
Lawrence Berkeley National Laboratory
Recent Work

Title
THERMAL PULSING OF METALS UHDER HIGH PRESSUEE

Permalink
https://escholarship.org/uc/item/9dd3n8n1

Author
Stark, Walter Alfred

Publication Date
1967-04-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/9dd3n8n1
https://escholarship.org
http://www.cdlib.org/


UCRL-17454 

University of California 

Ernest O. 
Radiation 

lawrence 
laboratory 

THERMAL PULSING OF METALS UNDER HIGH PRESSURE 

TWO-WEEK LOAN COpy 

This is a Library Circulating Copy 
which may be borrowed for two weeks. 
For a personal retention copy. call 
Tech. Info. Dioision. Ext. 5545 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



UNIVERSITY OF CALIFORNIA 

Lawrence Radiation Laboratory 
Berkeley, California 

AEC Contract No. W-7405-eng-48 

,THERMAL PULSING OF METALS UNDER HIGH PRESSURE 

Walter Alfred Stark, Jr. 

(Ph. D. Thesis) 

April 1967 

UCRL-17454 



(' 

TABLE OF CONTENTS 

ABSTRACT 
'., INTRODUCTION ,. ...... ...... " . . + • ..-. '. .. ". ... . .. ,.' 1 

PART I. HEAT CAPACITY MEASUREMENTS. • ..' .. .. • +.". 1fI'- . .. ... . 7 

Experimental +. .. .. • • • . - . . . . - . . . . . 19 

Results • • .oil. .. -. • .. . • . .... . ~ • 37 

Conclusions -. .. ". .. ". .. ., " .... . . . . . . - . . . 57 

PART rl. THERMAL SHOCKING. .' . .. .. • • •. .. ~ ~ • ~ 4 . . 61 

Results • . . . .'. .. .. .. ." . ..- "., .. ,. .. .. .. :- .. . ".,. .... ' . ". • 68 

Conclusions • '. . ... ~. .. . . " 70 

APPEl\Tp lJC I "f '" .. .... .. .. • eo .... • .. ". •. .. • .. .. '. •. • .. • • • ... • • •.• 72 

APPENDIX: II .. .. .'t1. .. .. • ., .. .. • ". .. .. • ., . 79 

APPENDIX: III ". . .. . ,. .. -..: .. . .. . .. . . . 81 

TABLES ... . .. . .. . . . . . .~ . .. .. . .. . 82 

ACKNOWLEDGEMENTS ". ". .. " ., . .. .. .. .. ..... ~ ... 86 

REFERENCES .. .. . . . . ". .. . .. .. ... .. ... ... . .. . 

oil., 

' .. ' 



. . , 

'l'HERMAL 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 

The theory and instrumentation of a method for measuring the heat 

capacities of metals and semiconductors as functions of tempera,ture and 

pressure in the Bridgman opposed anvil apparatus are described. The 

technique involves measurement of the rate of temperature increase in 

the sample as electrical energy is 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 T for gadolinium at pressures up to 20 kb; c 

dT /dP~as found to be -1.3°K/kb. The heat capacity of iron was measured 
c 

over the temperature range 150° - 3000 K for pressures between 20 and 100 

kb; within the experimental'uncertainty of 5-6% no variation of the heat 

capacity with pressure ~as 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 ± 4 kb; tin, 99 ± 4 kb; 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 application of pressure to a 

solid is one method of decreasing the lattice parameter or interatomic dis-

tance; thus properties such as the electrical resistance which depend on 

the lattice parameter can be conveniently 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 many cases, less precise, 

approaches. 

The heat capacity of solids, in particular of metals, is one such 

prope"rty which depends on the interatomic distance; of the several com-

ponents of the heat capacity at constant pressure, C , the lattice contri­
p 

bution at constant volume, c~, the electronic heat capacity,Ce, and a 

dilation heat capacity, Cd = C - C, are all functions of the inter­
p v 

atomic spacing. Cl ·is basically related to the force constants between 
v 

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-

pans ion coefficient, a, the isothermal compressibility, X, and the volume 

d V, are likewise functions of pressure which make up C. For other com-

ponents of the heat capacity of some metals, there is expectation of 

pressure dependence, as in the case of magnetic order-disorder phenomena. 

The classical methods of determining heat capacities by measuring the 

temperature rise associated with the input of a known amount of energy face 

dismal prospects for success when applied to metals under pressure, partic-

9 / 2 ularly at pressures greater than about 10 kb (1 kb = 10 dynes cm = 

986.9 atm ~ 100196 103kg/ cm'2). The difficulty is the fact that the 
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pressure transmitting medium is in intimateccintact with the sample and 

so provides an extremely large path for heat ',lea,k :,from, the· sample., :~. " 

The mass of the pressure generating apparatus is comlllonly hundreds to tens 

of thousands times larger than the sample under study; attempts to see 

100/0 changes in a sample heat capacitywouJd require a precision of per­

haps 1 part in 105 in a Bridgman opposed anvil setup of the type used in 

these laboratorieso 

These problems notwithstanding, there are in the literature records 

of attempts at measuring heat capacities under pressure, with varying 

degrees of .success. 
1 

In his 1946 review article, Bridgman co~ments on 

several heat capacity determinations of gases to.around 2kb, on work of 

some of the ammonium 'halides,2and of solid CH4 and solid CD4? at pressures. 

below 5 kb. 
4 . 

In a later review, he discusses heat capacity calculations 

for liqUids, for which changes in the heat capacity with pressure may be 

found from the thermal expansion coefficient using the thermodynamic 

J 

relation: 

, dC 

(7#) =-T (Il) 

T 

where T is the absolute temperature, V is the specific voluJne, andP is 

the pressure.. Bridgman concludes in the same book that the effect· of 

pressure on the heat capacity of solids.is small. 

Some direct calorimetry has been done on solids up to pressures of 

about. 10 kb; these investigations include work on solid He;5.,6s01id H2~7 
8 9' 

and more recently, on uranium and cerium. The studies "lere performed 

at temperatures sufficiently 10w that the heat capacity of the pressure 

bomb was a. determinable, : and often : small; fraction of the .total heat 
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capacity. The method places unfortunate limitations on both the tem-

perature and pressure ranges, but does retain the precision of good 

calorimet:r::y. 

Equations of state are often goals of high pressure experimenters, 

and given such an equation, one could calculate C in a Debye-Gruneisen 
p 

approximation. An excellent example is Raimondits lO equation of state 

determination for aluminum. Measurement of the e.lectrical resistance 

dependence on pressure and temperature allowed determination of a Debye 

characteristic temperature as a function 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 assumptions require nearly free electrons, and resistance due to 

simple electron-phonon scattering only. A majority of the metals do not 

fill these requirements and the method presumably would fail. 

other methods have yielded data which in principle allows calculation 

of heat capacities or changes in heat capacities. Dynamic application of 

pressure in shock wave work yields equations of state.11-15 It is 

commonly assumed in these analyses thatC is constant, and perhaps a v 

second order correction is necessary to calculate C , 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 is consequently difficult to relate any changes to zero 

pressure values. Sometimes, as in the case of iron, one of the metals 

studied in the present work, there is a phase transition at elevated 

pressures, and continuity in the heat capacity relative to lower pressures 

is lost. 
16 

One final method should\be mentioned. As Pound and Rebka, and 
''1,~;.. 

Preston, Hanna, and Heberle17 h'a:'V,e shown, measurement of the temperature 

" 
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Relative heat capacity of Al as a function of pressure 

(Raimondi 10). 
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dependence of the absorption intensity in MDssbauer spectroscopy allows 

determination of a Debye-like temperature characteristic of the host 

lattice; given this one may compute heat capacities in the Debye approxi-

mation. A n~~ber of experiments involving the Mossbauer effect under high 

pressure have been performed18-22 which show the method is feasible. In 

fact, one paper on tin metal gives the Debye e as a function of pressure. 22 

The method is limited by the availability of suitable ~ sources; one cannot 

estimate the effect on the host lattice of an impurity emitter and con-

. sequently the emitter and host must be the same element. Only a few 

convenient sources are available, including Fe57, snl19, .and Dy161. 

From the foregoing, it is seen that a gap exists in the pressure-

temperature region wrere heat capacity measurements on metals have been 

carried out. Specifically, for moderate pressures of 10-100 kb and tem-

peratures in the range above 50o K, little work has been done except for 

a few special cases. The present work describes the development of a 

general method of measuring tl'\e heat capacity of metals in the above men-

tioned pressure-temperature range. Theoretically the method may also be 

applied to semiconductors. 

" The method evolved as a pulsing technique in which the temperature 

rise, measur.ed as an electrical resistance increase, is continuously 

monitored while eiectrical energy is added at a known rate, in a manner 

somewhat similar to the Wallace, Sidles, and Danielson experiment .23 
I 

Extrapolation back to zero time is required to eliminate the effect of 

heat conduction . from .. the' sample ~'. As will be shawn later, the 

resultant equation gives the heat capacity at constant 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 ~nd sensitive Tektronix TypeW differential com­

parator amplifier.:, the apparatus was developed to essentially its present 

form. Several initial experiments investigated the ferromagnetic­

paramagnetic transition of gadolinium •. With an eye toward development 

·of an equation of state, work then proceeded to iron. and aluminum. The 

former was chosen for its convenient resistance, compressibility, and 

Debye temperature; the latter to allow comparison with known data. 

