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HEAT CAPACITY OF IRON AS A FUNCTION
OF PRESSURE AND- TEMPERATURE

.Albért'Fan Yee
Inorganic Materiéls Research Division, Lawrence>Berke1ey Laboratory

‘and Department of Chemistry; University of California,
S Berkeley, California

ABSTRACT
A'techniquévfor the meassurement of heat capacity of metals under
high pressure is described.. Constapt'current Hsec pulses are used to
.heét’the Sahple'and the temperatufe rise is caiculated'from the change

in resistance. A newly developed constant‘current pulse generator

-is described. Cp of iron was measured from 110 to 260°K and from 25 to

75 kbar. A slight‘decréase in Cp with pressure was noted. ‘The inf

crease in Debye tempefature was calculated to be 4.5°K. A P-V isotherm

was used to calculate the Gruneisen equation of state,

o . =By - 0.45
P=—gf> + 3 (E-E)
Two_gamma angular correlation distribution curves from positron
annihilation in ytterbium metal were taken at nine different pressures
that ranged from 1 atm. to 80 kbar. There was special interest in the -

regiOn of the f.c.c. to b.c.c, phase transition at Lo kbar. The

* observed increase in the widths of the measured curves with pressure

could be entirely accounted fofiby the decrease in the volume of the

" metal with pressure. This indicates that the high pressure b.c.c.

phase of Yb HaSvonly two conducdtion eleétrons per atom.
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PART 1. HEAT CAPACITY OF IRON AS A FUNCTION
OF PRESSURE AND TEMPERATURE

I. INTRODUCTION

The equation of state of a substance is an expression which

* defines all the thermodynamic Variables of a substance in terms of.

two or more independent thermodynamic variables;.tyo in the present
study. The experimentaliy measurable independent variables are
macroscopic_manifestations of the motions of and interactions among
the atoms constituting the substance. Needless to say any theory

i
that describés the behavior’of atoms in.a substance must produce an
eqﬁation of state that agrées with experiment. On the other hand,

generalizations on classes of substances using empirical or semi-

empirical equationé of state enable engineers, with the aid of s

fewyparameters; to accurately predict the behavior of any substance

invq;class under various conditions. Thus the importance of equations

. of stgté is clear.

The existence of regular crystalline structure in most solids

renders their theoretical equations of statg particularly interesting.

»Unfortunately, the experimental measurements are difficult. The most

difect‘technigue is the measurement of Yolumévchange as a function of
tempéfature aﬁd'pressure. This»canvbé accompliéhed by piston
displacement or X-ray téchniqueé. More iﬁdirectiy; the_measuremehts
of héat cépacity and elastic constants can also yield equations of
stafe.

The piston displacement ﬁechniquel_3

is limited by the precision
with which one can determine volume changes, especialiy in a piston-

cylinder device where the deformation and friction increasé with



.

increasing pressuré. The pressuré attainable is limited to 20 kbar
in an.unsupportedbsystem,'aﬁdFSO kbar when supported. Useful'déta
can'be,obtained only on very cdmpressible substances such as the
alkali‘metals and SOLidified gases. Bridgmanvproduced vast amounts
of’P-V data near room temperature on various substances using this

. techniQue. The X4fay technique_suffers from difficulties in the
pregision as wéli as the‘aﬁalysis of data?’s When combiﬁed with a PQV
isotherm, the equation of state as well as all other thermodynamic
funcfions canvbe.célculated from the heat capacity measured as a
fuﬁction of temperature and pressure. Because of the largé therial»
mass'bf the high preésure'bomb, only those sﬁbstanées with heat
capacities substantially larger than that of the bomb can utilize
direct calorimetry. -Consequently, only substances such as solidified
géses wﬁich have'relafively higher mblar heat capééities at lbw
temperatures, and substances that undergo.thSe tfansitions which
result in large changes in heat capacities have been measured :

’ 6,7

calorimetric determinations of the heat capacities of solid He,

solid H 8 uranium,9 and ceriumlO have been carried out to a maximum

25
of 20 kbar. Ultrasonic methods, in principle; can yield the most

precise results. Unfortunately, severe problems in experimenﬁal

techniques are encountered'at'pressures above 10 kbar.ll

"Out side the domain of static pressures, éhock techniéues have
produééd large amounts of ultra highvpressure, high temperatﬁre PVT
‘data.12’13 Data below 100 kbar using this techniqﬁe fapidly become
unreliable. It is also difficult to extrépioate these high teﬁpera—

ture and high pressure data to more moderate conditions. However

progress is being made in correlating static pressure and shock

results.lh

;
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Sometimes valuable data can be obtained by using theoreticsal
approximations and indirect measurements. One such case is the work

by Raimondi and Jura..15 They used the Bloch—Gruneisen equation to

calculate the Debyentémperature and hence thé Mie-Gruneisen equation

of state of aluminum from its resistance measurements as a function

" of temperature and pressure. This method applies only to simple,

"good" metals, but has the advantage of being relatively simple and
precise. | | |

It.is obvious that none-bf the_methods.discussed_thus far fulfill
all the reQﬁirements of high precision, Wide femperature‘and préssure

range and flexibility with respect fo.the type of substance that can

" be used. FEach of the methods is useful within its limits. All of

the# have been and are‘employed in order.to produce data in the
#idesf'range possible. Difficulties'arise when one attempfs to
COrreiate data from thesebvarious sources. First of all, a pressure
gep exists between 20 kbar and 100 kbar, and similarly a temperature
gap between 40°K and several hundred or eveﬁ thousand'degrees

Cenfigrade., Secondly, only rare gases, alkali metals and a few

special interest metals such as those that exhibit phasevtransitions

at low temperstures have been investigafed at the low ends of pressure

and'temperature.

16

The present work is a continuation of the effort begun by Stark

 to measure the heat capacity of metals under pressure. Stark uséd a

pulse heating method similar to that of Wallace 53_51317 Some of his
electronic instruments introduced serious errors in his fesults
which are difficult to assess. His mbst»serious error will be

discussed later. He measured the heat capacities of gadolinium, iron



-

and bisﬁuﬁh as funcﬁiqns of pressure. Fbr gadolinium he_was able to
messure the change in:-Curie température with pressure. For iron the
heat capacity did not change within his experimental errdr; For
bismuth he determined the thermodynemic vélue_for the pressure of the
III-V phase transition.

In ﬁhis work a successful effort was.made'to improve the pulse
heating‘technique. A constant cufrent pulse generator was develqped.
' The méasurement techniques for the #arious quantities were éarefully
examined and~im§roved ﬁhen ?ossible. Heat capacity of'iron weas
measured from 110 to 260°K and from 25 to 75 kbar. The error for
each éinglé measurement is estimatedbto be 3 to 4% but the reSultsb
show surprising consistency. The Gruneisen equation of state was
calculated. | |

Iron was chosen for this work partly because it was the metal
on which the most extensive research was pérformed by Stark, and
partly becéuse it has the optimuﬁ combinafion of high resistivify and

_high Debye temperature, both of which are desirable for this work.

-
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II. THEORY

A. Equation of State

It has been.pointed out in the introdﬁction that the equation

of state of a solid can be'calcuiated from & PfV isotherm and from

the heat capacity measured as & function of temperature and pressure.

We will now see how this may be accomplished and whether it is
applidable to the present experiment. _ ' .

If we integrate both sides of the thermodynamic identity:

aT p

/ (a_g%) dznf = - (%%) *+ (‘g%) | - (2)
But

) - (=) e

, in Equation (2) equal to 0°K, then Bquation (2) reduces

to
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Let us consider Figs. 1 and 2. Figure'l is the~r60m temperature
isotherm“fof the reduced volﬁme vs. préésure for iron compiled by
e 16 | ac
‘Stark from several sources. Figure 2 is a hypothetical plot of (552)
vé; f for éeveral different pressures. Equation (5) enables us to
calculate (%%)P atvany temperature T2 and pressure, provided we.have
available to us data such as those illustrated in Fig. 2.. Then; given
an.isotherm such as the one in Fig. 1, we will be able.tb generate the
entire P-V-T éurface.

In order to obtain resulté such as those in Fig. 2, we must have
a’large émount of Cb data which are sufficiently aécurgte and situated -
aﬁ small tempergture_and pressure intervals. At the presént stage
df.ekperimental deveidpmént this approach dées'npf yet appear to be:
feasible. Instead we will meke a few assumptions and make usé‘of
the familiar Gruneisen equatioﬁ of'sféte. "

The equation of state of solid ﬁay be expressed as

P =P(V,T) _ - (6)
One could expand Equation (6) in a power series, as Slater18 did
But power series expreésioﬁs tend to mask the physical meanings

contained in them. From thermodynamics, one finds.

