearal and cublc presses. - |
"gig. The tln ‘metal was obtained from A. D. MacKay, New Yorﬂ,-New

York, and was 99./ percent pure. The metal was eXtruded to wire O. 005

in. dia and the measurements were made as for bismuth;
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The value obtained for the tin transition was 99 * L4 kbars. This
is to be compared to the 107 kbars of Stromberg and S‘bepl'lens,'67 and the
115-115 kb reported by Drickamer and Balc:hem.68

Iron. TIron wire, 0.005 in. dia and 99.9 percent pure was obtained
from’United Mineral and Chemical Company, New York, New York. The work
on iron is not as simple or as clearly cut as with the other metals
discussed. This situation miéht be expected from the isothermal work
that has been done. Past experience with iron has been that the transi-
tion to the hexagonal phase would start at any pressure‘above 160 kbars
and that it might take as much as 80 kbars for the transition to fun;
This extreme sluggishness couLd be caused by a small difference in the
free energy of the tﬁo phases over a wilde region of preséure. This
argument is supported by the fact that the energy difference between
o-iron and -y-iron is small (AF: of . t’h'e.-o;*c‘*‘der“:.l‘.::..kc':al/mcsJ,_é6.:Q)_.'“.w
One would not.expect‘a large difference betweén the v and hcp-phases;
therefore, it seems reasonable that the difference between -iron and
- hcp-iron would be small. Since our sampieé are under : guasi-hydrostatic
conditions, there is little stress gradient in the sample to aid in the
nucleation. Once a pressure of about 80 kbars was reached, there
apparently was always a certain amount of éample that transformed to the
héxagonal phase. The criterion that was used was that if the resistance
decayed with time; then the pressure was below the true transition pres-
sure. It was not feasible to wait for the resistance of the saﬁple to
stabilize before going to the next pressure increment as the resistance
would decrease for periods longer than one hour. The transition pressure
was taken to be that at which no decay occﬁrred in a period of minutes.
A total of 21 determinations were made with the voltage of the heating
pulse varying from 6 to 12 volts. No dependence on the voltage of the

pulse was found.
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The transition‘pressure'found forviron'is 118 6 kbars, this is agaln

68

lower uhan the 150 kbars reported by i Drlckamer and Balchan,. the ~150

6
"kb found by Fuller and Price, 9.and‘the l}lvkb.derlved from the dynamic
shock experiments.%e' When the last data are correeted for the shear
strength of the metal, a. value of-~l25fkb is obtained for the transition

: pressure at the 310°K temperature at'whieh’the experiment was run;‘

' Concliisions

TQ”summariée;;this:thermalﬁpulsing.teehnique’uas?uSedifo»investigate
the highvpressure phase pransitiens.of'Bi,'Sn, and Fe, obpaining the
: vtransition'pressures-Sl + L kbar, 99 H kbars and 118 6 kbars, re-

_ _spectlvely, As would be expected all three values are lower than the
vlsothermal values obtaWned in the usual fashlon,,rn the case of lron, |
good. agreement wasvfound w;th,the‘shock work, where one would expect

the associated adiabatic heating to facili%ape the trensition.

Tin exhibited the sharpest transitions; iron is not as simple as
bismuth, but there can be little‘doubp that a reasonably reproducible'
'value ls eb*ained.-" | 7 - h

| Of the three metals studled there was no 1nd1catlon that the high-

pressure phase was quenched 1nto the system at a low pressure when tln
:rand bismuth were the sa1ples; In the case of iron, a certaln amount of
A:the higher pressure phase was present_above_8o kh. Time nas net taken

" to qeﬁermine whether or not the sampleiuould decay.completely back to the

‘ a-phase, The rate at which the hcp-phase decayed was SO slow that it was'

not practlcal to walt the estlmated days from the 1n1t1al rates for the
. sample to return to the o form. The fact that part of the sample was in
f#o different phases did not seem to interfere'with'the determination of

- the pressure at which the entire sample went and remained hep.
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The pressure scale and. calibration used in this work was based on
“an earlier work, and because of the reproducibility factor involved, the

above transition pressures could be used as scale calibration points.
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APPENDIX I

- As mentioned earlier in this papei*J some rather interesting results
concerhing the temperature dépendence of the electrical resistance of iron
- were observed at pressures greater than 20 kb. Specifically, it appears