While the final setup awaited the development of suitable oscilloscope 

amplifiers, earlier experiments took advantage of favorable phase diagrams 

of.bismuth, iron, and tin to investigate the effect of momentary heating 

on thE~transition pressures of certain phase transformations; the apparent 

results were trarisition pr.essures likely to be closer to the Iftrue!f . 

thermodynamic pressure than those measured under more static, isothermal 

condit ions. 

, 
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PART I. HEAT CAPACITY MEASUREMEI\TTS 

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 energy changes accompanying a rise in temperature. 

In particular, for a solid metal one commonly has a heat capacity Cl due 
v 

to the vibrations of the lattice nuclei, and a heat capacity Ce due to the 

motion of the electrons near the Fermi surface. For metals having ~ and f 

electrons, one may also encounter various magnetic heat capacities. 

These heat capacities are both pressure and temperature dependent 

and' a proper, discussionof.these ,aspects "requires a brief, review 

of the Orl.glllS of heat capacity .. More detail: may be ,found in standard 

tests such as Kittel, 24ziman, 25 or' Born and HUang. 26 The review 

article of de Launay is also quite informative. 

The lattice heat capacity at constant volume has been explained, 

with good success, by associating 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 energy kB'1', where kB is Boltzmann's con-

8 -16 / stant, 1.3 X 10 erg deg, and T is the absolute temperature. For one 

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

energy 'of 3NokBT = 3RT, and consequently a heat capacity C = dE/ dT = 3R. 

While this result 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 characte~ized by energies 

hv (n + 1/2) (Tl) 



" 

, , ; 

n being an integer and h Planckts constant. Accessibility ,to each state,' 

is given by the Boltzmann distribution law, so that the average energy 
, " 

E of an oscillator is given by 

E osc 

= 

Z nhv (e -nb,V/kB~.) 
n=O 

00 

2:;, 

n=O 

hv 

( h !k"T e v :sO -1 ) 

,' ... 

' , 

neglecting the zero point energy. ,The .he~t·capacity ':follows as 
, , 

'.' , 

c = 
.' hv/k~T e ,.,C-B 

= 

(T2) , 

CT3 ) 

A crystal lattice is treated as a collection of coupied harmonic oscillators, 

" the frequencies of ,which are the frequencies of t):1e normal mode vibrations 

of the crystal system. The energy, .and'her:ice the heat capacity, of the 

,lattice is obtained as the sum of the energies Eq •. (T2) of all the 

oscillators: 

= 

hv . 
i ~'g.( v.) 

. ~ 
(T4) 

Here g(v.) is a density function giving the number gof nuclei oscillating 
~ 

at v ... 
~ 

", 28 ' 
Generally, as shown by Born and von Ka':rman,among others, the dis-

tribution of modes in a real lattice is. a rather. complicated function of 
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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) in the crystal lattice, 

and calculate the distribution function; practi'cally, however, because of 

the large number (~3N /mole) of normal modes, sampling techniques must be o 

used and only an approximation to the distribution curve may be found, as 

20 
for example, the work on the fcc lattice by Garland and Jura. 7 

other theoretical successes in regard to the heat capacity were ob-

tained with different approximations to the distribution function. Einstein 

assumed a If spike I! distribution function with partial success, while Debye 

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

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

pans ion and the electronic heat capacity, experimental data agreed 

quite well ',with 'Debye theory. The Debye approximation is widely used 

today and is a partial basis for the present work. 

The Debye model, like the Einstein approximation, yields one para-

meter relations for the energy and entropy of a regular lattice. The 

energy E is given by 

E (T5) 

where li = Plancks constant over 2n, 

ill = 27TV, 

v = the velocity of propagation of the oscillation through the lattice. 
o 

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

velocities are assumed identical.) 
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m_ cut off frequency} defined by max 

m 

, .( 
max 

gem) dm:= 3N 
\.. 

o 

, limiting the total number of modes to 3N. 

The right term in parenthesis in Eq •. (T5) represents the distribution 

function for a 3 dimensional solid continuum while ~m is the energy of a 

given vibration. The equation is more commonly written as 

(T7) 

where u = dummy variable 

en = adjustable parameter 

eD arises in the theory as the temperature equivalent to the energy 

of the mode vibrating at the maximQm allowed frequency; i.e.} 

h v max 
(TS) 

For metals ,eD is typically of the order 3x 10
2 

K. The heat capacity 

follows on differentiation of Eq. (T7) as 

3 
' eDIT 

4 u 
c1 

9R (!) J' ).l e du (T9) v = e 2 
0 (e).l-l) 

Tllis function, as well as the Debye functions for E, S, and A are known 

and tabulated, for instance) in UeRL Report 17225.30 For convenience in 

later discussion the Debye Cl curve as a function of Tie is shown in Fig. 2: 
v D 

,.' 
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Fig. 2 The Debye lattice heat capacity. 
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1 The Debye theory gives C as a function of T/8;commonlythe 
v 

measured quantity is a total heat capacity at constant pressure, C , which 
p 

has a lattice component'c1 . 
p The difference Cl 

- c l , is found from ther­
p v 

modynamics to 34 be " 

(T13 ) 

where ex = coefficient of thermal expansion 

x- ,isotherPlal compressibility 

1 ( dV)' 
= - V dP T 

, This difference is the "dilation" term, and essentially is the temperature 

derivative of the energy required to e~pand the lattice against an external 

pressure. In the temperature range of 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 Ce • 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 shovm in ref. 24', the relation 

(T14) 

where fj( EF ) is the density of electronic states at the Fermi surface, with 
24, 

energy = EF . For a free electron gas; it may be shown that 

I" 



.. 
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T = "IT e (T15) 

It is seen that Ce is inversely proportional to E
F

. The simple particle­

in-a-box model of a nearly free electron in a metal predicts 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 the electrons, and therefore the Fermi 

level, go up. Thus one expects on the basis of free electron theory that 

Ce will decrease with increasing pressure. Support for this view comes 

from some preliminary work of Burton and Jura35 on positron a~nihilation 

in aluminum under pressure. It was found that the Fermi momentum increased 

with pr~·ssure roughly as (V Iv) 1/3, a result in good agreement with free o . 

electron theory.. One may also calculate the change with volume assuming 

that the data of Swenson and co_workers36,37are representative of all 

metals. From their work on tantalum and mercury one rray say that 

dPrry /dPn V ~ 5. Realizing the crude nature of this assumption, one may 
e 

calculate the decrease in "I (the derivative is positive, hence "I de-e e 

creases with increasing pressure); 

dlogy 
e 

610.o-v ~ ""'::--=-ore ologV 

~ 5 • 610gV 

MogV 

.... 5 . (-.023) 

.... -.115 

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

ibility data given for iron (see Appendix II). 'Y is given as 11.9XIO-
4 

e 

cal/deg
2
mole38 so that 10g'Y = -2.925. Thus at 100 kb 'Y has decreased e e 
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by 2'7/0 to .9.x 10-. Since at room temperature the electronic heat 

capacity of iron is 6% of the total, a change of 25% in •. , 'Y" means 
e 

a chal1ge of 1-2% in the total heat capacity. 

Two of the metals in the present study were gadolini~~ and iron, both 

of which a.re ferromagnetic in :alI or. part: of the temperature range in-

vestigated. There is associated with magnetic properties a heat capacity 

due to the disorder-order stat'e of the electrons in the 39: or 4f bands. 

Hofmann, et al. have discussed the problem at some length :.9 They separated 

the magnetic heat capacity by subtracting the lattice and electronic con-

tributions from the measured C , arid requiring the magnetic entropy as 
p . 

calculated from the magnetic heat capacity to be Rln (28 +,.1) where 8 is 

the spin of the metaL The results for,ironand·.~gadolinium at·atmospher·ic 

·,pressUreare:showninFig·~'3. '.For' .iron·.atroomtemperature .andzero 

pressure, the magnetic heat capa.city is about 2% of the total. 