P (), o

-
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where A is the Helmholtz free energy - One also finds from stetistical_

_mechanics that
A = - XTinZ | (8) -

where Z‘is the partitibn function of the syStem under consideration.

vTherefore

P;kT (%%Z-)T" | | (9)

In other words, if we know the pertition function Z aud its variation

" with volume, we have the equation of state. Cbnsider a so0lid consisting

of atoms occuping lattice sites. Z can be found only if we know the
frequency dlstrlbutlon function g(v) of the lattice. Due to the large
number of normal modes in a crystal, sampling techniques had to be used

by Garland and Jural9

to obtain an apprbximation'tb the»spectrum of

an f.c.c. lattice. This is a rafher difficult and tedious process.
Even when we have the frequency distribution function g(v) of

a SOlld 1t would still be impossible to predict how g(v) changes with

volume. Grunelsen suggested that the varlatlon of each normal mode

with respect to volume obeys the followlng relationship:

~df&n G.
—d

Y35 Tqv : - (20

"where 6, is the charactefisfic tempefature for the normal mode j and

J

Gj =Ahvj/k, and Yj is a constaht; Berrongo has discussed the validity
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of this assumptién.and has shown that it is generally a good approxima-
tion at high témperatures.

Now we can write, to a good approximation,

. * :S :. * - '
A=E (V) +A (V,T) =E (V) + A (V,T) (11)
o o] J
SV 'j:l _ . ‘
vhere EO(V) is the internal energy at 0°K and is therefore independent
* = '
of temperature, and A (V,T) is the thermal energy due to the lattice
vibration. The contributions from the excited states have been
assumed to be mutually independent.

Thus, from Equation (7)
. * ' " .
P =P (V) %P (V,T) (12)
where Pé(V) is the "internal pressure" necessary to obtain a volume

- * ' .
V at 0°K and P (V,T) is the "thermal pressure". Equation (12) may

again be rewritten as

N * .
E, (6,/T
b dE_ .3 Y, J-( 1/ ) | |
W ey TV | C(13)

This islthe familiar Mie-Griineisen equation of state, which is
essentially a form of a law of corresponding states.
A further simplification occurs if one uses the Debye approxima-

tion for the frequencyldistributiondf

T It is not necessary to use the Debye approximation to obtain
Equation (15). It is introduced here for the convenience of .

subsequent discussions.

o
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v___on g(v) such that

max
. v N N .
[ mex
‘/[ o og(vidv = 3N

e

vmax has a wavelength approximately equal to the lattice constant.

Given this.approximatidh, Equation (14) reduces to

- = dlnéD
Y dfnV

where eD = hv__/k and is known as Debye temperature.

Now we may rewfite Equation (13) again:

-

_dEO x .
Py *+ v (E-E)
where
3 o 3
E- B =_‘9RT'<%_—) / 2
D e -1

" and u is a dummy variable.
Tt is now obvious thet if we can measure C& as a function of

P ana T, then the eqﬁatiOn of state is.uhiquely determined when a

P-V isotherm is available.

For a continuum solid, g(v) is propoftional to v2.' To account for

‘the discrete nature of the lattice, Debye impoéed'a maximum frequency

(1k)

(15)

(16)

7).
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B. Heat-Capacity~

The heat capacity Cv of s ﬁetal consists.usugiiy of the'laﬁtice
heat éayacity C% and ﬁhe electronic heat capécitY~C§. In the case
of a ferromagnetic.metal therg is:aléo the édditional magnetic heat
capacity Cs, which becomes very large near the Curie temperature,.Tc.
The effect df‘pressure on these heat‘caﬁacities will now be/diééusSed,

The theories of latticé heat capacity, i.e., the Einstein and |
Debye theories and the rigorous treatment by Born andvvon Karman are
familiaf énd can be found in standard textbooks such as Kittel21 and
the review article by Blackman.22 Thesé theories aré normally used
to describe the‘variation of heat capacity wifh temjerature. The
pressure effect on lattice heat caéacity can be derived from these
same theories if one considers its effecf on the energy levels: as
the lattice spading.deéreaéés tﬁe eﬁergy levels become higher, which
is to say the number of available states at a givén‘finite temperature
decreases. Thus statistical meéhénics'pfedicts decreasing heat :"
capacity with increasing pressure. From Equation (14) it can be
easily seen that if the density of states g(v)dv decreases v . must
-increase because fhe integral is a cénstant.: It follows immediately
thét GD must also increase since GD = hvmax/k. This observatign is
naturally consistent with the prediction that'Cv must decrease.

The electronic heat éapacity2l ¢f a metal depends on the

temperature T and the density of states at the Fermi surface D(eF):

oy = -;:nzn(eF)kaT' | (18)



oas-

whére kbis Boltzmann's constant. bFor.a simple-metal'Equation (18)

reduces to

e 1 T - |
c, =3 moNK T . _ (19).
F :
where',TF =5 and is known as Fermi temperature. For most metals

.it'is'seﬁeral téns of thousand degree K, so at room tempersture Cj.
is Véry sméllvcoﬁpared with C_ D(EF) is usualiy much lafgér fof‘
transition metals thaﬁvfor transition metals than for simple metals
becaﬁse'of the narrowvg_band,+ hence tranSifion'metais usually have
a'larger §ontribution to their heat capaéifies_from.eiectrons than

do the simple'ﬁetals. It is difficultbto estimate quantitatively
how mﬁch Cj wiil change for a given volﬁme change for a transition -
métai;’althéugh the same érgument based on the séparatidn between
energy levels aﬁplies and would prédiét decreasing heat capaéity with
incféaéing pfessuré provided.the-eleétroﬁic stru;tﬁre does not

change. For a simple metal, where the Fermi energy is inversely

- proportional to the cube root of the VOlume,zl'we can easily calculate

from Equation (19) whét the change should be. In general, we will

find that this change is small compared to the change in Cﬁ at or

~

below room temperature. : : - o

The effect of pressure on C:}isveVen more difficult to predict.

The‘magnetic,heat‘Capacity23 ariées from the coupling of the spihs of

the electrons in the d or f band of a transition metal. It is

-’.

. The discussion here applies also to transition metals with unfilled

f bands.
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" usually obtained by subtracting Ci, C: and the dilation term
Cpbe C, from Cp. One result for iron is shown in Fig.b3.2h The o “

Curie temperature is 10L3°K. At room temperature and one étmospheré,'
Cg is about 2% of the fqtal Cp. T?foughbut'the temperature range of
these experiments, Cs.is equal to Or”less than 2%. It Should be
'borﬁe in mind thaﬁ such a dissection depends oﬁ the correctness of
the theories on which it is baséd.25 >C$ mey be written

Goee(E) @)
(o4 .

where B is a constant and the value of r depends on the theory and the

23,25,26

temperature.fange. Thus the question of the pressure effect

on Cs ?educes to one of the pressure effect on T, For iron Patrick27
' measured ch/dP to 9 kbar and found it essentiallyrzero. More -
recéntlvaéger gg'g;,zs‘repeated the experiment to 17 kbar and found
ch/dP zero aiso. ;According to the existing theories, theﬁ; Cs fér
iron does not’changé with préssure. |

Finally, the effect of preséure on the dilation heat capacity

- must be considered. From thermodynamics, we find

v Ta2
o

P v X T (21) -

4

where 0 -is the coefficient of thermal expansion and X is the
coﬁpressibility. For most metals both a and X are quite small gnd»
their pressufe variation can be COnsidefed negligible. ‘Indeed, oné'
of the reéults of the present investigation is thét the pressure

e

dependence of o is very small.
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C. Heat Capacity Measurement

It has been pointed out in the Introduction that the conventional

calorimetric technique is not_suitab;e.for measurement of heat capacify o “«
under high pressure because of.the extremely largé thermal mass of the

high pressure apparatus. The pulse heating'technique empioyed in

,this work sends & pulse of energy of a prédetermined magnitude into

the sample and the temperature rise bf the saﬁple is meaSﬁred; no

knowledge of the heat‘capacity of.the surroundings is necessary.

Heat ceapacity at constant pressure is
C = (Qﬂ) ' (22)

where H is -the enthalpy. Experimentally we apply a small. amount

of heat to the éample and observe its temperature rise:
C == . - (23)

It is an experimental fact that Joulé heating occurs if we pass an
electrical current I through a resistor of resistanée R; the power
developed is

p=E - % ' : {2h)
If we want the power input to be constant, and if we assume that the
resistance change is negligible, then the current must be constant.

It was found, indeed, that the assumption of constant power input is

valid within experimental error. As soon as the current starts




'.’

flowing, the temperature of the resistor begins to»rise at a rate

according to the time derivative of Equation (23):

a1 & _ 1, | -
a?'cp it - .C IR - (25)

assuming Cp does not change during this time interval. Suppose we

know the temperature dependence of the resistor, i.e.,
R = R(T) i - {26)
and

rt = B(T) - e

aT

_then by measuring the rate of change of resistance we can'calculate_

the rate of change of the temperature:

aT. (28)

4T 1 &R
dt =~ R' adt
Equating Equations (25) and (28) and rearranging, we get
o 1%Rv \
c, = &® (29)
dat .