" that at these pressures the electrical resistance of iron is proportional

“, T being the absolute temperature,'dver the temperature range

to TB/
150°:<vT < 360°K, Sevérai runs at 37 kb indicatéd that this dependence
‘held dowﬁ tov77°K. vPreliminaryvexperiments'pn tﬁe resistaﬁqevof.cobélt':
ét\5o_kb in the»témperature interval EOOO-BOOOK seém to indicatenthat for,“
cobalt too ﬁﬁere'is a 3/2 power law.,_The exﬁerimental results for iron
‘are shown in Fig. 25, in Which the exponent_é-of the power law_R(T)/R(QOO>;
= a + T ﬁas’been'plotted as_a_function of reduced volume V/Vo? where Vob_.
is the molaf volume at atmosphefic’pressure. Tt can Be seen fhat m de-
creases -linearly with the volume down to V/VO = ,988,.the volume at room
temperature and 20 kb; from that poiht élremains constant at L.51 down to
volumésvcorfésponding to'a>pressuré,of 100 kb. The compressibility data
' collectedvin Appendix Ii alldﬁgd conversion from pressure to voiume, and’
the exponent for V/VO'= 1 was found from a fit of the data of White and
Woods.57 | |
Electric current in a metal ié carried by electrons Whosg wave func-

.fions extend éver the entire lattice; the eleétrical‘resistanCe‘ariseé.
from thé scattering of these electrons by various-irregularities in the
solid. Impurities represent one kind of scattering irregularify, and the
thermal vibrations of the ion cores about their ideal latfice points re-
_present anothér; For pure simple metals'(”simple” for thé moment meaning
having one essentiaily free valence electron/atom and no d electron com-

plications) it is found that the resistance may be described adequately
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Fig. 25 Exponent m of power law R(T)/R(200) = arb T
for iron as a function of reduced volume.
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_in"terms of elecfféﬁ-ﬁhoﬁom’interactionej"the.eleetrOﬁe are séAtﬁéréé byv
: ’lattice waves. For this scatterlng, one- flnds tha,t the resmtance is
1proport10nal to T for T > GD, and t0 T5 at much TOWer temperatures
"(<e/1o> - o - |
Tran51tlon metals w1th uncompleted d shells prove to ha,ve reeisfenCes
.°i which are qu;te'dlfLerent from the resistance described‘above.e.Fofjinai
- stance, if one exemines the conducﬁivity per uﬁitvamplitudelof ﬁhefﬁal
":escillation,‘it is_foﬁhd7 that uhe tran31tlon meuals.all ‘have values lomer
than simple metals.by a factor op lO 20 Scatterlng by lattlce wa&es |
assumes a.resietanceiéroportional to the mean square amplltude of L,he."w
 }thermel vibration ebeut.ﬁhe‘latticevsite, which’in a4Debye‘epproxima§iQn.
means& : . _ : e :
e R c: T/M 912)
_ If one Werevto‘chenge Gb 5& decreasingxthe yolume,'one would eipect the

resistance to change as

s\ a ain%" o
\emv ) = ~f\s@w | ~ %

- Wwhere vy is the Grineisen constant. ,Ndw-in‘fact,;if ln”R is plotted.versus -
In V for -iron, the initial slope ié'found_ﬂo be 4.7, as compared with 3.k |
| 38 ' | '

calculated Trom the:deta'of Geeehneidnerg The discrepancy indicateé

' that‘the lafﬁice reeistahce ie only'one:cbmponent'of the total resistance.
_Discrepancies of'this.sort'reeulfed in theories?Q.Of resistence which

- gttributed a greaﬁer scattering probability for those metals having g.bands
into which the eoﬁduction electrons could!make_trahsitions. The egrrenteis
eafried by the é'electrons, but-because.of.the'high aenSiﬁy-of states in the
B d band, the pfobability of transition from;anlé.state to a a etatevis large,