The effect of pressure on the magnetic heat capacity is not knovm to 

any great extent; thermodynamically it can be shownl9 that for a second' 

order transition (i.e., a phase transition with no volTh"11e or entropy dis-

continuities) the requirement that the free energy G across the.'phase 

boundary be continuous leads to the result 

dT 
c 

dP 
TVoo 
6C 

P 

00 
6X 

(TI6) 

00 is the magnitude of the discontinuity in the. thermal expansion coeffi­

cient, ~ is the magnitude of .the discontinuity in the isothermal com-

pressibility, and 6C is the discontinuity in the heat capacity, all 
p 

measured across the phase boundary. :('fuether':or not Eq •. (T16) is vTholly 
;'. ,'I , 

~pplicable to the:'ferrome:gneti:c-paramagnetictransition is a mo'ot 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 Gd 

(Hofmann, et a1.39). 
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but the experimental behaviour of iron is more complicated, and indica­

tive of a higher order transition. See Pippard; 39a Chapter 9). For simple 
24 ' 

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

portional to T , the Curie temperature, at which the metal passes from the c 

ferromagnetic state to the paramagnetic stat'e: 

J = 3kB T /2z -S(S + 1) c n (T17) 

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

f t · hb I th . . i. . cmag . f d t b 40 o neares nelg ors. n lS same apprOXlmavlon lS oun ,0 e 

cmag
= const (-1-)3/

2 

2JS (T1S) 

The magnetic heat capacity will follow approximately the change in T • 
c 

Measurements of dTc/dP for iron4l and gadOlini~19)4l-44 give values of 

~O and --l.~oK/kb) respectively. The measurements on iron were made only 

at pressures up to 7 kb, but calculations based on internal field measure-

ments from Mossbauer spectroscopy give essentially the same result, shovling 

a decrease of approximately 2°K at 100 kb. 45 

Given experiments in which the lower limit of the temperature range 

is sufficiently low to allow determination of the lattice and electronic 

heat capacities separately from the magnetic ordering heat capacity, it 

would be possible to measure both the magnetic energy and entropy as a 

function of pressure. Unfortunately this is not the case in the present 

experiment; as a matter of fact, high pressure experiments at temperatures 
'h6 

below -60oK 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 C carrying constant current I since time = o. The energy flow 
p 

balance is given by 

dR 
dt = Heat flo,,' in - Heat flow out 

2 r R - f(T-Ta) (El) 

The function f(T-T ) is a cooling function which we have assumed is pri­a 

marily dependent on the difference between the temperature T of the sample 

and the temperature T of the surroundings. dR/dt represents the rate of a 

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/dT = Rt (T) 

Under this assumption, and using the relations E = r R, where E is the 

voltage across the sample, and Cp = (dH/dT)p, one finds 

d..c'9: 
C dT 

C 
dT <ill 

dt = dt = pdR dt P 

C 1 dE ....E. = R' I dt 

and 

dE IRI [ r2R - f(T-Td) ] (E3 ) 
dt = C 

P 
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If one now assumes that the data allow extrapolation back to o time where 

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

dE 
.dt = 

which on rearrangement gives 

c 
p = 

(E4) 

(E5) 

Equation (E4) predicts that dE/dt)t=o will be linear in I 3, a prediction 

which is verified experimentally to within 3% for iron~ Equation (E4) 

also indicates that 0 current should give dE/dt = 0; instead it was 

found experimentally that the dE/dt intercept was commonly negative, and 

·often could not be explained on the basis of data scatter. In addition, 

particularly in the case of aluminum, it was found that sometimes 

, dE/dt 0; rWith n greater than 3.0. This behavior is consistent with 

heat leakage away from the sample, and it was felt that an analysis 

taking heat leak into account should be made. The approximation made 

was the assumption of linear heat transfer at.the boundary between the 

metal sample and the pressure transmitting medium. This 7tradiation!f 

boundary condition states that the heat flux across a boundary is pro­

portional to the temperature difference across the bOundary.47 

Under this approximation, Eq. (El) becomes 

CLB 
dt 

2 
I R - t:,(T-T ) a 

(E6) 

where t:, is the constant of proportionality. NOY7, in order to make the 

equation somewhat more tractable one makes the additional ~ssumptions 

that over the short (2 - 20 0 K) temperature range involved, C is constant 
p 
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and the resistance R is a linear function of temperature: 

R = R + ~T, T = T-T a a 

,-lith these approximations Eq~ (E6) may be revn'itten as 

d.c'9: 
dt 

dE 

C~ 
. dE = . P 

IR! dt 

dt = 
IR! 
C 

P 

== 

One may approximate L "by going to the steady state, at which 

dE 
dt = 

or 

o == lR ss ss 

~ r2 R 
ss ss 

R -R 
ss a 

- ~. (R -R) 
~ ss a 

(E7) 

(ES) 

Here the sssubscript represents the values of the variables at the steady 

state" (In reality this is really only a pseudo steady state, since the 

medium surrounding the sample is heating slightly,thus changing Ta .) 

SUbstitution of Eq. (ES) into Eq. (E7) yields 

Th b · t h b d f th ~l"2 t~.rm sl'nce R e ss su scrlp as een remove rom;e ~ _ 

Now 

dE 
dt R ss (R--~) R-R ] 

.ss a 

(E9) 

ss R (r). ss 
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R -R ss a 

R - R 1 ss 

J 

or, in terms of observed voltages,. 

dE. 
dt 

lR t E [. E s s - EJ· 
CaE -E 

p ss a 

A change in variable and integration yields 

ln ( ~R' 

(E10) 

(Ell) 

(E12 ) 

The integration constant was eva1uated by the boundary condition E = E at 
a 

t = o. If now In[E -E/E -EaJ is plotted versus timet for a given ss ss . 

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

from which the heat capacity is easily found as 

c 
p 

(
I2RI) Ea . 

S E-E \ . ss a 
(E13 ) 

·This latter method has the advantage that exact knowledge of 0 time is 

not required, a problem which sometimes arose when currents were large 

and the circuit would "ring" somewhat, or when the skin effect in iron 

would create an initial hu.'1lp in the voltage time trace. 

Both methods were used; the method characterized by Eq. (E5), re-

ferred to hereafter as Method I, was used more extensively because of 

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

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

(E -E), a small difference. Method II in particular delineated the ss a 
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time scale necessary for these experiments.. It was. found that the sample 

could not be heated more than 1-2 millis~conds before heat transfer to the 

surroundings was sufficient to affect the results. This effect was shown 

by the fact that decreasing time scales (equi valent to a decreasing elapsed 

time from a point near t == 0) gave decreasing heat capacities until the 1 

millisecond level was reached, at which point the heat capacity became rel-

atively constant and independent of the time scale used. The heat loss at 

the longer time scans meant less energy into the sample, with the consequence 
. . 

an apparently larger heat capacity. 

These results agreed with experience with method I: for nominal 2 ampere 

currents it was found necessary to use time scales of about 50 microseconds/ 

cm (thus giving a total time scan of around 0,5 milliseconds) to obtain a 

linear trace. Beyond this time the trace began to exhibit the concave down-

ward curvature characteristic of heat leak~ 

Wilen the shorter time scales were used in both methods, agreement 

between the two is satisfactory to the degree allowed by the uncertainty 

, in method II. 

Examinati:On of Eq. (E5) shows that the experimental data required to 

find C . by method I are I, R, R', anddE/dt. Figure 4 shows a block diagram 
p 

of the apparatus used for these measurements. The apparatus essentially con-

sists of two systems, one to measure a static EMF across the sample at low 

level direct currents, the other to measure a dynamic (time depende~t) EMF 

using relatively large currents. Provisions for switching one system or 

the other to the sample are indicated by the dotted lines in the figure. 

To measure the dc electrical resistance of the sample the connections at A 

and A' are made; the potential across the sample was determined potentio-

metrically using one bank of a Leeds and Northrup VJ'hite Double potentiometer 

with a sensitivity of ±.2 microvolt. The magnitude of the current passing 
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through the sample was found from the potential across the standard 1 ohm 

resistor R l' utilizing the other ban~ of the potentiometer. The constant s . 

current source itself was usually a 12 volt auto storage battery in series 

with a high 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 it was not connected to the sample. This steadied the discharge 

characteristics of the battery. 

The resistance of the sample is easily obtained from the relation 

R = Ell once E and I have 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 taken in this work) with an estimate of ±.2% given as the uncertainty. 

The circuit is connected at points Band B' for the dynamic measurement 

of the voltage across the sample. With the exception of the switching circuit, 

this configuration is analgous to the dc measuring 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 device monitoring the EMF's across the sample and across the stand-

ard resistor Rs2 .The latter measurement enables determination of the cur­

rent I flowing through the sample for 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 amperes) could melt a portion of 
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the sample if applied for approximately 1 second. Thus the need for a 

pulsing technique was dictated, a technique in which a square current pulse 

with a fast rise time could be generated '.'lith a pulse width of something less 

than a few hundred milliseconds. A solid state switching device coupled to 

a battery-resistor current supply was the system developed to meet this need. ~, 

A battery-resistor supply for the constant current was found to be nec­

essary in order to obtain fast rise time on the current pulse; rise times of 

10 ~sec for current pulse of approximately 2.5 amps are achieved in the 

apparatus. The ballast resistance covered the range 5-400 ohms, giving a 

current range of .03-10 amperes. Sample resistances were of the order of 

.2 ohms; changes in the sample resj_stance were at mostapproxirnately .05 

ohms. .Thus a ballast resis.tance of 20 ohms resulted in a currentof·~ 2.5 

amps, and the increase of resistance due to the heating of the sample results 

in a current decrease of only ~6 milliamp; a few tenths of a percent. 'l'he 

current may be considered constant to this extent. Because of the higher 

currents required in this part of the experiment, repeated charging of the 

batteries was necessary for proper operation. Insufficient charge resulted 

in longer rise-time of the current pulse as well as a marked variation in 

the current during the pulse. 

The solid state svri tching circuit generated the current pulse. lI'1e chani cal 

devices were found 'previously to be insufficient for the task because of speed 

and current carrying limitations. 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 actu.ally hro !!swi tches!l in the device, 

one :ror adurrrrny load and one for the sample. Each' s'et of 2N3716 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 determined by the charging rates' of the external capacitors, 
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C3 and C4) on the onesh6ts. The charging rate of capacity c4 of the sample 

(load 2 on the schematic) multivibrator is variable through resistor R4 to 

allow varying pulse widths. There is also a charging circuit on the output 

of the sample multivibrator to allO'l.;r a delay in the firing of the sample 

transistors. The action of the device can 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 through the dummy load) a resistance 

of roughly the value of the sample resistance) in ordertoaiminate the 

transients and instabilities 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 in the dummy 

circuit~ Then the dummy circuit is opened so all current flows through the 

sample. The rheostat R6 controls the charging rate of C5 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 Rs2 ) 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 

millivolt signal at the oscilloscope. Rs2 had a sufficiently high pm.;rer 

. rating and low thermal coefficient of resistance that during a pulse Rs2 

did not change appreciably in value. 