The best way of-measuring_the’resistance.change is by measuring the
voltage drop across the sample and using Ohm's law E = IR. We

fihally get .
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o = I3RR'

P 4dE

dt

To summarize, if we know the resistanée of our métai.sample and
itsvdependence on temperature,'and if we‘pass a éénstant current pulse
thrdugh the sample, then by measuring the rate of change of the voltage
bdrop across the sample we cah calculate the heat capacity acéording
to Equation (30). |

_In;practice, the<situatioﬁ is of course not so simple. Assuming
that we can produce the éurrent pulse and meaéure each of the
quantitites_withoﬁt difficulty, we are.still faced with the problem
of having neglected the heét leak from the sample to its surroundings.
Carslaw and Jaeger29 analyzed thé case of heaf conduction from a
circular rod to its sﬁrroﬁnding, which is analogous to our case of
heat leak from a wire-shaped sample to the pressure tranémitting
medium,laﬁd conciuded fhat the heat flux across such a bqﬁndary is
proportional to thé ﬁemperatﬁré‘difference aéross the boundary.

When such é heat leak exists, the net power iﬁﬁut'to the sample

is . : o ' !

a2 ' - ' . o
i YI R - K(T_- Ta) | (31)
where K is a coefficient of power condﬁctiqn across this boﬁndary
and T_ is the temperature of the medium. Replacing Equation (31)

for Equation (24) in Equation (25), we have

ar _ 1 4B _ 1 |
a Cc_a C (1R '_K_(T'Ta)v] , (32)

P .

“(30)

A,

-

as
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Again equating Equation (32) to Equatidh (28),.applying Ohm's law,
and reafranging, we have
3 | . - '

}'1? = C - C—— K(T - TB.) (33)
P P |

It is obvious that if we are able to measure the initial slope
before the temperaturé gradient becomes significant, the heat leak
error would be minimized. Whether the slope measured has a negligible

amount of heat leak error becomes evident if we pulse the sample

dE 2

with several different currents and then plot L ve. I°. If the

| T at
plot is linear and has zero intercept, the heat leak effect can be

ignored. Otherwise we expect to see a significant negative intercept,

16

a result often obtained in Stark's work.
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I1I. EXPERIMENTAL

A. High Pressure Assembly and Sample

The ideal hiéh pressure apparatué would be a piston—cylinder
‘assembly with a perfeétly hon—#iscous and incompressible fluid as the
preésufe tfansmitting medium. In such a s&stem the'pressure would be
completely hydrbStatic and furthermore it éan-bexsimply calculated by
knowing the force applied §n the piston énq the pisfon end sufface;
area.v Uhfortunately, és the pressure is inéréased both fhe piston
and thé cylihder 5ebbmé mechanically deforﬁed, load énd force nb
longer enjoy a simple relationship because of‘the increased ffiction,
v and eventually the entire assembly becomes éo deformed that it is
rendered useless. To further complicate the problem, very few fluids

are available which will not freeze into a solid beyond a few tens.df

kbaré even at room temperature. Simple pistdn—chinder devices are

30

able to generate pressures up to approximately 50 kbars. Multiple

stagé pistonecylipdér devides are avéilable which are capable‘bf
generating up to 100 kbars;3l.but these are expensivé and.cdmpiicaﬁed
systeﬁs using solids for.preséure transmitting media. Wheﬁ higher
pres$ures are desiféa, or when the piston-cylinder geomefry is not

suitable fof the experiment to be performed, other less ideal systems

have to be employed.

In these experiments high pressure was generated by the Bridgman‘

opposed-anvils system.(Fig. k). The systém consists of a paif of
cylindrically shéped cemented tungsten carbide pieces each surrounded
by a pircular block of high strength heat-treated steel, forming the
so-called Bridgman anvils. The tungsten carbide cylinders héve an

by

approximately 1° taper, a flat surface at one end and are machined

s
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into a truncatgd cone at the other., A pressure cell assembly.is

- placed between the tfuncated surfaces and uniaxial compressive stress
éénerated by a hydraulic press‘is applied_to the endsAdf the carbide_y
qylinders;

The area of the truncated surface deterﬁines the ﬁaximum-mean
pressure attainable by the anvils.. Due.fé the rélatively higher
pressufé expérienced by the anvil surface with respect to fhe other
end the differential shear forces developed wduld shatter it
prematurely were if not for the T75° slope of the cone with respect to
the cylindrical axis. This large angle gradually relieves the
differential shear stress by distributing it over a larger and larger
area and is the basis for the principle of "massive support”,
permitting the anvil surface to withstand severalltimes its normal
yield stress. The holes in the circular steel blocks are also
machined té have a 1° téper Butbare 3 mils smaller in diameter thén'v
the.carbide pieces. When the carbide pieces'afe'forced.into their
steei'"jdckets" they ékﬁeriencé a radial compressive stress which

reinforces them and enables them to withstend higher axial éompressive

stresses. When the amvils are compressed the radial shear stress'first"

cancels out the compressive stress developed by the steel jackets.
Further axial compression changés the net radial stress into tensile
but thié destructive radialrexpénsion_is limited by the hobp tension
developed in the steel jackets. ‘Ideally, therefore, the maximum
pressure that can‘be attained is limited by the hoop-tension strength
of theréteel jaékets. In practice, however, the anvil surfaces
undergo plastic deformation long before the calculated strength of

the steel Jackets is reached. These plastically deformed anvil

‘-
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suifacéé;alter the pressﬁre distriﬁutioﬁ.within fhe pressure cell»

and changé the ldad/pressure'relaﬁionéhif in such a manner that
eventuéily the raté of’plastic'deformation excéedé thaf of simple
compreséion gnd little advantage is gained by fﬁrther loading of the
anvils, _Anothér limiting factor is present #hen the limiting thiékness
of the pressure cell’aséembly is réached. If compression is cqntinuéd,
the anvils eventually rupture. The anvils used in these experimeﬁts
had a surface dismeter of 1/2 ihch and had a practical préssure limit
of about 150 kbars when new. Largér cone slopeé, smalier anvil.area,

and multiple Jacket prestressing can produce préssures in excess of

200 kbars.

.The'uniaxia; compreésive stress is fransfofmed into quasi-
hydrostafic pressure when the sample is enclosed in a pressure cell
(Fig. 5), consisting of a pressure transmitting "fluid" and a vessel
éoﬁtaining this "fluid". Specifically,bthe'sémpie is in the form of

o

a thin wire.séndwiched between two silver chloride discé 7 mils thick

‘and’ just’ under 5/16 inch in dismeter. The silver chloride discs

were coated with a thin.iayer of acrylic paint to prévent corrosion

of the sample wire. They are contained by two 10 mil thick pyrophyllite
geskets. 3/32 inch wide andbl/2 inch.in.external diameter.i Pyrophyllite
(AlQSiholeg) is a volcanic lafa'rock which is highly compressible
and has very high internal friction, i.e.,FShear sfrength‘due to its
micfocrystalliné_sf;ucture. Fiﬁely divided iron oiide (F¢203)

powder is painted on the pyfophyllite gasket surfaces to increase the

friction between the gaskets and anvil surfaces. When pressure 1is

first applied, the gaskets, being some 5 mils thicker than the silver
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.chlofiae‘sendwich, receive all the loadvsnd are compressed until they’
are of the.same thickness as the silver.chlofide saﬁdwich.. During -
this precess the shear strength of the pyrophyllife rings is greatly
inefeased and it is by Qirtue'of this prestressing that.they are able
to prevent?the subseqﬁent tehdency of the silver chloride to extrude
threugh them and to iﬁcrédse the'degreevof hydrostatieity by simulating
‘the rigid wall of a cylinder; 7(Experimen£s using silver chloride
nearly as thick as the:gaskets_consisteﬁtly resulted in "blow-outf).
Continued comrression applles pressure‘to both tﬁe'gaskets and the
silver chloride; As the silver chlbride receives compfession it at
'first expands in a radial direction unsil it fills up all the space
surrounding it. ‘When‘radial expension is stopped b& the pyrephyllite
rings the low shear strength of the silvervchloride enables pfessure
in the radial direction te'develop sﬁd the wlre sample begins to
experlence qu331-hydrostat1c pressure. If the.silver chloride had
‘no shear strength, i e., 8 perfectly non-viscous fluid, the sample'
would be under true hydrostatlc pressure just as if it were in a
piston—cylinder.system. As it is, the pressure is never quite
hydrostatic and furthermore this viscoelastic medium requifes a finite
period‘of time to approach an'eQuilibrium. The virtue of the Bridgman
»oppeSedéanvils system,lies in its ability to reach relatively high
.pressures, its eese of'constrectioh‘and its low cost. Despite its
inability to produce fruly hydrostatic,pressures it nevertheless
appfeaches it ‘Better statlc high pressure dev1ces in terms of, hlgher
hydrostat1c1ty and larger sample volume are the glrdle and belt type.
divices and the multiple anvil dev1ces[ They are avallable at various