~resulting in a-larger resistance. -The temperature dependence of this
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electron-electron resistance varies from T° 4o exponential and depends on

the extent of the é.and d band overlapig5’7l’72 Experimentally it is
found that at low temperatures, below perhaps lO°K, there 1s quadratic
dependencé of the resistance on temperature for iron, cobalt, nickel,
platinum, and palladium. At higher temperatures it is known that the
resistance increases faster than linearly with the temperature.‘
Ferromagnetism introduces further complications due to the alignment
of the d electron spins; because of the Paull exclusion principle this
alignment effectively limits scattering to unfilled é states from s stateé
-‘having the same spin. The presence of fhe magnetic domain struéture will
also affect the resistivity, both because differeﬁt domaiﬁsjmay have differ-
ént gispin orientations, and because the domain boundaries ﬁéy.édditionaliy
scatter the electrons when the mean free ﬁath of the condgctioh electrons
becomes comparabie to the domain dimensions. The latter effect has been
investigatedlby Semenenko and Sudovtsov.75
- The electrical resistance of ferromagnets has been rescolved into com-

ponents by Weiss and Maro’c‘ca,'ﬂL

who seéparated the magnetic resistivity by
subtracting the residual resistivity and a latticé confribution linear in
the temperature from the total measured resistivity. They obtained a spin
dependent "magnetic resistivity which for iron was ebout one-quarter of the
totalvresistivity at 300°K and increased approximately quadratically with
temperatufe.up to the Curie temperature, 1043°K. At thatvpoint the mag-
netic resistance bécame éonstant. These aﬁthors point out the dependence
‘of the magnetic resistivity on the spin S of the metal in question; their

>

conclusions agree gualitatively with the theoretical work of Kasuya.

Kaufman and Clougherty76’56

have made a similar separation for the re-
sistivity of iron under pressures of up to 95 kb and over a temperature

range from 325 K to 1425°K.
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Among the va%idﬁs fhedretical and experimehtalvwork done'on.thejlow
temperature'resistieity‘of ferromagnete;77 the most perfinent tojthe
.present work is-that‘of‘Kondorsky, GalkinevahdvTchernikOQa,78 Semenke;end
Sudovtsév,79 and Turo?.8o‘ Kondorsky and coeworkers foﬁnd that the electfical
 resis£ance of iron and nickel was proportionel'to T5/2 iﬁ the;rengeﬁ
| 4 < < 20°K; Semehenko eﬁd Sudovteov found eééentiaily the same.resulﬁ
for the-inferval l;2°_< I < 4.5°K on.avpurer sample, These in&estigating _
'vgroups both ettributed this reéistanee cemponent.as”resﬁlting from.elee5 
" trons Eeing scattered by'epin ﬁaves or ferremagnons. fhe Kehdersky‘team
cites experimental data on the change of”reeisfivity with inereasing
magnetlzatlon as supfort for this claim.

Turov has carrlea out a theoretlcal study of spln wave ecatterlng of
.electronsvand predlcts-an essentially llnear aependence on temperature.

v cheVer;:calculated magnitUdes are about three orders of magﬁitude toee
small. Turov admits that one might expect a resistiVity.eompohent pre-
portional.to TB/?.buf that this dependence may be’appfoximafed-by the.

Function alT + aETg, the form often observed experimentallj, In'collabora--
| tion_with Abel‘skii8lfhe makes a similar comment on the assumption of a

' direct propertionality between the resistivity and the density”ef'spin waves .

A simple calculation now leads one‘to suspeet thaf the resistance
temperaturev relatlons found here for iron under ﬁressure mléh* be velated “
to spin wave scatterlng. Using the thermal expansion data of Nix and NcNalr,
- one may calculate fef-ifon the change in volume AV on going from 300°K to
15 K the temperature at which the T5/ dependence is observed at zero
pressure. .By means of the compre531b111ty data of Appendlx IT, one may
:find the.pressure corresponding to AV at room temperatureQ That bressure

/2

is approx1mately 18 kb remarkably close to the 20 kb at whlch the T

behav1or is first observed.
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This tantalizing information however must be approached with caution.
The work by the Russian investigatofs was carried out ét témpefatures whére
the resistance due to interaction with lattice waves is very small, whereas
in the present investigation thils is not the case. If, as Weiss énd Marotta,
one separates a lattice interaction resistance which is linearly dependent on
the temperature; and calculates the changes with pressure of the linear term
in the‘Gfﬁneisen approximation; it is found that at room temperature the
lattice contribution is 73% of the total resistance at zero pressufe; at
100 kb the lattice contribution has increased to 84% of the total. In that
same interval the absolute lattice resistivity has decreased by about 2%.
Thus, if indeed for iron it is even meaningful to speak of a (linear)
lattice contribution to the total resistivity; it is evident first that
the lattice resistivity is the major‘component of the total resistivity at
pressures up to 100 kb and therefore an overall TB/2 dependence is due to
a strdng Tl/2 dependence superimposed on the linear term. If the lattice
resistivity is other than linear then the superimposed function will be
different. Secondly, it is obvious that the spin resistivity is decreasing
with pressure faster than the lattice résiStivity, an observation which some-
what contradicts the data of'Kaufﬁan and Clougherty,56’76 who obtain
approximately equal relagtive decreases with pressure for the two resistivity
componenté. Thelr data however, were taken at temperatures higherlthan the
interval of this work. |