Both the potential across the sample and the potential acroSs Rs2 were 

measures as a function of on a Tektronix 555 dual beam oscilloscope. 

As indicated in the block. diagram: the volta,ge across Rs2 was measured differ­

entially while the sample voltage was measured relative to a ground point 

which served as a reference for the entire system. The potential across Rs2 

may be measured with any amplifier having approximately.l vOlt/cm sensitivity 

for differential determinations. In the present setup: a Tektronix type lA7 

amplifier is used because of its sensitivity and exceptional stability. 
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The sample potential was measured using the Tektronix Type IV amplifier. 

This is a very stable, high gain differential compa-rator having a maximum 

sensitivi,ty of 1 mi11ivolt/cm. The internal comparison voltage enables one 

to examine the topo~ the voltage pulse at maximum sensitivity. For, as seen 

in Eq. (E5), one is interested only in the rate of change of the voltage, not 

the absolute magnitude. The situation is depicted graphically in Fig. 7: 

from the sample voltage pulse a dc voltage is subtracted) leaving only the 

top portion of the sample pulse to be examined at maximum sensitivity. 

The sample voltage pulse was roughly Fourier analyzed. It was found that 

components above 100-300 kc were relatively unimportant while the lower fre-

quencies played a larger role. It was most important to dc couple all amp1i-

fiers since the dc and low frequency components contributed a great deal to 

the wave shape. 

Figure 8 shO'i'/'S atypical data record; the upper trace is the voltage 

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

at 1 amp/dive The time scale is 10 ~sec/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 vo1unie of data) some wor~ was recorded on rolls of 35 rom Tri-X photo-

graphic film and measurements were made with the T~P II, a digitized pro-

tractor of the Heckman Visual Measuring group at Berkeley. Currents and 

slopes measured by hand have an estimated precision of ±1-2%, while those 

done on the TRAMP are somewhl3..t more precise. The oscilloscope time scales 

were calibrated to ±1/2% several times during the course of the research so 

the precision is assumed to represent the uncertainty in measuring distance 

on the photographs. 

The high pressure generating apparatus is the opposed Bridgman anvil type 

used in these laboratories and described earlier. 48 A new grade of ' carbide, 

Kennameta1 K-68, was used for the anvil inserts with very good success. This 
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material repeatedly was taken to 100 kb and over without fracture or notice-

able deformation; no problems were encountered in the low temperature (77°K) 

runs, either. 

The sample was contained in the four -lead, split -ring set up described 

by Stromberg and Jura,49 modified by replacing the gold plug current inputs 

with another set of wire leads through the pyrophyllite wall. Figure 9 ill~ 

ustrates the sample 1!sandwich1!. Not 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 behleen the metal sample and the corrosive 

silver chloride pressure transmitting medium without noticeably affecting the 

quasi-hydrostatic nature of the system. 

The system pressure was monitored using a metal c oil strain gauge and BLH 

strain in~icator to measure the force applied by the hydraulic system. Cali-

bration of the pressure scale was effected using the bismuth I-II and VI-VIII 

transitions, which have transition pressures of 25.4 kb and 88 kb, respec­

tivelYo48,50 Since it is known that this type sample system is prone to 

radial pressure gradients,48 all sample hoops were 0.2" in diameter and were 

placed concentric to the axis of the press. Calibration runs were made with 

0.21! 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 0 Consequently on those 

experiments where temperature was the variable parameter, the pressure was set 

at room temperature and while cooling or warming every effort was ~ade to main-

tain constant loading. It is felt that the above techniques give a pressure 

scale which is accurate to at least ±5%. 

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 cooled to temperatures beloll 

2000 K in a simple devmr sys:tem. Early experiments5l to 7tK used massive 

copper blocks surrounding the sample and anvils inside a dewar to decrease 
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the temperature gradient from 200 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 lIgood!!, i.eo, if all electrical circuits were intact, approx-

imately 75 Ibs of fine NOo12 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 equivalent 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 

measurements with both positive and negative current flO1,rs), the rate of 

warming must be taken into account. Too high a rate inhibits tak.ing data at 

meaningful increments. The above systems can warm as fast as 2-3°K/min; we 

have found that a reasonable rate is O.loK/min. Hence a move was made to 
"'2 liquid baths, in particular to the Kanolt solution bath described by Souers.:::> 

° This bath is usable only to about 150 K, but is much more convenient in terms 

f t . d th t' tl 1 b t t f Ph·ll· 19 h • h o appara us requlre . an ne me lY - u ,ane sys em 0 . l lPS, Iv.,lC 

could attain temperatures of 100-120
0

K. By the use of cooling coils carrying 

liquid nitrogen through the Kanolt bath, any desired warming rate could be 

achieved; actually it I"as found necessary to warm the bath vTi th heaters as 

the temperature rose above 220
0

K, in order that the experiment did not tak.e 

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

interferred with the triggering systems of the oscilloscope. 

The temperature was measured using copper-constantan thermocouples 

which were spot vrelded or silver soldered to the anvil jackets, about 

1_2" from the center. The thermocouples were all calibrated at 7tK in 

fresh liquid nitrogen, at 193°K in solid CO2, and at 273°K in crushed ice. 
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With the appropriate corrections made it is felt that temperatures 'are 

accurate to ±,loK. The temperature gradient was usually 1/4 degree or less. 

The technique and procedure for taking data at a point along an isobar 

was the following. The temperatures of the top and bottom anvils were 

measured and recorded, and the voltage ,across the sample and currerl;t flowing 

through it were measured' first with the current flowing one direction then 

in the other. The system was next switched to the,oscilloscope and a 

series of about 15-25 pictures were taken at 5 or 6 different currents if 

the 35~~ camera was 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 sequence was 1/2°K ,.;hen the 35 rom camera was 

used, and, somewhat more for the Polaroid. The" average of the two sets of 

temperature data was used for the temperature of the heat capacity deter­

mination, while the average temperature of the first set of data was used 

in preparing the resistance temperature curve. 

'As mentioned earlier, if the E-t data 'I.;ere recorded on Polaroid film, 

the necessary measurements were made by hand whereas data taken on 35 rom 

film vrere measured on the TRAMP, which punches the appropriate coordinate 

data onto paper tape. FollOWing conversion to magnetic tape on a DDP-24 

computer, the 35 rom data was fed into the LRL rR~ 7094 or CDC 6600 computer 

for reduction. A least squares linear fit was performed on the dE/dt and 

r3 data for a given temperature. Points of poor fit (greater than 2.8 

standard deviat ions avlay from the line) ,.;ere discarded and a fit was 

attempted again, with the process repeated until suitable convergence vlaS 

achieved. Polaroid data 'I.,ras generally fit graphically. The total data 

for a run was smoothed graphically, and often the temperature derivative of 
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the resistance '\'las 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 g·adolinium in the vicinity of the Curie temperature,Tc . 

At atmospheric pressure Gd undergoes the ferromagnetic-paramagnetic transi­

tion in the neighborhood of 292°L 53.,...55'T.he'heat capacity·.anoma,ly occurs, 

at 291..8°K'with !J.C == 7 cal/deg-mole. 55 This change of roughly 100~~ in p 

C afforded a simple test of the apparatus. 
p 

The gadolinilli'll used was a portion of that studied by D.Phillips in this 

laboratory.19 The metal was supplied by Research Chemicals, Phoenix, 

Arizona; L'llpurities of other rare earths and of transition metals were 

stated to be outside the limits of detection 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 investigatedo 

A relatively complete transition at 20 kb is shown in Fig .. 1Cl; a plot of 

transition temperature T versus pressure is shown in Fig. 11. The lower 
c' 

point at 20 kb is weighted more heavily because the two incomplete runs 

were at 20 kb and indicated that T at that pressure was somewhat lower 
c 

than 270
0

K. As calculated from the graph dTc/dP = -1.3°K/kb, a v~lue 

which is in good agreement with the literature values of -1.2, 4~ -1.53,43, 

, 42~ ',,44o :19 
-L, 6, . -1.. 73, . and -1.9 K/kb <>. Data vras not extended to pressures 

above 20 kb since gadolinium is knOim to undergo a phase transforme.tion 

42 4L. 
to the samarium type s:tn:tcture at a presmrrB bet'\'leen 20-25 kb.' .,,: Further 

analysis of the data, such as calculationofl'.H andLfl ,the magnetic mag mag 

enthalpy and entropy, respectively, vras 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 state studies it is desirable tb have a metal with 

both a large compressibility and a high cb,aracteristic temperature e, so 

. that the change irie (or other parameter characterizing the stiffness of 

the lattice) would be as large ,as possible. Unfortunately, to some extent 

these two properties. are mutually exclusive; one might intuitively asso-

date a high compressibility with a lCYw force constant, and hence from Eq. 