'degrees'of higher initial cost and increased complexity.
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The.samplé was in the form of a wire. Experiments with wires

of various sizes indicated that because of fhe more favorsble bulk to » -

’

surfacerratiqs, wires of larger diaﬁeters have a smaller percgntage
heat leak than those of smdiler diameters. However there is a limit
to the diameter of the wire bEQéuse the presently available sensitivity
requires a sample with as large a resistance aé possible. The sample
wire waé 0.005 inch indiameter, nominally 99.99%.pure, supplied by
California Fiﬁe Wire'Company, and annealed at 600°C for 12 hours in

an argén atmosphere and cooled slowly. To obtain the maximum possible
length,vthe wire was bent into a horseshoe shape (See Fig. 6). The
circular shape of the sample was necéssary to avoid'a'radial pressure
gradient which eXiéts-ih this geometry. Electricél leads must be
attachéa to the sample fof delivering the electrical current and
measuring the voltage drop. These leads must be mechanicall& strong
enough to withstand the severe shear stress that. exists at thé edge

of thgkcéll, sufficiéntly ductile so that they can be crimped onto .,
the.sémple, and they must be poor thermal éonductors to minimize heat
leak. Since it is neéessary to»know the teméerature of the samples,
thermocouple wires mﬁst also be éttached to it.. Advahtage was there-
fore taken of the fact that thermocouple wires often have the desired
mechanical apd thermal properties, aﬁd they were used as both the
eieétfical leads and the thermocouple leads. The current leads were
made of 0.005 inch constantan and the voltége leads 0.005 inch cﬁfomel -
P. Another 0.005 inch alumel lead was placed'between one palr of

constantan and chromel leads. The small section of iron wire Bet-

ween the chromel and alumel leads served as the Jjunction, thus the

detection of the true temperature of the sample was assured. The

N
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reason éhromel was chosen as the voltage leads is because it‘has

relétively small thermal EMF with respect to both iran and the brass

bindiﬁg posts of the measuring potentiometer. To ensure good electrical

contact the ends of the lééds were flattened, bent around the'sample,

crimped, and_soldéred. To prévent corrosion the entire sample;lead

éssembly was coated with a thin layer of clear acrylic. The leads

were taken out of the pressure cell between the two AgCl discs and

tﬁe two,pyrophyilite gaskéts. Larger gauge wires of similar matefials

were connected to thése thin wires immediately outside the anvils.
Bismuth phdse transitions at 25.4, 26.9 and 81+ kbar were used

to calibrate the pressure in the geometry of the sample. A 200 ton

load cell'in_coﬁjunction with a Baldwin-Lima-Hamilton Type 20 Strain

Indicator were usedvto ﬁonitor the load applied to the anvils.. A

lienar load-pressure rélationship was assuﬁed fbr.interpolation

betweén 25 and 81 kbar.. The pressure scale is estimated to be '

accurate to * 5%.

B. Constant Current Pulse Generstor

One of the most important requirements of the pulsing technique
is that the current pulse be constant. At thé end of a one

millisecond pulse, the resistance change is often only a few percent;

¥ The 81 kbar (III-V) transitidn was obtained-by‘pulsing.the Bi

calibration sample with the constant current pulse generator
described in the next section. The thermodynamic value for this

phase transition is generally taken to be 81 ¥ 3 kbar.

~a
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thereforevé current puise thgt is cohstanf to only one percentvéan
’confributé a véry siénificant e;ror; To minimize this source of‘
error, the'current pulée mﬁst.be constant to the order of a hundredth.
of a percent. Since the heat leak dufing the'pulse_bécomes significant
after appro#imaiely 500 microsecon&s, the cﬁrrent must be able to -
reach within a few hﬁndredth of a pe?cent of the final value within a
fractidn of this time so that meaningful results éan be taken before
the heat‘leak.renders»the data exfreﬁely difficult to analyze. Clearly
a ﬁechanical éwitch.or even a electro-mecﬁénical relay cannot proVide
é clean, noiéeless pulse on such a short time écale. A solid sfate
switéh‘pfovides the obvious solution. However, when attempts were
made to switch constanf current supplies that were éommercially avail-
able and otherwise mét the ripple, noise and regulation reqﬁirements,
eiﬁher "ringing" persisted for a least 200 microseconds, or a high
frequency oscillation took place throughout the’pulse. Thése commercial
power sﬁpplies vere dééigned for.stable operation and not for dynamic
load cﬁénges,’and were not suitable for these experiments withoﬁt.major
modifiéations. A constént cufrent pulSe.generator, as a consequence,
had to be,designed,by'the authof.

A'detailed description Qf this pulse generator appears in Appehdix
I. It has a maximum output of 10 amperes.with a compliance voltage
of 15 v.f'Pulse duration is variable 5etween lOO_microseconds and 500
milliseconds. The current pulses éré estimatedbto bé constant to
Better than #.05% and the rise time is typically 25 microéecond to

withiﬁ 1 ma. of the final wvalue.
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The magﬁitude of the current pulse-appears.in the th&rd power.
in-the expgession.for Cp; errors in meas%ring them thefefore afe |
magnified approximately three times. Thus it is essential to be able
to measure the current with as small an errof as possible. Because
of the short duration of the current pulse no comﬁerciaily available
test inetruments are aVailable to measure it with sufficient_eccufacy
and resolution. Accuraée measurements wefe made poesible by an |
Analog Divices Model 350B Comparator which has one of its inputs
connected to the current sensing shunt Ri and the other inﬁut connected
to a Lambda Model LS511 precision VOltage source capable of delivering
10 volts with a resoltuion of .1 mv. - Whenever the pulse voltage
equels or exceeds the preselected voltage on the Lambda a puise
appears at the output of the Comparator whichvis observable with an
oseilloecope{ (See Fig. 8); Resolution of 1 ma. can be achieved.

The current pulses used in these experiments were typically sevéral
amps so and uncertainty of 1 ﬁa. represehted lees than .l% error.

In fact for currents larger than 3 amps the error in I3 was equal to

or less than 0.1%.

C. Resistance'and Temperature Measurements

The resistance of the sample was measured by passing a constant
currenteﬁhrough.it and fhe potential drop measured wifh.a potentiometer.
The_current; which was constant to 0.01%, was measured by passing it
throughean N.B.S5. standardized 1 ohm‘resisfor and the voltage drop
first measured by a‘potentiometer and then constantiy monitored with
a Fluke differential voltmetef which had adequate stabiiity and
resolution. The potentiometer'used was a Leeds and Northrop K-3

~ Universal Potentiometer. All resistance measurements were made with

~~
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the current flowing in both directions to eliminatevspérious and
thermeliEMF. Cbntact resistance was‘elimineted by virtue of the
four-lead samtle_tsed. Resist%nces renged from several tens of
milliohms.to tenths ofIths. The current usea was 100 me. throughout
the experiments. _Accurate measurement of 10 uehm wae tossiblelv Joule
heetihé,'whieh amounted to a maximum of_severéi milliwatts; had
negligible'effect aue to thevintimate contaet”between the sample and
the silver chloride. |
iMeasurement of the‘true temperature df the samplefﬁas poseible
because the samplevitself formed part of the-thermOcouple junction.
The chroﬁei—elumel therdeOuple was calibrated, with its reference
juhction in en ice-weter.bath; in COé solid—vepour bath in a manner.
, recommended by Ref. 32, and in 02'liqﬁid-Vapour bath. The liénid
oxygen was obtained from the Giauque Zow Temperature Laboratory of
the University Qf California, Berkeley. {Secondary calibration was
also made with fresh-liquid‘nitrogen, although the results were
inconsistent. Preesure effects were corrected according to the'

33 Tne thermocouple table published in

results published by Bundy.
Ref. 34 was used for interpolation. The thermocouple'E.M.F. was
measured with a White double potentiometer. It was felt that the

 temperature measured was accurate to .1°,

D. Measurement of dE/dt

In principle dE/dt could be measured by aisplaying.the-pulsé
of the foltage drop'aeroes the sample on the:screen of an oscilloscope
and‘then recerding the‘imagevwith a camera.b‘in:practice the fact'that.
the resistance was.changing with time was completely masked by the

relatively largevmaghitudevof the'voltage pulse. A pulse consisted
» : E Lo L \
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of a flat part equal to IRoband‘a part resemblingva right trianglé
with the slope of the hypotenuse equal to dE/dt (Fig. 7). IRO W?S,
typically a few hundred mV and the slope typically a few mV per usec.
Obviously the slope could be increased by increasing the current I.
Maximum I was limited by the output power capability of the current
pulse generator and the 10v. outpﬁt limit of an aﬁplifier used to'
amplify the voltage pulse. With a gain of 10 in this amplifier the
makimum signal that could be amplified was 1 vo;f. .If this amplifier
was not used the long cables between éamplé.and electronic instruments
picked ﬁp 60Hz and sometimes even radio frequency noises which
drastically reduced the signal to noise ratio. Furthermore increasing
:the current compounded the problem of looking at a still relatively
small dE/dt on top of an increase IRo" In principle, this problem

