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BFFECT OF HIGH PRISSURE ON THE PROPERTIES OF SOME.METALS
Donald Touis Raimendi
Inorganic ifaterinls Research Division,
Lawrence Radiation ILnboratory,

Department of Chemistry _
University of Caiifornia, Berkeley, California

ARSTRACT
September 1966

Ah equation of state for aluminum to the Debye approximation has
been obtained from the delermination of the Debye temperature, ©, as‘a
function of pressure from 0 to 135 kbars. The variation wos determined
by use of the Bloch~Grineisen equatioﬁ in fitting experimental resistance-
temperature data at various pressures. The zero pressure thermodynamic
properties of aluminum calculated from the equation of state agree quite
well with the corresponding observed quantities. It is found that the
Grineisen ratio, -din®/d1lnV, is a linear function of volume at pressures
above 40 kbars.' An analytical expression which approximates the observeé

volume dependence of the Debye temperature is given by,

-1.78AV/VO
© =395 e .
57

The effect of high pressure on the Mossbauer spectrum of Fe” in
irqn was studied to a pressure of 140 kbars.with particulﬁr interest
in the transition of ¢~iron to the hep phase. Because of the low inten-
sity of the observed MSssbauer lines, the results are qualitative. A
current-pulse}technique was applied to the iron at pressures of 120 kbars
and above, but a sharp transition was not observed. It was féund that
after deécompression from LH0O kbars to 120 kbars, the transformation of
hep=iron to Q«iron could be followed kinetically by measuring the decrease
in inﬁqnsity of a strong single tine characteristic of the hep-iron and

correspondingly, the increase in the intensity of the normal six line
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spectrum of Q-iron. The estimated rate constant for the transformation

of hep-iron to o-iron at 120 kbars and
In order to better understand the
nost with an impurity aton in o dilute

o7

in nickel metal was studied to 80

o1

Fe

field at the Fe nucleus was cbserved

298°K is 0.012 hy

interaction of the ferromagnetic
alloy, the Mozsbauer spectrum of
kbars. A peak in the internal

at 10 kbars, followed by a slow

decrease up to &80 kbars. The initial increase of the internal field

with pressure is given by

dlnid
ap

by
a(Is)
ap

-l
= 10.2 X.10

= =4, 15x107

~1
kbar .

The change in the isomer shift over the entire pressure range is given

5 em sec'lkbar-l.

These results are discussed as they relate to other pressure studies

on the properties of pure nickel and iron.
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T. AN EXPERIMENTAL EQUATION OF STATE FOR ALUMINUM

A,  Introduction

An accﬁrate determination of the equation of state of a subsﬁance
is probably the most basic physical problem confronting the experimen@gl-
ist today. As theories are advanced it becomes ever more necessafy to.
complement them witﬁ accurate data with which they may be tested. In '
addition, precise knowledge of the behavior of materials ﬁnder the
extremes of temperature and pressure is essential in compléx engineering
problems. = Despite the importaﬁce'of this prqblem,‘relatively littlev
equation of state data are availablé for solids.

.

Until the recent development of x-ray diffraéfion methods for the

determination of tﬁe pressure—volume-temperatureIrelationships of solids,

i

the shock technique was the most widely applicable technique for the

. determination of equations of state.. The feliability of shock measure-

ments decreases rapidly below 100 kbars for most matefials and thus mqst
of the available equation of state data have been obtained above lOO»
kﬁars‘el It is certainly desirable to complemenf the shock data with
direct déeterminations from 1 atmosphere to a pressure above 100 kbars
using staticvhigh pressure techniques,

.Several static technigues are available for the determination of
an equation of state. Piston displacement methods are generally applicable
to materials. that show large volume chénges with pressure and have thus

3

been applied to studies of the alkali metals and solid rare gases.