(TIO), a larger compressibility means alovTer e~ One desires furthermore 

a metal with a relatively large resistivity .sothat a reasonable size sample 

may be used; smaller electrical resistivities require making the physical 

dimensions of the sample small in order to increase· the resistance • Finally, 

one. would like a metal with a large temr:e rature coeffic:ient of re.sistance, 

so that temper~tureincreases maybe seen rriQ~~' ea~ily~ 
The metal studied most extensively in this work was iron, which was 

chosen as having an 

at room t§mperature 

p == 9.8~ cm,57 and 

optimized combination of the properties listed above; 

. 4;;2°K,56 X -_ ·8· 6' -7( 2 ) 38 andz.ero pressure, eD ./ 5. 2 xlO cm kg , 

! dR == 510-3oK":158 
R dT X "0 

Iron wire-00031! in diameter and stated purity 99.9% from United Mineral 

and Chemical Company, New York, was used for the sample. ;<Spec-trochemical. 

analysis confirmed the purity given above, although,the technique used is 

not sensitive to carbon impurities. The wire was generally annealed at 

temperatures of 11000K for several hours in either a good vacuum or a 
. . . . 

few mm of a 94% He-6% H2 mixture. This was'done mostly to make the wire 

easier to shape; little difference in resistance was found between the 

annealed and unannealed wire. 

More than twenty separate runs were .made, about half of which were 

. isobaric runs at 20,25,30.,50,75, and 100. kb. At least three room temper-

ature isotherms to 100 kb and above were run, and these data vJere supp-

. lemented by points taken while increasing the pressure for some of the 
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higher isobars. The data of three isotherms at dry ice temperatures (195°K) 

sho,ved good agreement with values calculated from the isobaric runs and the 

room temperature isotherms. (This result shows that 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 blowout after 

warming to near room temperatuxe. (It is probable that the cooling bath li-

quid penetrated the pyrophyllite ring, weakening it by decreasing the co-

efficient of friction. When the temperature rose to the point where the Agel 

was sufficiently fluid, the blowout 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 Swill 

be used to denote the slope of a dE/dt vs 13 plot). The isothermal Rand S 
'----. 

data enabled one to tie the isobaric runs together. 

The experimental data are: 

R
t
P;295) 

R 20,295) 

R(P;T) 
R(P;200) 

1 
RCP,200) 

S(p,295) 
S(20;295) 

S(P,T) 
S(p,200T 

° vs P at 295 K 

vs T at P 

dR(P,T) 
dt vs T at P 

vs P at 295°K 

vs T at P 

2000
K was a common point for all-isobaric runs. The data is shown in Figs. 

12-19. Figure 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 Bridgmanfs 

opposed anvil data. 59 The 'agreement is satisfactory in vievl of the fact 

that Bridgman, unaware of the pressure gradient in the ring system, used 
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a sample strip straight across the ring. This technique results in pressures 

lower than the a.pplied pressure (defined as the applied force divided by the 

area of contact) by a variable factor of around 0.8. 48 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. 1}" ani 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 0 kb data was taken from 

5'7 the work of white and Woods;·, the intersection of the 20 kb isobar of this 

work with their atmospheric values at 150
0

K most likely is due to a difference 

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

that the reduced resistance of iron at P ~ 20 kb was proportional to T3/ 2 ; 

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 the computed line. The slight differences in the R curves 

are best seen in the derivative. If one assumes that R/R200 = a + bT3/
2

, 

then the derivative is given by (1/R200 )dR/dT = 3/2 b'rl / 2 • A graph of E. 

versus pressure is shown in Fig. 14. The dashed line is a least squares fit 

by the equation 

_l~ -8 
b = 3. 592xlO + 2.35x10 P, 

for P in kb. The fit is valid 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/dt vs r3 graphical plots or numerical 

fits. A typical dE/dt vs r3 plot for iron is shown in Fig. 15; the linear 

flOt ° °t d d 1 ° 60 ° dOt' b bl f 1 2af ° lS qUl e goo an error ana YSlS In lca es a pro a e error 0 - ~ ln 

the slope; the uncertainty in measuring data off of the photographs leads to 

an uncertainty of 3% in 13 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, somevi:b..a t 
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uncertain because of the inability to determine small values of dE/dt with 

good precision, showed no curvature to meet the origin. The behavior of the 

intercept with varying pressure or temperature is not particularly regular, 

'. and no :explanation save some systematic error can be given at this time.' The 

'intercept is treated in this work as a constant heat leak; hence the slope S" 

of the linear dE/dt vs r3 graph is used to calculate Cpo 

Figure 17, is the S(P)/S(20) 295°K isotherm; the solid line is a least 

squares polynomial fit of all data, while the various points indicate the 

degree of scatter. All data lie within 2.5 standard deviations from the 

fitted curve, with (j = 208xIO-2 • F:i..nally, in Fig. 18, the slope data 

S(P,T)/S(20,295) for iron are presented. Like the resistance data these last 

data show little difference from pressure to pressure when displayed in 

reduced formo 

All heat capacities were computed relative to the heat capacity at 20 kb 

and 295°K. The method of calculation is the following: 

From theory (:Eqo (E5» the heat capacity at pressure P and temperature 

T is given as 

( ) 
R(P,T) 0 RT(p,T) 

Cp P,T = S(P,T)" 

° and at P = 20 kb, T = 29~ K, 

C (20,295) = R(20,295) . R'(20,295) 
p S(20,295) 

The ratio of these two heat capacities is therefore given by 

C (P,T) p 
C (20,295) 

p 
= 

Rep, T) 
R(20,295) 0 

(E2) 

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

measured quantities: 

R(P,T) 
R(20,295) = 

= 

R(P,T) • R(P,200) • R(P,295) 
R(P,200) RCP,295) R(20,295) 

R(P, T)' R(P,29'5') I'R(p; 295) 
R(P,200) .oR(20,295) R(P,200) 

(E3) , 
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Rt(P,T) 
R(P,200). R(P,200) 

= R (20, 200 ) -~R=:-;I""'(~2~0 ,'-;2:":::9-:='5+-) --
R (20,200) 

= R(P;200) R(P,295) . R(20,295). 
R(P,295) " R(20,295) R(20, 200) ~.,-,.-,:~~=-,--

where 

D = 

R!(P,T).. R(P,295) 
R(P;200) R(20,295) = --~'-----:---~~.....:;.....::;....:.---- - D 

R(P,295) 
R(P,200) 

and is a constant for e,ny given metal. 

S(20Z295) 
S(P,T) 

S(20,295) • S(p,295) ~ S(P,200) 
S(P,295) S(P,200) S(P,T) 

(E4) 

On combining Eqs. (E3),(E4), and (E5) one finds the ratio of heat capacities 

in terms of reduced variables as 

C (p, T) 
p 

C (20,295) -' 
p 

R r (p, T) 
R(P,200) • M(P) . D (E6) 
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( 

Rep,295) )2 ( Sep,295) ')' 
M,( p) == "_' , ~R+( 2~0~, -:-,29~5~) _,._ ' .' _. _S---,(,....,PJ-' 2-:::-0:-:::0+) _ .' 

R(P,295)S(P,295) 
R(P;200) S(20,295) 

and is seen to be a function of pressure only. 

The isobaric runs were calculated according to Eq. (E6). The isobars 

were tied together at 295°K using the additional results of 6 isotherms 

which indicated a 1% drop in C from 25 to 100 kb, and which, if linearly 
p 

extrapolated to zero pressure, indicate that C (0,295) is approximately 1% p 

greater than C (25,295). 
p 

.' '. . 
The spread of data is such that one could say the 

° heat capacity remains constant from 0-100 kb at 295 K;. however, by using 

61 the thermal expansion data of Nix and McNair, and by assuming that DC 
p 

is given approximately by 

.6P== • 6P (E7) 

one finds the heat capacity at ° pressure is about .8% greater than at.25 kb. 

The dg,ta connected ih the above fashion is shown in Fig. 1.9, along vlith 
. 62 6 

the zero pressure data of Kelley. ' 3 The scatter among the experimental 

points is approximately ±l% at the worst, and the data indicate no regular 

progression with pressure. Hence the data is treated as independent of 

pressure, and averaged to give the graph of Fig. 20, again including the 

atmospheric pressure data o Also shown in Fig. 20 are the C curve at 25 kb 
p 

calculated from the thermal expansion data of Nix and McNair using the re-

lation (E7), a Cp curve at 25 kb calculated in the Gruneisen approximation 

with ~ = 1.70 and independent of volume; the assumption that the electronic 

and magnetic heat capacities were independent of pressure was made in this 

calculation as in the identical calculation of the C curve at 100 kb. The 
p 

experimental data average lies in the region bounded by these approximations. 
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Within the 5-6% uncertainty of the experimental data then, the heat 

capacity C of iron definitely does not change in the pressure range 20-100 p 

kb. Moreover, although no experimental comparison was possible, it is 

probable that the difference between the high pressure heat capacit~s and 

the zero pressure value is small. It appears that a GrUneisen type approx-

illation, with a ~ which is independent of volume, is sufficient to describe 

the thermodynamic behavior of the iron lattice as a function of pressure; the 

assumption of constant magnetic and electronic is apparently reasop.able, 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 ir0n at 

high pressures, an attempt was made to measure the heat capacity of aluminum, 

6 10 which is known to exhibit a. % decrease in C at room temperature, and the 
p 

greater increases attendant at lower temperatures. Some degree of success 

was had in the isobaric Tuns, as shown in Fig. :21., which 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 e will still fit the curve within experimental error. The room 

temperature isothermal runs disagreed badly with existing theories in that 

an increase in C was found, the heat capacity at 100 kb being about L 7 
p 

times the zero pressure value. It is not known at present exactly why the 

method should give these apparently unreasonable results, but the following 

observations and conclusions can be made. The first is that on the basis 

of log (dE/dt) vs log (I) linear plots, dE/dt was not proportional to r3 

as required by the theory developed earlier and shown by the iron and 

gadolinium work; rather it was faund that dE/dt 0:: 13 . 7, approxirn..ately. 