16

was solved ingéniously by Stark. If it was somehow possible fo

~ reject the IRO part and éﬁserve only the right4friangular part oh

the oscilloscope the entire séreén area could be utilized and a large;
measurable‘slope could then‘be photographed. A Tektronic Type W
plug-in amplifier ﬁas used for that purpose. This author found,
however, that the Type W prdduced distortions when the highest
sensitivities were used (see Appendix I). Besides, the manner in
which the Type W was used Ey'Stark did not measure the true voltage
drop across the sample but instead measured the total voltage arop .
between the switching transistors, the sample, the current leads and
ground; | .
Iﬁ these experiments the IRO part was gubtracted from the total

pulse by using an arrangement of three amplifiers.(see Fig. 8).v The

preamplifier A, a Burr-Brown Model 3061/25 instrumentation amplifier, .
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was set_for a gain of 10 and plaeed.physically as close as possible
to the sample. Output of this amplifier uas sent into one input of
a differential ampllfier B, a Burr—Brown Model 3061/16 instrumentation
amplifier; A variablepgain amplifier C, eonstructed from an Analog
Devices Model 1L48B fast—settling operational amplifier;'amplified
the‘voltage drop IRi aeross the'current sensor-Ri inside the pulse -
current generator by'a'factor;Of 10 X (Ro/Ri)’ .Its‘output, uhich.is
always equatho 10 IRO irrespective of the value'of I; was then sent
into the other input of amplifier B. out put of amplifier B thus
equalled to lO(IR-IRO). ‘The advantage of this system was that other
than the fact that it did not have the-distortion of the Type W,.
once'the.correct gain for amplifier C was set according to a given
Ro’ a.series'of differnet current pulses could be pulsed through the
.sample and the results recorded on the same photographlc fllm whlch
only exhlblted the change in E, greatly saV1ng tlme and effort which
was 1mportant durlng an 1sobar1c run. when the temperature was rlslng
rapldly

The slope of the traces on the photograph was measured w1th
a direct readlng slope measurlng device w1th a theoretlcal resolut1on
of better than 0.1%. Thls was, however, not the llmltlng factor due
to the fact that the traces had f1n1te width and contalned random
noise - (see Flg 9). The random noise effect,was minimized by exp051ng
“the same pulse several t1mes rapldly.‘ The slope was then measuredel
several tlmes and the average dev1at10n of the results was not more‘
 than 2%. The most serlous problem encountered was‘that of the
reactance presented by the sample and lead geometry and the fact that

the sample had a small re51stance.
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IV. RESULTS

AvAftér the sample and pressure cell had been assembled on the
surface of the bottom anvil, the top was carefully lowered onto the
botﬁom oneAwith the aid 6f ah aligning device. :The entire assembiy
was then clamped tightly and carefully placed in a cylindricel
stainless steel can with‘bolystyrené foam insulation on the outside.
The steel éan was open at one end and was used as a container for fhe
coolant and "heat sink". ‘The can was then placéd on the ram of the"
hydraﬁlic'press and laminated fiber-glass epoxy blocks were used to
insulate the can from the press. The remaining space between the top
of the back-up block and the frame of the press was filled with steel
blocks. (Fig. 10) Pressure was slowly applied until good thermal
éontact between the semple .and thé AgCi'discs had been established.
This was evidenced by a significant change in the heat dissipation
rate from the sample when long.current pulses (5 msec.) were applied.
This was achieved at a pressufeiof'rdughly 1 kbar.

When it had been established that the sample was good and ali
the electrical signals appeared normal copper rods 3/ inch diameter
and 9 inches in length were strapped securely around the anvil

assembly and the backegp blocks.  Two additional layers of copper

T

rods wefe then»sgﬁap? g around the first one. A total of approximately. ’
150 1bs of.copper,%gé ﬁsed for this "hegt sink". To provide faster
'warming.rafes a heaéihg ﬁ?pe connected to a Variac was wound around

the copper rods. For éach iéobaric run the pressuré was increased at

roém temperature to the desired value. The steel can was then filled

with liquid nitrogen. As cooling progressed a constant load was
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maintainéd so that the pressure would not.be reduced bécause of

thermal contraction. It is usually assumed in high pressure research

that by maintaining a constantvlpad the pressure remains constant.
Owing to unavoidable heat transfer between the steel can and

th? presg, the system (the system here is afbitrarily defined as

the sample, pressure cell, anvils and the‘copper rods) reached a

steady state at 83°K. When all the liquid nitrogen boiled off, the

temperature of the system increased rapidly at a rate of approximately

'0.3° per minute. At about 100°K the warming rate decreased to

i

approximately 0.2° per minute, which rate persistéd until almost

' 200°K, at which point the heating tape was turned on to maintain this

rate. Agéin the load was maintained at a constant valué to avoid
increased pressuré from thermal expansion. Each of the isobaric runs
vas termineted at 2TL°K and lasted approximately 24 hours.

A total of five isobars at 1, 25, 35, 45, and 75 kbar were
determined. The same sample was used for all the runs. The pressure
for the 1 kbar run was uncertain because in the Bridgman anvil sysﬁem
any pressure below 20 kbar is unreliable. In this rangé the AgCl has
not reached the "fluid" state, hence it is not a "good" pressure
transmitting fluid. This fact becomes obvious when one compares thé
resistance vs. pressure curve obtained in a more nearlj hydrostatic
sysfém with a typical curve obfained in the preéent pressﬁre system.v
(Fig. 11) It caﬁ be seen that ﬁhe curves are quite similar after
25 kbar. For:thié very reaéon; the Cp data for the 1 kbar run will
merely be used for_comparison with existing‘calorimetric data and will
be éxcluded froﬁ equation of state calculations. The variation in

Cp between 25 and 45 kbar was so small'that'an additional run at
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TS'kBar was considered sufficient to:represéﬁt the Cp vs. P‘relation;
ship in the b.c.c. phase. An attempt was made té measure the Cp in
the h.c.p. phase but the anvils ruptured at 110 kbar. The expefiment
was termiﬁated at this point.

Resistance and temperature were measured at 1° and photographs
of pulses for>Cp at 5° intervals.‘ Each photograph recorded four to
five pulses at different currents. The currents were chosen so that
the meximum power output was utilized and that the minimum slope was
20%. All meésureﬁents'were taken as function of time. The time
resolﬁtion was 0.1 minute. ‘ |

' The resistance and témperafure data were plotted againéf time
and_smoéth curves were dfawn through the.péihts.' At no time was
the thermal EMF in measuring resistanée larger than 0.1% of the total
voltage. Figure 12 shows épme typical.R and T vs,'time data.
Resisténée values were read off fhese smooth_curves.at one degfee
intervals and again plotted. Figure 13 shows the smooth curves of
Rvs. T fpr ali the_isobérs.'

R' was calculated by using a combination of numerical and

.graphical nmethods: (Rn - Ro)/n were calculated at 5 degree intervals,

n being the number of 1 degree increments, the maximum being five; and
RO the resistance at the temperature where R' was desired. Thé

calculated (RnﬂQ RO)/n were then plotted and smooth curves drawn

’}1;through them to obtain R'. Figure 14 shows smoothed R' vs. T for all

=

the isobars. R’ was not calculated for both ends of the isobars:
because of the inherently unreliable results one could obtain in
those areas in numerical differentiation. Usable results between 110

and 260°K were calculated. The error in calculating R' is probably 1%.
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It has been pointed out in Section C of TheOrxvthat if the

aE

it vs. I2 plot shows zero intercept then the effect of heat leak can

L
I
be ignored. This result was obtained in all photographs except those

taken at temperatures below 110°K. Figure 15 illustrates some typical

results when %% is'plotted against 13; The average error in meésuring

the slope is 2%. The error could be’as high as 3% for the low tempera-

ture points due to smaller slopes. It required experience in choosing

the paft of the photographed trace whicﬁ was felatively immune from

both the non-ideal behavior of the electronics and the heat leak. The

same_set of criteria was consistently used -throughout the measurements.
‘We now compare the 1 kbar varesult with the one atmosphere

c obtained by Kelley->

using calorimetry. Since the 1 kbar data
are in arbitrary units,‘a.nuﬁerical factor is calculated from the
average of the ratios from the two sets of data. When all the proper
adjustments are made we find the two séts of_déta in much better
agreement than ﬁhe estimated 3% érror in the.high.preésure data. In
Fig. 16 we show the percentage deviation frgm Kelley's data vé.
temperature. The smoothed data are represéntéd. At 1 kbar the volume
of iron has decreased less than 0.1% (Fig. 1); we expect the heat
:capacity to‘be substantially the same as it is at one atmosphere;
The’agrgement is rather remarkable.