We thus have a fesistanée phenomenon which most likely reflects changes
in the éoecalled spin résistivity component of the totél resistivity. The
TB/2 tempéfature dependence of the resistivity at pressures greater..than
20 kb suggests that there is an appreciable component‘dﬁe possibly to

electron-magnon scattering; it is however somewhat difficult to reconcile

this conclusionawith the fact that in the temperatufe range of this -
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iﬁveetigetieh tﬁe’latticetcentribution'te'the resistivity is a large
raction of the total, and should not change drastlcally'w1th pressure. o

It has also been suggested8 that the range of spln wave q vectors
navallable for scatterlng has a large 1nfluence on the temperature
dependence of the re51stance, a large range could lead to a TB/ rela-
tion. CWearly addltlonal study is requlred‘ The temperature 1nterval :
should be 1ncreasea as much as possible, and research on the effects of
impurities, work- hardenlng, surtace-to—volume ratios, and domaln Struc—‘
~ture and moblllty should be carried out. 'AC re51stance‘measurements.:
may thrOW‘some light on the problem. Several nonemagnetic tramsition'
"metals should be’ studied .as vell as the varlous ferromagnets to 1nvest1—
.gate an effect whieh is most llkely due to the presence of d electronstv
but which may only appear 1n’those metals in whlch the g-electrons.are
‘coupled_by some exchange mechanism. . To date, vénadium, a face centered
cubic structure having 3 é electrons'per atem has beéngeﬁamined to
130 kb; the temperature dependence oftthe resistance shows.little'change

from the atmospheric pressure linear behavior.



~79-

APPENDIX IT

Compression of Iron

The data on the compressibility of iron to 100 kb has been collected
and fitted by a least squares method to give the conmpression graph of V/Vo
versus bressure shown in Fig. 26. Included are the piston displacement date

82 83

(@; A), the x-ray diffraction data of Clendenen and Drickamer

8L

of Bridgman
(??, and of Takahashi and Bassett = (&), and the corrected shock wave data
of Bancroft, Peterson, and Minshall™ (@) . All data except the shock work
was carried out at room.femperature; thevshock wave experiments were per-
formed at slightly lower ambient temperatures (about 285°K). However, the
authors of the shock work point out that the temperature rise associated
with the adlabatic compression was as high as 276K at shock pressures of
130 kb; thus the lower pressure shock data is probably in the neighborhood

of BOO°K. Tt should also be noted that the shock wave results are for Armco

iron while the other investigations were on more pure iron samples.
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Fig, 26 Compression of ironm .
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APPENDIX III.

Experimental Data

In the iron heat capacity work, the reéults'quoted in the main
-body'of the thesis were caléulated using graﬁhically smoothed data.
In this appepdix are presented representative experimental data for
20; SO,Iand 100 kb isobars. The data are given in tabular form; the
reduced resistance R(T)/R(QOO) and the reduced. élope 5(T)/8(200) are
given at temperatures T. (It will be recalled that S is the slope of

the dE/dt versus I3

linear plot. The heat capacity C is given by the
eguation C = RR’/S, where R' is the temperatﬁre derivative of the

resistance.)
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TABLE I.. Experimental Data for 20 kb Isobars’