This behavior, the exponent of I being greater than 3 is what one 'Iv-ould 
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expect to find if there were a large heat leak. Because of the lovr re-

sistivity of the .aluminum the samples had to be made very small (.0005tt 

thick) to have a resistance of usable magnitude. This resulted in a 

sample smaller, mole wise, than the iron samples by about an order of 

magnitude. A smaller sample·heats more rapidly for a given power input; 

hence the point at which heat leakage becomes excessive is reached earlier. 

Higher currents were required in the aluminum vlork in order to develop 

significant potentials across the sample and it is possible that during the 

period of overlap of current flow through the dummy and sample. resistances 

sUfficient heat was generated in the sample to complicate the resulting 

measurements. Also, it has been noted experimentally that the higher 

currents have slower rise time, making it somewhat more difficult to. as-
3 . 

certain the limiting slope on the dE/dt vs I plots. 

Conclusions 

The experiments reported here show that it is possible to measure the 

heat capacities of metals under pressure with some measure of certainty. 

The results of the gadolinium experiment and the iron and aluminum isobars 

indicate that the method works reasonably well if the heat capacity changes 

are large ; ,the experimental uncertainty of around ±'7/0 sets a lower limit to 

the resolution of the present apparatus. 

Some difficulty was brought to light in the isothermal experiments 

where sometimes in the case of iron a slight increase in Cp was noted on 

pressure increase, albeit within experimental error. The aluminRm isotherms 

show a very definite increase in C as the pressure is increased, in con­
p 

tradiction with present theories and experimental vTOrk. Part of the diffi-

culty is the low electrical resistivity of a lRminum, but it is felt that 

there might also be some pressure dependent heat leak function \vhich could 



give rise to this effect. The nature of this function is as yet undeter-

minedo 

A..n.other puzzling inconsistency which could be related to the above 

problem is the fact that the dEjdt vsI3 relation, whil~ actually linear 

as required by 'simple theory, experimentally does not give a zero inter­

cept; the common result;:is that for I3 = 0, dEjdt < O. This result may 

be interpreted as a heat loss, and in this thesis it was assumed to be a 

constant. It poss;i.bly may be a more complicated function. Additional 

evidence that this negative intercept might represent a heat. loss comes 

from some prelL~inary experiments done outside the pressure cell, where 

one would expect the heat loss term to be very much smaller. In these 

cases the dEjdt line was found to pass through the origin. 

Future research thus has several directions. One' is a clarific.ation 

of the heat loss problem, both as a function of. pressure, and at a given 

pressure and temperature. Many of the problems outlined above could be 

. investigated more thoroughly when sensitive differential preamplifiers 

can be developed to allow use of larger samples and lower heating currents • 

Hopefully present limitations of the technique to metals having resistivities 

greater than about 5~ohm cm could be relaxed with such preamps. 

Since the variation of the heat capacity with temperature is much 

greater than its apparent isothermal variation, the heat capacity work 

reported here would benefit greatly by an extension of the temperature 

range used. To this end a more elaborate temperaturerontrol system is 

necessary, and the author envisions a combination of the massive heat sink 

and liquid bath techniques to allow a temperature range from 65°K to over 

room temperature. Included in this control system Bhould be some auto-

matic load maintaining mechanism to prevent pressure drift ,.,hen heating 

or cooling. 
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As it appears that isothermal variation of the heat capacity ,h~· re­

latively 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 preSSl.lreS could give insight into the 

nature of the samarium type structure which appears above 25 kb. There 

are numerous other possibilities; Fig. 22 shows a dE/d~I3 isotherm for 

iron. ,The break at approximately 120 kb reflects the phase transition to 

the hcp structure at that pressure. Measurement of', the resistance and 

temperature derivative of the resistance of the high pressure phase would 

allow the interesting calculation: of the change in heat capacity across 

the phase boundary. 
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i.:,":.:.:PART II. THERMAD·SHOCKllJG 

Many substances exhibit polymorphism under pressure, with the differ-

ent phases m'ost often having different physical characteristics such as 

volume, electrical resistance, magnetic permeability, 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 is 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 

I!sharpl! transition it can be argued that the observed isothermal transition 

pressure is greater than the thermodynamic pressure. The problem was 
. . 4 

recognized by Bridgman, . who termed the region between the transition 

pressure on compression and the transition pressure on decompression as 

the region of indifference. Bridgman's region was widened additionally 

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 Mori:0 obtained transition pressures 

which are probably quite close to the thermodynamic value; a shearing 

technique greatly decreased the difference between the compression and 

decompression values of the transition pressure. It is possible that local 

64· 
heating may facilitate the transition under these circumstances.' 

In dynamic shock experiments where maximum pressures are available only 

for perioclscifmicroseconds',. 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 pressures vThere a sample can 
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be compressed to a pressure greater than the known thermodynamic pressure 

and yet give no indication of transformation. Since there is local 

adiabatic heating during the shock wave it is apparent that the increase 

in temperature has aided the transitiono It was thus felt that if a 

sample under static,pressure could be heated momentarily a more accurate 

determination of the thermodynamic pressure could be made. A metal 'vire 

sample in the Bridgman opposed anvil system described earlier makes an 

ideal system since electrical ohmic heating by a current pulse'enables 

heating the sample momentarily to essentially any desired temperature. 

A review by Kaufman65 outlines the thermodynrunics and results of 

metal phase equilibria under pressure. It is easiest to understand phase 

equilibria from the point of view of free energies G. Figure 2'3a shows 
, , 

the generalized free energy curves at constant T as a function of pressure 

for phases A and B,A being ,the stable low pressure phase. P
T 

is the 

"true" transition temperature. The diagram indicates the origin of the 

region of indifference (apart from frictional effects): if the G curves 

are closer together than an amount L,G ~ RT then the tvlO phases may co-

exist. It is seen that P
T 

~ 1/2 (p
u 

+ P
l

) where P
u 

is the transition 

pressure on isothermal compression and Pl is the trans~tion pressure on 

isothermal decompression. Figure 23:b is a G(p = Const.) - T plot'vhich 

indicates how an increase in temperature can result in a transition to 

the high pressure B phase. 

The method used in this work involved forming the two different 

phases in intimate contact at the desired temperature. If in such a 

situation one phase grows at the expense of the other, it is fairly cer-

tain that the growing phase is the thermodynamically stable phase at 

that temperature. The coexistence of the tvlO phases vlaS obtained by pulse 
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heating; hence it is required that the slope dT/dP of the phase boundary 

be negative. Conceivably the experiment could also be done by momentarily 

increasing (or decreasing) the pressure on the sample, but no work has 

been performed to this end. 

One may easily heat a metal sample by passing a high current through 

it for a short period. For the small (~10-4 mole) samples used in this 

work it was no problem to reach temperatures as high as18000K (fixed by 

the melting of an iron sample).,- Indeed, the initial problem was one of 

making the pulse duration short enough that the samples were not melted. 

The experimental procedure was somewhat like that described earlier: 

0.003 II diameter wires were bent'into circular arcs ,and mounted in the, 
. ," , 

Bridgman anvil system., Four lead measurements were not always made; more 

commonly current was sent into the anvils through Au plugs to the sample 

and the total voltage drop across the anvils was measured. FortunateJ.;y, 

at room temperature the contact resistances involved are negligible com-

pared to a typical sample resistance of .20 and higher. 

- The pulsing circuit was simpler than the previously described circuit; 

a block diagram is shown in Fig. 24. A current source of three 12 volt 

auto storage batteries connected in parallel was set up so that current 

could be drawn at voltages of 2-12 volts in 2 volt increments. The out-

'puts of the battery current source and of the constant current supply go to 

a gating and switching unit which used mechanical mercury reed relays to 

generate a variable 3-60 millisecond pulse. 

Activating the unit ,shunts current from the constant current suppJ.;yto 

a dummy load of 1 ohm after which current from the batteries is directed 

" through the sample. After the preset time of the power pulse, the si'l'it,ching 

is reversed: the battery current is disconnected and the lower constant 
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high temperature is one in which the two phases coexist. In the case of 

bismuth, the resistance-pressure relation is followed during decompression; 

if the transition pressure is the same on compression and decompression, 

the run is discarded as this would 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 complex to compute the sample 

temperature behavior as the energy is electrically generated in the wire. 

An analysis of a simple and idealized system indicates that the heat 

leakage from the sample becomes appreciable in tens of microseconds.;That 

this is so can be shown by the fact that a O.OlO-sec, l-volt pulse through 

a silver sample should melt the entire sample if there were no heat leak. 