We show in Fig. 17 cp for 25, 35, 45, and 75 kbar. Except for
the 25 kbar one all the curves have been displacéd by 70°K from
each other. If we draw the curves without displacing them ﬁhey are
difficult to differentiafe from each other, and one is témpted to

' éonclude that within the estimated 3 to 4% error the heat capacity

does not change from 25 to 75 kbar. This would be a reasonéble
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enough conclusion. But careful examination of the data reveals a
slight decrease with pressure along the isotherms. We shall now
investigate this decrease and compare it with existing data.

We take the data along the isothermé and perform least squares

fits to the equation

aC
= _P
CP(T,P) CP(T,O) + (BP )T P (34)

aC
and plot the calculated (SFR) from the smoothed data in Fig. 18. We

find that most of the (2%2) zre negative and tend toward zero as the
temperature increases, whicg is consistent with theoretical predictions.
We now compare Cp(T,O) calculated from Equation (34) with Kelley's
data. Again we calculate a factor from the average of the ratios
between the two gets of data. In Fig. 19 we again plot the percentage
deviation from Kelley's data against temperature and it can be seen
that although the deviation is somewhat systematic at different
portions of the plot the average deviation is only 0.5%.
If we now draw the best straight line through the points in
Fig. 16 and use the points on this line to calculate the change in
OD’ assuming that OD = 432°K at one atmosphere, we find that OD has
increased between I to 5 degrees in going from 25 to 75 kbar. Assuming
that Gruneisen's constant has not changed from its one atmosphere
value of 1.7 and knowing that the volume has decreased by 2.5% from
25 to 75 kbar (Fig. 1), we get from Equation (15) an increase in OD
by 18 degrees. Given the large scatﬁer in the points presented in

Fig. 18 this poor agreement is not surprising.



(3Cp/aP),

-50-

-00I ]
- ‘ i
®

-0.02 ] | | | | | | L

I0D0 120 140 160 180 200 220 240 260 280
T (°K)
XBL 7110-7455
/3¢

Fig. 18. (§§E> vs. T calculated according to Eq. (3k4)

T



Percent Deviation

1.2
1.0
0.8
0.6
0.4
0.2

-0.2
-0.4
-0.6
-0.8
-1.0
-1.2

I
-51-
et P
'.
B N
| o —
%_ —
. .«
- o ®
| ° -
®
f
° |
_— ‘. —
B ° ° B
| N VO N S NN U NN VHNN SN NN NN SN NN N |
20 140 160 180 200 220 240 260
T (°K)
XBL 7110-7456
Fig. 19. Percentage deviation from Kelley's data for O kbar

Cp calculated according to Eq. (34).



-50-

36

Nix and McNeir™ have measured the thermal expansion of iron

at one atmosphere. It is possible to estimate (32V/3T2)P from their
data. If it is agsumed to be constant with pressure one would get a
decrease of approximately 2.5% in Cp at room temperature in going from
0 to 75 kbar. Our data shows a decrease of perhaps .2%. Again the
agreement is poor, although the 2.5% change is certdinly within our
experimental error.

Finally,'the Y calculated is 0.45. So the equation of state

is

—dE, 0.45

(E-E) (35)
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V. DISCUSSIONS AND CONCLUSION

The results we have obtained thus far are puzzling. The
remarkable agreement between the 1 kbar data, the extrapolated O kbar
data and Kelley's one atmosphere calorimetric data is reassuring and
lends credence to the instruments and methods used in this work. In
view of the preceding the discrepancy between our results and those
calculated from Griuneisen's constant and thermal expansion data is
somewhat perplexing even though there is some uncertainty in the
previous work.

In calcﬁlating (ECP/BP)T we have only four points for each
isotherm, which is not sufficient to accurately define a slope. The
scatter in Fig. 18 makes this point abundantly clear. We have also
assumed that (Z)CP/Z)P),II is not dependent on pressure, which is probably
not rigorously true, but our data do not permit a more refined
analysis. It is also possible that non-hydrostatic stress exists
in the pressure cell. In developing quasi-hydrostaticity in the
Bridgman anvil system, there is an implicit assumption that the sample's
dimensions are small compared with the pressure cell, although no
firm criterium exists. 5 mil wires have been used with apparent
success in other experiments. The existence of non-hydrostatic stress
can deform the lattice and therefore change the lattice vibration
frequency spectrum.. We must bear in mind, however, that heat capacity,
being a macroscopic property, is not sensitive to minor local
distortions. The distortion would therefore have to be extensive to
affect the heat capacity. It is possible that as the pressure was

raised beyond 1 kbar the non-hydrostatic stress gradually built up,
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although éamples that had been subjected to 25 kbar and taken out

did not show any apparent éigns of permanent deformation. Work is

now underway in this laboratory to subject samples to various amounts

of pressure and using X-ray tb detect the presence of permanent strain.
Let us now examine the validity of the predictions based on

Grineisen's constant and the thermal expansion data. Grﬁneisen}s

constant is actually not exactly a constant. The assumption that

all lattice modes change at the same rate with volume and that it

37 In fact Y has been

38

found to decrease with increasing pressure for most substances.

remains constant has always been questioned.

Therefore the prediction of an 18 degree decrease in GD is probably
an over.estimation; although it is not clear how this should be
modified. |

The thermal expansion data on iron by Nix and McNair36 was
obtained from a 99.99% pure sample. These authorsvpointed out that
the thermal'expansion coefficient for ferromagnetic materials is
extremely sensitive to the-amount and type of impurities present.
Their data above 200°K differed considerably from some other works
cited in their paper and showed én anomalous maximum at approximately
300°K which they attributed to impurities. It should be mentioned
that their sample was the purest of all the works cited by them.
While their data was sufficiently good to oitain the first derivative
for the purpose of comparison with Grineisen's law on thermal‘
expansion, the accuracy of the second derivative is questionable.

The author is not aware of the existence of more recent data on thermal

expansion.
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The questions raised here suggest methods to clarify them. To
minimize the effects of non-hydrostaticity and heat leak, a piston-
cylinder device where there is more sample volume could be used. A
larger sample volume a8llows one to increase the samplé diameter as well
as its length. A belt type device, which also has larger sample
volume, could be used to extend the temperature range to beyond iron's
Curie temperature of 1043°K and the pressure range to over 200 kbar.
This would allow one to measure the heat capacity of iron through the
order-disorder as well as the crystallographic phase transitions. If
longer sample wires can be used, then other materials that have low
resistivity but high compressibility and Debye temperature could be
used to investigate the equation of state. One metel that immediately
comes to mind is aluminum which is highly compressible and has a
Debye temperature of 430°K and has the advantage of being a simple
metal,

The constant current pulse generator developed in this work
can profitably be used in the determination of heat capacity of metals
at high temperatures where the radiation loss of energy is a major
problem when pulse heating is used. By virtue of its ability to
generate very precise pulses of energy for durations as short as
100 usec. the radiation loss could be minimized. It is a rather simple
matter to modify this current generator so that it generates constént
power at a small sacrifice in rise time and regulation. This
modification could be used to measure for example the kinetics of
solid-solid phase transitions under pressure.

To summarize, theories for the determination of equations of

state of solids from heat capacity have been presented. The procedure
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for measuring heat capacity under pressure has been described. A
precision constant current pulse generator has been developed for
the pulse heating method used. Heat capacity.of iron has been
measured from 110 to 260°K and from 25 to 75 kbar. An increase of
4 to 5 degrees in the Debye temperature is noted. Finally, the

Gruneisen equation of state is calculated.
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PART 2, FERMI MOMENTUM OF Yb AT HIGH PRESSURE

I. INTRODUCTION
At atmospheric pressure, Europium and Ytterbium differ from the
other Lanthanide metals in that they do not have 53 electrons in the
grqund state of the metaly This difference in electronic structure
leads to mﬁrked differenceé in physical properties. It was posfulated
by Hall, Barnett, and Merrill that Yb reverts to a normal Lanthanide

5,6

at the 40 kbar phase transition. The pressures and temperatures
at which Eu may similarly revert are beyond the capabilities of the
experimental arrangement in use in this laboratory. Ytterbium,
howexer, éan be easily studied, and the discussion is restricted to
this metal.

Magnetic susceptibility measurmenté by Lock indicated that Yb
metal has a filled 4f shell and, therefore, can have only two
conduction electrons per atom3. A typical Lanthanide has three
donduction electrons per étom. Ytterbium metal has fair electrical
conductivity and the predominant carriers have been shown to be holes2.
Under ordinary conditions it has a non-typical Lanthanide crystal
structure~-fce, unusually low density and high compressibilityl. In
most of its chemical compounds, however, Yb does exhibit typical
Lanthanide behavior. It normally forms compounds of Yb3+. It can,
however, also form compounds of Yb2+. This latter is not typical
behavior for a Lanthanide.