Elastic constant determinations yield very precise resuits but to date

the-gxperimental difficulties above 10-15 kbars have not been mastered.

in .
Anderson has performed the most comprehensive investigation of this
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problem in his work on silica. X-ray diffraction methods promise to
provide an easily applied technique, but have not been used to date
for eguation of state investigations. Because high pressure vessels

are so massive, the normal methods of heat capacity measurements are

P

not applicable. Calorimetry has been applied only to solid helium

6

solid hydrogen +to a few kilobars. A new high pressufe heat capacity

and

ﬁechnique developed in this laboratory by Stark and Jura7 promises to
open up a new field of research possibilities for the determination of
equations of state. This technique consists of measuring the heat
capacify of metallic wire samples under high pressure by a current pulse
technique similar tq that used by Wallace et al.8 at atmospheric pressure,
In'thé éresent work, the heat capécity and thermodynamic properties
of aluminum are deterﬁined to the Debye apéroximatioﬁ. This is accom-
plished by determinihg the Debye temperature of aluminum by application
~of the‘Bloch—Grﬁneisen equation to resisﬁance temperature measurements
onvaluminum. Thé Debye temperature of aluminum increases from,395° at

1 atmosphere to 485° at 135 kbars.



1. General -
The equétion of sfate 6f a solid
P = P(V,T) |, ' (1-1)
may be derived from the Helmholtz freé energy A, where A is defined by,\

the'thermodynamic identity

A=E-TS, N (1-2)
and the pressure by . A
7/ OA\ ’
P = - KSV)& . . 4 (I-3)

Now we may write approximately

Y A= Eo(v)_+ A%(T,v) ’; = L (1-k)
~ where EO(V) is the internal energy‘ét 0°K and A*(T,Vj is the contribution
of the lattice vibraéions to the free energy. The expression for the

pressure is then written

P(V,T) = By(V) + P (V,T) . (1-5)

PO(V) is the pressure needed to obtaih-the volume V at abso;ute zeré,

and P*(V,T) is an additional thermal pressure due to léttice vibrations.
In general, these terms arelvery difficultifo calculate from first
principles; Bernardes and Swenson9 review the theory and recent pro-
gress in the calculation of the equation of state. We must know the
1vibrationai spectrum of the lattice and its variation with volume. The
simple assumption that all the v;prat;onal frequencies are-changed ;n

the samé manner by a. change in‘volume-leadé to the Mie-Grineisen equation

of statelo

=i

d..JO

. | |
P=-+dE(V,T), (1-6)

where <y is the Grineisen ratio describing the volume variation of the

vibrational freguencies and defined by



e
dlinv,
_ 1
R

. - ' (1-7)

¥ : ’
E (V,T), the thermal energy, is given by
% . hV.:; 8
Jo
E(V,T) = ,Z hv, /%L : (1-8)
i i \
e -1

Differentiation of Eq. (I-6) yields an expression for the Gruneisen

ratio in terms of measurable thermodynamic quantities. This expression’

_(BV/BT)PV oV '
¥ =g fovjer), T BC, (1-9)

is known as‘Grﬁneisen's law. It allows one to evaluate vy from known
values of the heat capacity (CV), thermal expansion (%(BV/BT)P>, and
compressibility (— %(GV/aP)T). Barronll’l2 has extended the Born-von=-
Karmén theory to an essenﬁially exéct calculation.Of the Gruneisen ratio
. for a féW‘simple modelé. His results show that the Grilneisen law is
in&alid.at lOW'tenme}ature, but applies quite well ?bove Of3®.

A specific case of the Mie-Grineisen equation of state may Be de-..
rived if a model is assumed to describe the thermal energy. Assuming
a Debye model for the lattice sbectrum, we have the Debye equation of
state.,' . , aE S
(1-10)
where (E-EO) is given by the appropriate Debye integral and vlis now

given by

a1

_ T T dInV 7 L
where © is the Debye temperature of the solid. Equation (I-10) is then

(1-11).

3 LY

a single pérameter equation of state. A khowledge of the volume depéndence v

of the Deéye temperature need only be combined with a single.pressure-

volume isotherm to completely specify the equatién of staﬁe of the system.
drdinary methods for the determination of Debye temperatures such

as the use of heat capacity and elastic constant data do not apply since

 a knowledge of -these data is in itself a determination of the equation
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of state. An independent technique is the determination of the Debye
temperature from resistance-temperature data, by application of the
13,14 '

Bloch-Cruneisen theory of resistances. In order to understand

the application of this theory in its relationship to equation of state
investigations, a qualitative discussion of the resistivity and the

effect of pressure on the resistivity of simple metals follows. For'a\

more complete description of the problem see Ziman's Principles of the

15

Theory of Solids.