Experimentally it is found that a pulse of about 10 volts is necessary to 

melt a part of the sampleo What has been repeatedly observed is that for 

a pulse of duration up to 0'.060 sec, the temperature of the system, as 

determined by the resistance of the sample, returns to the ambient 

temperature 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. Even though 

the heat leak from the sample is great, if the duration of the pulse is 

sufficiently 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 
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return to room temperature . Either of the" foregoing times is short, com­

pared to the duration of the study of the effect of the energy pulse. 'Ihe 

above can be nicely:illustrated with ,a, ,material such as tin or silver as long" 

as the pressure is far from the transition pressure: Ifa silver wire 

00003 in. dia and about 1 in. long is pulsed with 6 volts for about 10 
, . ' . J 

millisec, the resistance returns to its initial value in less than 0.1 

min. 

The geometry used most commonly in this work was the 1/2" diaX 3/32!! 

.wall X .020 it system described in the section on heat capacity. In some 

cases, notably b:is~uth,geometries using 1/16" and 1/52TTwidth wall rings 

'were examined. No significant differences were, observed. All pressure 

:44 
calibration was bas'ed on earlier work in this laborat:ory. 

Results 

Bismuth. ,The bismuth used in these experiments had a supposed 

purity of 99.999 percent and was supplied by the American Smelting and 

Refining Company, South Plainfield, New Jersey. It was drawn to wire 

" 0.,003 in.dia. The samples were bent into circular arcs of 0.2 in. dia 

and had resistance of about 2 ohms.. Three different geometries ,fere 

used. It was found that the transition pressure was 81 ± 4 kbars. Con~ 

ventional isothermal experiments give 88 kbars for the VI-VIII transition • 
. ' .'. .' '. 66 

Since the time this work was performed, private communications' have' 

indicated thatbther experimenters are reproducing the 81 kbar results, 

both by a pulsing technique, and in the more nearly hydrostatic conditions 

which prevail in tetrahedral and cubic presses. 

Tin. The tin metal was obtained fromA. D~ MacKay, New York, New, 

York; and was 99.9 percent pure. The metalvTas extruded to "lire 0.003 

in. dia, andtrie measurements >vere made as for bismuth. 



The value obtained for the tin transition was 99 ± 4 kbars. This 

is to be compared to the 107 kbars of Stromberg and stephens,67 and the 

68 113-115 kb reported by Dri-ckamer and Balchan. . 

IronD Iron wire; 0.003 ino dia and 9909 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 might be expected from the isothermal work 

that has been doneD Past experience with iron has been that the transi-

tion to the hexagonal phase I'lOuld start at any pressure above 160 kbars 

and that it might take as much as 80 kbarsfor the transition to run .. 

This extreme sluggishness could be caused by a small difference in the 

free energy of the two phases over a wide region of pressure. This 

argument is supported by the fact that the energy difference between 

'( . I' 60) "', ex-iron and 'Y-iron is small LF of.. the.· order' T.kcal mole ....• . 

One would not expect a large difference between the 'Y and hcp-phases; 

therefore, it seems reasonable that the difference between ex-iron and 

hcp-iron would be smalL, Since our samples are under' :quasi-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 sample that transformed to the 

hexagonal 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 sample 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 occurred 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 tran,sitionpressure found for iron is 118 ±' 6 kbars; this is again 

lower than the 130 kbars reported by iDrickamer and BalChan,68'the ~150 

kb found by Fuller 
69 ' , 

and Price, ,and' the 131 kb derived from the dynamic 

shock experiments.~2 wilen the last data are corrected for the shear 

strength of the metal, a, value of~125kb is obtained for the transition 

pressure at the 310
0

K temperature at which the experiment was run. 

Conclusions 

To summa:riz"e;<,;this,thermaLpu:J,sing, technique wasused:,to investigate 

the high pressure phase transitions of Bi, 3n, and Fe, obtaining the 

transition pressures 81 ± 4 kbar, 99 ± 4 kbars and 118 ±6 kbars, re-

spectively~ As 'would be expected,? ,all three values are lower than the 

isothermal values obtained in the .usual fashion; in the case of iron, 

good agreement ivas found with the shock work, where one would expect 

the associated adiabatic heating to facilitate the transition. 

Tin exhibited the sharpest transitions; iron is not as simple,as 

. ) 

bismuth, but there can be little doubt that a reasonably reproduclble 

value is. obtained •. 

Of the three metals studied, there was no indication that the high-

pressure phase was quenched into the system at a lOVl pressure vlhen tin 

,and bismuth were the san ples. In the case of iron, a certain amount of 

the higher pressure phase was present above 80 kb. T:tme was not taken 

to determine whether or not the sample would decay completely back to the. 

a phase. The rate at which the hcp-phase decayed was so slow that it vras 

not practical to wait the estimated days from the initial rates for the 

sample to return to the a form. The fact that part of the sample was in 

two different phases did not seem to interfere with the determination of 

the pressure at which the entire sample went and remained hcp. 
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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 involveo.) the 

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

As mentioned earlier in this paper, some rather interesting results 

concerning the temperature dependence 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 

to T3/
2

, T being the absolute temperature,· ~ver the temperature range 

150° < T < 300
0

K. Several runs at 37 kb indicated th!1t this dependence 

held down to 77°K. Preliminary experiments on the resistance of cobalt 

at' 50 kb in the temperature interval 200° -300
0

K seem to indicate that for 

cobalt too there is a 3/2 povrer law.. The experimental results for iron 

are·shown in Figo 25, in which the exponent ~ of the power lawR(T)/R(200) 

= a + bT
m 

has been plotted as a functl."on of reduced volu~e V/V , where V 
o 0 

is the molar volTh~e at atmospheric pressure. It can be seen that m de-

creases linearly with the volume down to V/V =.988, the volume at room o 

temperature and 20 kb; from that point m remains constant at 1.51 dOvffi to 

volumes corresponding to a pressure of 100 kb. The compressibility data 

collected in Appendix II allovred conversion from pressure to volume, and 

the exponent for V /V = 1 was found from a fit of the data of White and 
o 

Woods. 57 

Electric current in a metal is carried by electrons >"hose wave func-

tions extend over the entire lattice; the electrical resistance arises 

from the scattering of these electrons by various irregularities in the 

solid. Impurities represent one kind of scattering irregularity, and the 

. thermal vibrations of the ion cores about their ideal lattice points re-

present another 0 For pure simple metals CT simple!! for the moment meaning 

having one essentially free valence electron/atom and no 9: 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) = a+b~ 
for iron as a function of reduced volume. 
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in terms of electron-phonon interactionp; t~e electrons are scattered by 

lattice waves. For this scattering, .one finds that the resistance is . 

proportional to T for T ~ 
. 5 eD' and toT . at much 10werten1peratures 

Transition metals with uncompleted .~ shells prove to have resistances 

vrhich are quite different from the resistance described above. For in-' 

stance, if one examines the conductivity per unit amplitude of thermal 
" " 

oscillation, it is" found 70 that the transition metals all have values lcwer 

than simple metals by a factor of 10-20. Scattering 'by lattice waves 

assumes a resistance proportional to the mean square amplitude of the 

thermal vibration about the lattice site, which in a Debye approximation. 
";- . 

means 

'If one were to change e
D 

by decreasing the volume, one would expect the 

resistance to change as 

( . '. ) . clnR 
" dlnV" T 

== -2 "( dIneD) == 2'\1 
2ilnV I 

"T 

where'Y is the" Gruneisen constant. "Now in fact, if In R is plotted versus 

"In V for iron, the initial slope is found, to be 4.7, as compC).red with 304 

calculated from the data of Gescilneidner.38 , The discrepancy indicates 

that the lattice resistance is only one component of the"total resistance. 

Discrepancies of this sort resulted in theories70 of resistance which 

attributed a greater scattering probability :for those metaHi having ~ bands 

into which the conduction electrons could make transitions. The current is 

ca,rried by the ~ electrons, but because of the high density of states in the 

~ band, the probability of transition from an s state to a d state is large, 

resulting in a, larger resistanceo The te.'"llperature dependence of this 



... 

., 

-75-

electron-electron resistance varies from T3 to exponential and depends on 

. ·25 71 72 
the extent of the ~ and 2: band overlapo " Experimentally it is 

found that at low temperatures, below perhaps lOoK, there is quadratic 

dependence of the resistance on temperature for iron, cobalt, nickel, 

platinum, and palladiumo 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 £ electron spins; because of the Pauli exclusion principle this 

aligp~ent effectively limits scattering to unfilled d states from s states 

having the same spino The presence of the magnetic domain structure will 

also affect the resistivity, both because different domains may have differ-

ent 2: spin orientations, and because the domain boundaries may additionally 

scatter the electrons when the mean free path of the conduction electrons 

becomes comparable to the domain dimensions. The latter effect has been 

investigated by Semenenko and SUdovtsov. 73 

The electrical resistance of ferromagnets has been resolved into com­

ponents by Weiss and Marotta, 74 who separated the magnetic resistivity by 

subtracting the residual resistivity and a lattice contribution linear in 

the temperature from the total measured resistivity. They obtained a spin 

dependent "magnetic resistivity which for iron was about one-quarter of the 

total resistivity at 300
0

K and increased approximately quadratically with 

temperature up to the Curie temperature, lo43°K. At that point the mag-

netic resistance became constant. These authors point out the dependence 

of the magnetic resistivity on the spin S of the metal in question; their 

conclusions agree qualitatively with the theoretical work of Kasuya. 75 

Kaufman and CloUgherty76,56 have made a similar separation for the re-

sistivityof iron under pressures of up to 95 kb and over a temperature 

° 4 ° range from 325 K to 1 25 K. 
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Among the various theoretical and experimental work done on the low 

temperature resistivity of ferromagnets;"77 the most pertinent to the 

"present work is that of Kondorsky, Galkina and Tchernikova,7
8 

Semenko. and 

80 Sudovtsov, 79 and Turov. Kondorsky and co~workers found that the electrical 

resistance of iron and nickel was proportional to T3/ 2 
in the range' 

4° < T < 20
0 K; Semenenko and SUdovtsov found essentially the same result 

for the interval 1.2° < T < 4.3°K on a purer sample. These investigating 

groups both attributed this resistance component as resulting from elec-

trons being scattered by spin waves or ferromagnons. The KondorskY team 

cites experimental data on the change of resistivity with increasing 

magnetization as support for this claim. 