As Yb is subjected to increasingly high pressures, a number of
changes occur in its pr0pertiesh. Initially it exhibits an electrical

resistivity of about 30 pohm-cm, and a positive temperature coefficient

of resistivity. The resistivity rapidly increases with Iincreasing



pfessure. Above é pressure of 20 kbar it exhibits a negative tempera~-
» ture coefficient of resistivity. This behavior of the resistivity is
not completely understood. There are at least two possible explénaﬁ
tions. These are the unlapping of the conductiqh bands with pressure,
and an increase in the resonance scattering of the conduction electrons
Witﬁvpressure. Theyformer explanation is generaily accepted. If‘that
explanation is valid, the data indicate that fcc Yb becomes a seﬁi-'
conductof under preséure. The é@parent ﬁand gap increases with
pressure up to about 40 kbar. At that pressﬁre there is a phase
transitidn from fee to bee. The bee phase is metallic in nature. At
the phase transition thére is about & 3% decrease in volume. Ytterbium
then exhibits a typical Lanthanide metallic radius. Basing their
conclusions on a hard sphere model, Hall, Barhett, and Merrill
postulated that Ytterbium does indeed become a hérmal.Lanthanide after

5,6 They, therefore, proposed that in the.high pressure

the transition.
phase Yb has three conduction elecfrohé per atom. No direct test of

this hypothesis had been made up to the work presented herein.
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II. POSITRON ANNIHILATION

An energetic positron which enters a metal is thermalized to

room temperature in about 3 x 10'12 sec7. Since the lifetime of a

positron in a Lanthanide metal isvgreater than 2 X 10_lO sec8, it is
probable that a positron is thermalized before it annihilates. The
ordinarily observed event is the two gamma annihilation.

In simple metals, after the positron is thermalized it has.a
small pfobability of penetrating to the atomic cores because of simple
Coulombvrepulsion. If the céres are small the positron will annihilate
predominantly with conduction electrons. Annihilations with core
electrons ére more probable in transition metals, and there is usually
a considerable background'associated with these annihilations. The
momentum distribution of;the conduction electrons outside the core is
édequately described for the purposes of thié experiment by a simple
free electron model. That is, the density of étates of conduction

electrons in momentum space is a constant up to the Fermi momentum,

Pps and zero above it. The Fermi momentum is given by the expression
2 1
pp = M(31°N/V) /3 s

where N/V is the density’pf ¢onduction electroﬁs in real space.

The angular correlétion distribution due to the conduction
electrons can be calculated if it is assumed that the positron gqually
samples and does not perturb the conduction electrons. If? as is the
normal case, the apparatus éan resolve momentﬁm, 5, in one difection
only, taken to be the z direction, then the measurea angular correla-

tion intensity curve, I(pz), will be



‘ 2 . .2 : "
I(p,) Cleg -2,7) » 2, <Pp >

- O ) . .,pz>pF,
where C is a constant determined by the conditions of the experiment.
p, = me®, © small,

where m is the mass of an electron (or positron), c is the speed of
light, and O is the angle ﬁétween the emitted gamma rays measured in
the z direction. | |

The expected curve ié an inverted parabola which goes to zero
at the Fermi momentum. A parabola of the expected width has been

found for many metals.g_ll

- The parabols is invariably superimposed
on a bféad background. This background is presumabiy due to annihila-
tions with core electroﬁs. If the number of conduction electrons
chanées from two to three, as may be expected at the phase transition
in Yb, the width of the measured cur?e will change by a factor of

1/3.

(3/2 This is a change of over 14%.



-6h-

ITI. EXPERIMENTAL

The positron source consisted of about 1.5 m Ci of "carrier free"

Na22Cl.-‘This material:was placed between two discs of Mylar. about

6.5 mm in diameter and 0.006 mm thick. These Mylar discs wére cemented
together to form a sealed source. This source assembly was placed‘
between two discs of Yb metal 7.9 mm in diameter and 0.18 mm thick.

The high pressures were applied to this assembly using a set of opposed
Bridgman anvils. The anvils had face diameters of 12.7 mm. Two
pyrophyllite retaining rings each 12.7 ﬁm in diameﬁer and 0.254 mm
high were used to complete the high pressure cell. Eiectrical leads
were ﬁdmitted between these rings. This made it possible to monitor
the electrical resistivity of the sample so thét itrwaé khown whether
or not the transition had occurred. This also served as a secbndary
check on the pressure.

'The angular correlation apparatué was constructed with horizontal
slits ﬁo take advantage of the small vertical dimension éf the sample.
The slits were each 0.51 mm high and 1.02 m from the source. The
detectors were 5.1 cm NaI(T1) scintillétors.

It is known from previous experience with a source prépared in
the séme way as the one used here at less than one half of one
percént of the non-random coincidences came from within the Mylar and
NaCl source material. -Also it has been calculated that less than one
percent of the coincidences which were detected came from annihilations
within the Bridgman anvils. This latter fact results from the large
absorpfion of the gamms rays by the tungsten carbide anvil material.

No corrections were made for these two sources of non-random coinci-

dences. The data were corrected for random coincidences and decay of
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the sourcé. A correction was also made for a small angular dependence

of counting rate. This angular dependence results from the fact that
some of the gamma rays were blocked by the anvil'faces at large angles.

None of these corrections exceeded 5%.
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IV. RESULTS

Angular cérrealtibn curves were taken at nine diff?rent pfessures
from one atmosphere tq 80 kbar. 'it was found that the boints taken at
-angles beyond the central parabolic region could be fit very well by
a sum of two Gaussian curves. Gaussian curves were éhosen for purely .
empirical reasons. Points taken beyond about 11 mrad from the center
of the distribution were fit ﬁith one Gaussian. Ail'the‘points were
corrected for this minor contribution. The corrected points taken
between 6 and 11 mrad from the cénfer were fit with a second Gaussian.
All of the points were cofrected for this contribution. This was a
large correcfion. The background represented by these two Gaﬁssians
is thought to be the result Qf annihilations withlelectrons in core
states. This backgroﬁnd changed very little with pressure. The low

\
angle points, after correcting for this background, could be fit very
well with an inverted parabola. The width of this parabola was not
stronglybdependent on exéétly how the background wés corrected for.

A typical ahgular correlation curve is shown iﬁ Fig. 1. The
dashed.gurves are the two Gaussians. The lower solid curve is the
inverted parabola. The solid curve through fhe points is the sﬁmvof
these three curves. |

The widths of the_fitted curves are shown in Fig. 2 as a function
of pressure. Also éhown ié the predicted behavior.of the width. This
prediction was based on the free eléctron theory. Calpulated values
are shown on the assumption of hoth two and three conduction electrons
?er atom. An initial density of 6.98 g/cmsvfor Yb metal was used.l
The pfessure volume déta which were used in the calculation are those

of Stevéns.12 His data extend only to just past the phase transition
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at 40 kbar. Two different approximatiohs‘were used to estimafe the
density of Yb up to 85 kbar. The upper dashed curve assumes thsat Tb.
at 85 kbar has the same density aé a normal Lanthanide would have at
45 kbar. This probably overestimates the compréssibility because the
density‘of bee Yb at 40 kbar is still less than that of a normal
Lanthanide at 1 atm. The lower dashed curve assumes that the compress-
ibility éf Yb from 40 to 85 kﬁﬁr is the samé as the compressibility of
a normal Lanthanide from 0 to 45 kbar. If is felt that this is a |
more reasonable estimate of the compressibility. Fo;tuﬁately the
Fermi momentum is sufficiently weakly dependent oﬁ the volume that if
is unambiguous as to whether two or three conduction electrons are

present.

v
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V. DISCUSSION

It is evident from Fig. 2 that this eiperiment indicates that.
there are only tﬁo conduction elecﬁrons per atom in both the fcec and
bee phases of Yb metal. This seems reésongble in retrospectf

The first published postulation of three conduction electrons
per atom in thé bee phase.appears to have been advanced by Hall,

Barnett, and Merrili, whd determined the high pressdre crystal structure

5,6

of Yb metal. They considered only nearést neighbor distances in
comparison of the two crystal structures. They also, evidentiy,
assumed that these distanCes were determined by the interaction 6f
hard atomic cores. It became necessary for them to propose an unusual
mechenism in order to explaih the transition from a close packed to‘a
non~-close packed struéture with increasing éfessure. To explain the
observed decrease in-nearest neighbor distanée they proposed that the
atoﬁic core had changed; The only rational change appeared to be
from & (Xé) hflh,'2+ core to av(Xé)hfls, 3+ éore. The expelled
electron woﬁld go into eithef a 5d or 6p cénduction band since the 6s
ban is already full.