2. Resgistivity of Simple Metals

Although there has been a qualitative understanding of the elec~
trical resistivity of metals for some time, no precise quantitative théory
has been devéloped which can explain the electrical propérties of even
the simplest metals. - Zimanl6 points out that at présent theoreticians.
are just beginning.éo understand how to calculate the electronic trans-
port properties pf very simple metals at their normal volume.

' Accdrding to the classical model of an electron gas, electrons move
randomly with a Maxwell~Boltzmamnn distribution of velocities. On |
applying an electrical field T the electrons acquire é drift velocity,
limited by scattering processes, which provides a current de;sity Ei

Applying simple kinetic theory, the electrical resistivity is then

=

L . m

p::;: 5 . (I-le)
J ner

where n is the number of electrons per unit volume, T is the electron

relaxation time or average time between collisions, and e and m are the

electronic charge and mass, respectively. This is élso written in terms

of a mean free path, 1,

p =T, B (1-13)
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where v is the mean velocity of the‘lelec{:rons° Replacing the classical
electron gas by the Fermi gas, one modification is required. Since only
electrons at the top of the Fermi disﬁribution may be accelerated in an
electric field, the value of v is approximately constant and equal to

; corresponding to the Fermi encrgy, W.. Thus, changes in electrical
N ~

F F -

resistivity with temperature depend primarily on changes in the mean

V.

free path.

~The mean free path of electrons is iimited by scattering procésses.
The two main types of eiectron scattering for simple metals are phonon
and impurity scattering. The expression "simple" is used in general to
exclude transition metals. The electrical resistivity of transition
metals is complicated by scattering into the unfilied d-band. To a
. good approxiﬁation phoﬁon and impurity scattering are independent and
their associated resistivity contributions may be added. This is known

17

as Matheissen's rule.

a. Phonon scattering. At low temperatures (T << ©) the interaction

between an electron and a phonon is weak. In other words, little énergy
is exchanged in an electron-phonon collision and the electron is écattered
through a small angle. This is seen by considering a singie collision
and‘comparing the relative magnitudés of the electron and phonon momenta,
p, or their reépective k vectors where

k=5~ =% -

2
- e | (1-14)
From the Debye theory of specific heats we have for T <© that the-

dominant lattice wavelength, X, is of the order of (2&5/T), where a is

the lattice constant., For simpie "one electron metals” where the con-

“duction band is half-Tull the value of the k-vector abt the TFermi surface
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is approximately 77/a. Thus, the average angle ¢ through which an elec-
tron is scattered by a phonon iz given by

6 = %(ohonon)  « /6 . _ (1-15)

k(lelectron

Now, Trom a statistical treatment the effective mean free path, 1eff"
‘associated with the drift of electrons in an electric field is l/(l-cos¢)
times the average path lO between small angle scattering collisions when
there 1is no applied electric field. Tor T << ©, this may be written
1 1
1 0 - (1-16)

eff ~ (1T - cosf) ~ T2

If each electron-phonon scattering procesé 1s considered to be a purely

random scattering process the mean free path of elecfrons between small

i

angle scattering collisions is then inversely proportional to the density
of phonons. At low temperatures the phonon density is proportional to

is given by

T5 and thus leff

o

Pononon = T x ‘T5(T «<e). C(I-17)

eff

Now as the temperature increases the scattering angle increases and the
effective mean free path of electrons depends only on the phonon density;
which is proportional to the absolute temperature. Thus, the resistivity

is given simply by

Qphonon « T (T >8). (1-18)

The linear and fifth power temperature dependency of the resistivity

at the high and low temperature limits are well known experimentally.