Turov has carried out a theoretical study of spin wave scattering of 

electrons" and predicts an essentially linear dependence on temperature. 

However, calculated magnitudes are about three orders of magnitude too 

small. Turov admits that one might expect a resistivity component pro­

portional to T3/ 2
but that this dependence may be approximated by the 

function alT -I- a2T2, the form often observed experimentally. In collabora- " 

tion with Abel T skii 81 he makes a similar c o:tnment on the' assumpt ion of a 

direct proportionality between the resistivity and the density of spin waves. 

A simple calculation now leads one to suspect that the resistance 

temperature relations found here for iron under pressure might be related 

. tt' . h 1 ." t f "N' M N' 61 to spln wave sca erlng. USlng the t erma expanslon da a 0 lX and lcIalr, 

one may calculate for iron the 

° 15 K, the temperature at which 

change in volume 6V on going from 300
0

K to 

the T3/ 2 
dependence is observed at zero 

pressure •. By means of the compressibility data of Appendix II, one may 

find the pressure corresponding to 6V at room temperature. That pressure 

7. /2 
is approximately 18 kb, remarkably close to the 20 kb at vlhich the T./ 

behavior is first observed. 
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This tantalizing information however must be approached with caution. 

The work by the Russian investigators was carried out at temperatures wh~re 

the resistance due to interaction with lattice waves is very small, whereas 

in the present investigation this is not the case. If, as Weiss and 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 Gruneisen approximation, it is found that at room temperature the 

lattice contribution is 73% of the total resistance at zero pressure; at 

100 kb the lattice contl'ibut"ion 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 th~ major component of the total resistivity at 

pressures up to 100 kb and therefore an overall T3/
2 

dependence is due to 

a strong 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 resistivity, an observation wliich some-
. 6 6 

what contradicts the data of Kaufman and Clougherty,5,7 who obtain 

approximately equal relative decreases with pressure for the two resistivity 

components. Their data however, were taken at temperatures higher than the 

interval of this work. 

We thus have a resistance phenomenon which most likely reflects changes 

in the so-called spin resistivity component of the total resistivity. The 

7./2 
T) temperature dependence of the resistivity at pressures greater:than 

20 kb suggests that there is an appreciable component due possibly to 

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

this conclusion; with the fact that in the temperature range of this 
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investigation the lattice contribution to the resistivity is a·large 

fraction of the total) and should not change drastically with pressure. 
. 8la . .;..;. . 
It has also been suggested that the range of spin wave ~ vectors 

available for scattering has a large influence on the temperature 

dependence of the resistance; a large range could lead to a T3/2 rela-

tion. Clearly additional study is re~uired. The temperature interval. 

should be increased as much as possible) and research on the effects of 

impurities) work hardening, surface-to-volume ratios, and domain .struc-

tUre and mobility shoUld be carried out. AC resistance measurements 

may throw some light on the problem. Several non,..magnetic transition 

meta.ls should be· studied. as vlell as the various ferromagn:;ts to investi-

gate an effect which is most likely due to the presence of i electrons, 

but which may only appear in those metals in which the delectrons are 

coupled by some exchange mechanism. To date, vanadium) a face centered 

cubic structure having 3 d electrons per atom has been examined to 

130 kb; the temperature depe;ndence of the resistance shoWB little change 

from the atmo spheric pre ssure linear behavior. 

• 
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APPEND]J{ II 

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 compression graph of vjv o 

versus pressure shown in Fig. 260 Included are the piston displacement data 

82· ) 83 of Bridgman (e,!::", the x-ray diffraction data of Clendenen and Drickamer 

) . 84 ~ ('0/ , and of Takahashi and Bassett (~), and the corrected shock ,.:rave data 
" 

of Bancroft, Peterson, and Minshall
12 (~)o All data except the shock work 

was carried out at room temperature; the shock wave experiments were per-

formed at slightly lower ambient temperatures (about 283°K). H~.:rever, the 

authors of the shock work point out that the temperature rise associated 

with the adiabatic compression was as high as 27°K at shock pressures of 

130 kb; thus the lower pressure shock data is probably in the neighborhood 

of 300
o

K. It should also be noted that the shock wave results are for Armco 

iron while the other investigations were on more pure iron sampleso 
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Fig. 26 Compression of' iron·. 
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APPENDIX III . 

Experimental Data 

In the iron heat capacity work, the results quoted in the main 

body of the thesis were calculated using graphically smoothed data • 

In this appendix are presented representative experimental data for 

20, 50, and 100 kb isobars. The data are given in tabular form; the 

reduced resistance R(T)/R(200) and the reduced slope S(T)/S(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 

equation C = RRf/S, where Rf is the temperature derivative of the 

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

Temperature} oK R(T) .~ 
R~200) S 200 

149.2 .629 ·557 • 155.8 .. 672 .666 
162.1 .718 .718 
169.0 ·770 .744 
176.7 .828 .783 
183.8 .877 .856 
190.8 ·929 ·948 
198.1 ·984 1.014 
207.7 1.059 1.062 
215·2 1.115 1.129 
223.6 1.183 1.156 
230.6 1.238 - 1.250 
241.4 1·327 1.294 . 
248.8 1·391 1. L~ 39 

148.7 .624 .627 
151.4 .639 .600 
159·0 .695 .677 
164.2 ·732 ·729 
170.6 ·778 .781 
182.2 .864 .809 
187.8 ·906 .888 
194.5 

: 

·957 .943 
201. 7 1.011 1.019 
207.2 1.056 1.073 
213·3 1.102 1.074 
219·7 1.151 1.198 
225·5 1.199 1.221 
230.6 1.233 1.255 
236.9 1.290 1·367 
243.0 1.339 1.391 
248·5 1. 385 1.410 
254.5 1.434 1. 505 
260.9 1.488 1.465 
266.9 1·537 1.640 
272·7 1·589 . 1. 644 
278.6 1.636 1.663 
283.1 1.677 1·920 
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TABLE II.· Experimental Data for 50 kbIsobars 

Temperature, oK ~ 8(T) 
R 200 8(200) 

.. 146.4 .605 .636 
152·7 .644 .650 
158.5 .691 .680 
164.8 .734 ·725 
171.2 .780 .779 
177·3 .826 .798 
183.5 .873 ·901 
189·4 ·918 ·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 1.407 
256.6 1.458 1. 536 
264'.1 1. 518 1.481 
270·7 1.578 1·565 
277.2 1.634 1·709 

150.0 .631 .626 
155·5 .669 .685 
161.6 ·713 .717 
182.2 .863 .884 
189.2 ·917 ·936 
196.5 ·973 ·931 
203·2 1.025 ·997 
210·5 1.080 1.122 
225·6 1.200 1.174 
233·2 1.260 1.268 
255·1 1.441 1.411 
263.1 1. 507 1.488 

148.0 .613 .624 

" 156.2 .670 .705 
162.6 ··720 .723 
170.0 .769 ·795 
176.7 .825 .850 
183.8 .881 .916 
192·5 ·944 ·959 
201.2 1.006 1.054 
208.1 1.058 1.086 
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TABLE II (Continued) 

R(T) S(T) , .;.1 

Temperature) oK 
R(200~ S~200) 

• 
215·2 1.114 1.139 
222.8 1.177 1.210 
230.0 1.233 1.228 
237.2 1.293 1·306 
244.0 1.346 1.400 
251.2 1.405 1.413 
259·0 1.470 1. 539 
265.8 1. 527 1.600 
272·7 1. 585 1.758 
279·8 1.649 1·770 
296.1 1.803 2.078 
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TABLE III. Experimental Data for 100 kb Isobars 

Temperature, oK ~ 8(T) 
'<' R 200 8(200) 

(. -~ .. 147.1 .606 .633 
153·9 .655 .671 
161.1 .706 ·730 
168.4 ·759 .774 
175.4 .813 ·797 
183·4 .8n .889 
190.4 ·925 ·965 
198.0 ·984 ·~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 
240'.9 1. 326 1.392 
248·3 1.388 1.434 
254.9 1.442 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 
295·1 1·796 1.898 

146.7 .601 .611 
154·5 .655 .652 
161.9 ·711 .748 
169.4 .766 ·750 
176.5 .818 .803 
18~ .. 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 

Cij 254·9 1.445 1.482 
261. 5 1·501 1. 506 
275.8 1.625 1·730 
282.3 1.685 1.786 
287.0 1.724 1.892 
295.4 1.802 2.004 
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