- . el - R(T) ¢ _ i - 8(T
Temperature, K » CR(200 | ng%y
1kg.2 : - .629 o .557
155.8 . .672 _ 666
162.1 : .T18 : ' .718
C169.0 o . 770 . L ThL
176.7 : - : .828 ' .783
183.8 _ _ 817 o - .856¢
190.8 . S - .929 : S .okB
198.1 - - _ .98k : o . 1.01k
207.7 - . o0 1.059 S 1.062 -
215.2 1.115 1.129
223.6 - 1.183 - 1.156
230.6° 1.238 --1.250
2Ly kL 1.327 1.2k
2k8.8 1.391 1.439
w87 .62k R ' L u6eT
151.% L .639 _ o _ .600
159.0 . L - .695 : , o , 677
S 16,2 Pl S LT32 S . 729
170.6 o I8 . L .78
182.2 o S .86k e - .809
187.8 .906 o : .888
1945 _ 95T B .9h3
201.7 : ' 1.011 , - 1.019
207.2 1.056 1.073
- 213.3 1.102 1.07h4
219.7 1.151 1.198
225.5 1.199 1.221
230.6 1.233 1.255
236.9 1.290 1.367
2k3.0 - 1.339° 1.391
248.5 1.385 1.410
25k.5 CL.h3k -1.505
260.9 1.488 1.465
266.9 1.537 . 1.640 -
272.7 - 1.589 Co1.6L4L
. 278.6 : o 1.636 1.663
283.1 L _ 1.677 1.920
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TABLE II.' Experimental Data for 50 kb Isobars
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Temperature, °K ﬁ%éggy sség%
1h6.h .605 .636
152.7 NS .650
158:5 .691 . 680
164.8 .T34 .25
171.2 . 780 LT79
177.3 .826 L7998
183.5 873 901
189.4 .018 .936
194.9 .961 . 966
201.2 1.010 1.007
207.5 1.056 - 1.067
213.2 1.102 1.099
219.1 1.150 1.155
225.8 1.203 1.207
231.9 1.252 1.246
238.2 1.303 1.321.
243.8 1.351 1.358
250.0 1.402 S 1.h07
256.6 1.458 1.536
26k, 1 1.518 1.481
270.7 S 1.578 1.565
277.2 1.634 1.709
150.0 .631 .626
155.5 .669 .685
161.6 .T13 LTAT
182.2 .863 .88k
189.2 .17 .936
196.5 -973 .931
203.2 1.025 - 997
210.5 1.080 1.122
225.6 1.200 1.17h
233.2 1.260 1.268

- 255.1 1.4k 1.4h211
263.1 1.507 1.488
148.0 .613 .62k
156.2 670 -705
162.6 .. 720 .723
170.0 . 769 -795
176.7 .825 .850
183.8 .861 .916
192.5 .Ohl -959
201.2 1.006 1.054
208.1 1.058 1.086
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TABLE II (Continued)

R(T) S s(1)

. Temperature, °K . R(2007 T o . E(2007
215.2 1.11k 1.139
222.8 S I 1.210
230.0 R S 1.233 C1.228
237.2 o : 1.293 1.306
24k .0 : o 1.346 1.400
251.2 T O ol 1.413
259.0 . S 1l.b70 ©1.539
265.8 - ' - 1.527 1.600
272.7 o 1.585 1.758
279.8 . C1.649 1.770

2.078

206.1 - i o ©1.803
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Experimental Data for 100 kb Isobars
Temperature, °K RR.Qg()) SS ég %
1L7.1 .606 .633
153.9 .655 .671
161.1 . 706 . 730
168.4 .759 LT
175.4 .813 <797
183.4 Reyal .889
190.k4 .925 . 965
198.0 .98L .950
205.2 1.040 1.037 -
212.0 1.093 - 1.062¢
219.4 1.153 1.175
226.7 1.211 - 1.210
233.7 1.268 - 1.283
2k0.9 1.326 1.392
248.3 1.388 S 1.h3k
254.9 1.4h2 1.489
261.9 1.503 1.486
268.5 1.560 1.570
276.8 1.630 1.608
283.9 1.693 1.796
205.1 1.796 1.898
k6.7 .601 611
154k.5 - .655 .652
161.9 LT11 .48
169.4 .66 .T750
176.5 .818 .803
184.5 878 877
191.2 .930 . 950
198.0 .981 1.032
204.3 1.032 1.049
211.6 1.102 1.109
218.9 1.149 1.167
226.3 1.207 1.266
234.2 1.272 1.339
240.9 1.326 1.351
248.2 1.387 1.352
25k.9 1.4ks 1.482
261.5 1.501 1.506
275.8 1.625 1.730
282.3 1.685 1.786
287.0 1.72k 1.892
295. 14 1.802 2.004
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