)

"he "T% law" is a characteristic quantum effect comparable with the Tj
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law in the theory of specific heats.
13 e 1k . ; o >
Bloch and Gruneisen have independently derived a theoretical
expression for the resistivity of simple metals. This equation assumes,
1) 2 monovalent metal with a spherical Fermi surface, 2) a simplified
mechanism for the scattering processes, and 3) a Debye model with
temperature parameter, ©, to describe the vibrational spectrum. It is

‘called the Bloch-Gruneisen law and is written

P =A—f— fO/T. - Z5dZZ - (1-19)
phonon o @é Ub (e —1)(l-e )

- The parameter A contains volume dependent terms characteristic of the
metal such as the Fermi energy, effective mass of thg’electrons, and a

scattering parameter. .. The Bloch-Gruneisen law reduces to

5

pphonon =B -é-g - for TX< ©/T - (1-20)
and to

e ‘=~C L o forT> 0 . - (1-21)

phonen @2 =~ ° ) _ %

In actual practice, the absolute values of the resistance are not
accurately giyen by Eq. (I—l9), but the relative resistances as a func-
‘tion of temperature derived from this equation are 'in excellent agreement
~ with those obtained from experiment. An often reproduced graph of the..
reduced reéistivity of a number of metals versus reduced temperature,
T/2, .is il%ﬁstrated in Fig. I-1. The optimum value of the Debye
tenperature to_be used here may differ somewhat from the value deduced -
from specific heats. Table I-T compares‘Débye O's determined from

specific heat data near room temperature with those determined from re-

sistivity data for a few metals.
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0.3
A Au ©=175°K
0 Na ®=202
. O Cu ®=333 —
v Al ®= 395
o Ni ®=472
0.2 i
\
Ol —
0O [
0 0.4 0.5
MUB-12683
Fig, I-L Temperature variation of resistivity of various

mebals compared with the Bloch-Grilneisen equation
(after PardeentO).
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Table I.I Debye fpemperatures determined by
resistivity, @R, and specific heatls,
P 14 ~ ~ \*
\@D. {(Rel. 19)

Metal 0 e,
Li 363 352
Na, 205 157
K ' : 116 100
Rb .58 59
Cs L5 L3
AL 395 398
Cu 333 302
Ag . - 223 . 228
Au N 175 Y165
sno, " 210 - 200
Pt o 235 - 23k

Po "' : .89 87
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b. Impurity scattering. The presence of impurities provide static

scattering centers which limit the mean free path of electrons to a
constant valﬁe at very low temperatures. The temperature at which the
impurity or residual resistance becomes appreciable with respect to the
total registance is dependent on the éoncentration and natufe of the
impurity atoms and on the specimen history. Mechanical deformation anq
thermal treatment may have a large effect on the residual resistance.
Usually impurity effects are not importantiabove a temperature of CMBO
for reasonably pure specimens (> 99%). Many metals exhibit a resisiivity

0 This phenomena has received

minimum at very low temperatures (~h°K).2
a great déal;of attention, but to date there has been no satisfactory

explanation, although it appears to be associated with impurities.

c. Effect of pressure on the electrical resistivity. To further under-

stand the application of the bloch-Grineisen theory to metals at high
pressures, the effect of pressure on the electrical resistivity is
discussed. Pressure effects are divided into four catégories. Fifst,'
there is the change in the interaction of the conduction electrons and
the lattice as a result of the lattice stiffening. Second, there is a
change in the Fermi energy with pressure. Third, there is the possible
appearance of new,.more dense, crystallographic forms, and fourth, there
are changes‘in the band structure of the metal arising from changes in
overlap between various bands or from more radical changes in the elec-
tronic structure of the atoms. °

Crystallographic transitions have allowed experimenters to use re-

sistance measurements as a convenient tool in determining phase diagrams.