This change in the core is not unreasonable. After all, con-
figurations of the typé (Xe)hfn5d0652 ﬁre the stable configurations
of the free étoms for all of the Lenthenides except La, Ce, Gd, Lu,

13 Yet, in the metals the stable configuratioﬁs are

and possibly Tb.
of a type ()(e)hf'n-'lsdl6s-2 , except for Eu and Yb whiqP tend to maintain
a half filled and filled f shell respectively. In most of the
Lanthanides, then, the solid statevinteractions are able to.shift the

former atomic . states enough so that a core with one less f electron

than exists in the free atom is stable. The 5d and 6s electrons in
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ﬁhe mefal.are, of course, actually in conductiohbbands which have nodal
properfies at the core liké d and s electorns.

Théré are some differences, to;be suré, bétwéén Yb and a typiéal
Lanthanidé such as its neighbor, Tm. Recently ]Srewérlh has éollated
data on the atomic configurations of manj elements.. The energies of
come cénfiguratiohs have been.estimated.’ His work indicatesnthat for
an isoléted Yb atom the (Xe)hflh6s2 configuration lies 3.1 t .2 ev |
below_thevlowest (Xe)hfl35dl682 configuration and 3.9 * .2 ev below
the lowest (Xe)hfl36526pl configuration. In.atbmic Tm, on the other
hand, the lowest (Xe)Uf136s° configuration is only 1.6265 ev below
the lowest (Xe)ﬁfl25dl682 configuration and 2.7856 ev below the lowest

(Xe)hf126s2'6pl configurafion.15’16

The energy differences are 1.5 ev
-gréater in Yo than in'Tm; This is a lafge enough difference to suggest
thevposéibiiity thaﬁ a 3+‘core amy not be obtained in b metal even
‘though it is obtained in Tm metal.

| | Hall; Barhett, and Merrill unfortunately oﬁérlooked several

other points. One is thgt although the interatomic distance is over
ba.u. affef the fce-bee phase trénsition, the diameter of a (Xé)hflh,
2+»core probably does not exceed Sa.u. ‘The maximum in the Lf electron
distribution ip:such a core has & diameter of less than 2a.u., and the
maximums for the 5s and 5p electrons have diameters of about 3a.u. In

;-

its divalent compounds Yb is estimated to have a diameter of about
ha,ﬂ.lT Such & core can still be accomodated in the new crystal

structure.
Invaddition to these facte, the bee structure may actually be

considered to be a more closely packéd structure thaﬁ fece if a hard

sphere model is not used. The fece structure has 12 nearest neighbors
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and 6 next nearest néighbors §1% further away. The bec structure has

8 nearest neighbors and 6 néxt nearest neighbors only 15% furthef .
away. After thevphhse transifion the neit»hearésf néighbors ére only

12% further away than the nearest neighbors were in the fcec structure.

 If next nearest néighbor interactions are importanﬁ, it no longer bé—
comes.necessary to invoke any ektréordinary phenomenon in order to

explain the tranéition from a ;o galled close packed structure to a
non-close’paéked structure under thé»influénce of pressure.

This argumeﬁt is fﬁrther supported by the remarkable similarities
between Yb and Sr metals. These similarities are discussed by
Jayara.xhan.l8 Both metals ére face eentered cubic at oné'atmosphere,
and they have similar electrical resistivities; The resistivities
of both increase an order of magnitude 5etweén 1 atm. and 35 kbar.
Both appear to be sémicpnductors above 10 kbar. Strontium assumes &
bee’ structure at 35 kbar énd Yb at 40 kbar. Both are good metals after
thektransitidn. With sﬁch striking paralleis it seems natﬁrél to
_attempt-tovexplain the behaviorvof both metals by the same mechaniém._
Clearly any mechaﬁism which explains the Yb transition‘on the basis of
the promotion of a Uf electron to & qonduction band is entireiy
inappropfiate for Sr. Strontiuﬁ has no electrons which could con-

ceivably be promoted to a conduction band.

of

.. The explandtion of the resistance behavior evidently'appears

to lie in the premise that the first and second bands are unlapping

-

wiﬁh pressure. This leads to the semiconducting behavior. The first
two bands are strongly overlapped after the phase transition, resulting

in metallic conduction. The phase transition may take place just
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because the new phase allows for a lowefing of thé average energy of
the conduction electrons because of the overlap of the first two

conduction bands.

Tt
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APPENDIX I
< | . CONSTANT CURRENT PULSE GENERATOR
¢ ' Most constant current power supplies are based on the principle

of aﬁplifying the diffefénce betwe$n a'éignalvproporfional to the
current passing throﬁgh the load and a signal.provided byva referehce
voitage source. The amplified difference, or error, signal is used
to drive a transistor which has the éffeét of changing its trans-
cqnductance. The transconducténce‘is changed in a'way that will tend
“to decfease'the efror signal. This feedback eventually regulates
the current such that.it fluctuates around a CQnStant value, the
amoﬁnt 6f fluctuation depending on the stability of the referénce
voltagé source, the sensitivity Qf the error amplifier and a number
of other less.significant féctors. The_speed of regsponse to changing
loads depends on both fhé érror émplifier And_the regulgting transistor,
or transistors. ‘The most obvious way to design a cﬁrfent pulée
generatof is to proﬁide theverrér amplifier with a reference voltage
pulse of the desired dufation_and magnitude. Obviously how conéﬁant
and shafp the current pulse is depends héavily én thesé same qualities
of fﬁe reference voltage pulée. Forfunafely such a voltege pulse can
be eaéily generated bj a device'built frbm a commercially.aﬁailable
e ' 'integfated circuit operational amplifier.
| ~The National Semiconductors oberdtional amplifier LM201 can Be

used as a comparator which compares an external signal with a

reference voltage; as soon as the external signal equals or exceeds
the'reference voltage the output produées a signal that can be clamped

to any voltage léés than 15 volts. A zener diode is used to provide

the reference voltage. A monostable-multivibrator Fairchild 9601 upon
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~ the appiication of a trigger produces:a variable duratidﬁ pulse
which is iarger than.thé zenér reference voltage. When this pulse | * oy
is applied to the external signal input of the LM201 comparétor a
>pulse of the same duration appearé at its\outpﬁt; clamped by another
zener diode. The 1N939A, which is a very stable and fast reference
diode, when used to élamp the output results in a 9.45 volt pulse that
has a reasonably fast rise_time of about 20 Usec. and an extremély'
"flat" top. Efforts to produce faster fise times by using'other
clamping diodes created such undesirable side effecfs as overshoot;
ringing, droop, high fréquency oscillations or a combination of several
of these effects. The use of the iN939A was therefore a necessary
compromise. This'very high qualit& voltaée pulseris then sent into
a voltagé divider which selects tﬁe value of the current pulse to
be produced. = The output of the voltage divider is now used as‘the
reference voltége signal for the error ampiifier, a LMBOlA integratéd»
circuit 6perational aﬁplifier,' The output of the LM30lA is fed into
the base of a Darlington pair formed by a 2N3019 and two 2N3716 in
parallel. The collectors of this Darlington pair are connected tq
any vbltage source capable of delivering 15 volfs at 10 amps. The
emitters of the pr 2N3716 are connected to the load. The same
current that flows through the load flows through a shunt with a large
heat capécity which p?ovides the feedﬁack signal.for the other inpﬁt
of the'LM30lA. Careful 1ayoﬁt of the components and wires is necéssary O,
to avoid accidental 60 Hz noise pick up énd,oscillﬁtions.

._The genergtor is cépable of producing 10 amp pulses with a 15 volt
compliaﬁce fér practically any duration longer than the rise time. The

final rise time is mpproximately 25 Usec. and its exact shape i
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dependent on the reactance presented by the load and the power source
used.  The constanéy of the pulsé'is’impossiblento measuré usiné
presenily COmmércially available test instruments and has béen
conservately estimated to be beftér than .05%. (The Tektronix Type W
plugfin'amplifier, which has a sénsitivity of 1lmv/cm and has a comparator
which theoretically enables ohe to measure pulses with & resolution

of one part in 100,000 cannot be used to measure the constancy of the
pulses prdduced because ih practice, when using the highest sensitivity
a pulse that is more thén a few hundred~milli§olts produces.a distortion
whiéh_makes;the pulse appear not very constant. The drift of this
~amplifier éiso renders it useless for measuring the absolute magnitude

~of the pulse.)
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APPENDIX II

HEAT CAPACITY DATA
(Cp in arbitrary units)

25'
b7
48.6
52.6
55.6
58.8
61.9
6l4.2

66.0
68.5

TL.h4
- 72.1
73.3
75.0
6.4

7718

79.0
79.8

79’ 5

Pressure

kbar _
35 s L5
L. 2 L43.
47.8 48.
52.4 51.
55.3 55-
58.9 58.
61.6 60.
6317 63,
66.5 , 65.
68.1 68.
69.9  T0.
- T71.9 1.
73.0 73.
Th.5 ‘7h.
76.1 T6.
7.

78.3
79{9 © 80.
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10.
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