Changes in band structure becomes very important in the consideration of
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very compressible metals and those with complicated band structures. This

. . . \ N ; N 22

is evidenced by the unusual behavior of some of the alkall metals ~ and

- . y s - 23
the transformation of bismuth to a semiconducting state under pressure.
But for most metals the primary cause of the change in the resistivity

“with pressure is the change of the electron-phonon interaction. Assuming
the lattice resistivity is given by Fg. (I-21) in the high temperature
limit, the variation of the resistance with volume is given to a first
approximation by

QIR _ o dInd _ 5

Eraii (1-22)

i4

where Y is'the Gruneisen ratio. Since ¥ is positive, the resistance
decreases with decrease in volume or increase in éresSure. This is
generally the behav#or of most metals. It is understood in simple terms,
by considering thatzthe increase in pressure increases the maximum allow-
able frequency of the atoms. Since there are only 3N possible modes, -
fhefe are fewer modeé excited at any given temperaturé. In the high
temperature limit (TIE(D) the resistivity is proportional to the density -
e 2k

of phonons and thus decreases with pressure. Lennsen and Michels

considered the volume dependence of the resistance somewhat more elaborately

and Tound
dlnR _ 0 1.
T - oYt o - -5-11-‘('13 ._>_@)- (1-23)

.The dependence of 7y is again dominant. This expression has been tabulated
in Table i-II and compared with the experimental data for several metals..'.
The onliy éonclusion.to be drawn Trom such qualitative studies is that
metals_not obeying Eq. (I-2%) are certainly not free-electron like. It

is interesting to note that in contrast, lithium gives a reasonably good



Table I-IT. Comparison of Bg. (I-23) with
experimsntal values of '

(dlnrR/ainV). (Ref. 23)
Netal Bq. (I-23) (%)observe .
Id 2.3+ 1 -9.9
Na 2.2 3.2
X 2.4 4,8
Ro 2.7 3.h
Cs 2.4 1.6
AL ok 3.1
Fe 3.5 4.0
“Co 3.7 1.7
Ni . 3.8 3.5
Pd L,3 . kO
Pt k.9 "-5,1.
Mo | 3.1 3.5
Ta 5.5 3.3
W 3.1 4.0
Po k.9 5.6
Cu 3.8 2.6
Ag L.6 3.6
Au 5.9 5.1

e e e v oie

e
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. Debye temperature from resistance data, but the comparison of Egq. (I-23)

with the experimental data does not even agree in sign. Similar diffi-
culties arise with other metals.
The, ef'fects of pressure on the residual resistance has been dis-
25

In general the sign and magnitude of -

~

cussed b& Dugdale and Gugan.
the effect again depends on the type of impurity atom. The effects arev“
usually small, but very feﬁ'experiments have been perfofmed. |
Because of the complexity of the resistance process, resistivity
‘measurements as a fUnctioq of pressure cannot be used in themselves as
a quantitative probe of the microscopic properties of metals. They must
be complemented by other measurements such as the thermopower, Hall
coefficient, magneto-resistance, and de Haas van Alfhen effect. Unfor-
tunétely, these méas@réments are extremely difficult to perform under
preséure. For a more(complete analysis of the effecf of pressure on’3;
the electrical resistance, seevLawson’s22 review article, Another
~review article by Pau1?6 éxamines.pressure effects on the electrical
properties of metals in general.
The preceding sectioné_have presented a technigue for determining
an equation of state in the Debye approximation. Debye termperatures may
‘be determined from resistaﬁce-temperature dgta by application of the
Bloch-Grineisen equation. 'This data need only be combined with a single:
pressure~-volume isotherm to completely specif& the equation of staﬁe.
Bridgman hés supplied pressure-velume isotherms for most metals. Applice-
tion-of th% Bloch-Gfﬁnéisén,equation to aluminum at 1 atmosphere resultsf
in a Debyé temperaturé.of 395°}lh while other values range from 385° to'
hllﬁ‘gs determined by specific heat and elastic coﬁstant data.19 If it

is assumed that aluminum continues to behave as a one electron metal
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upon application of pressure this technique may be applied to obtain

Debye temperatures as a function of pressure. These assumptions have

. been made for aluminum in applying this method to 135 kbars, which

results in about a 12% decrease in volume.
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C. Bxperimental

High pressures are obtained in this laboratory by the application.
of the force of a large hydraulic preés to a set of OppOSed.anVilS.
The opposed anvil system is based on Bridgman's principlelof massive
su'pport,27 whereby only a small portion of the anvil is used for bea;ing
the total lcad of the press. The additional bulk outside the anvil
faces support the load bearing face and prevent preakage‘ In addition,
the load bearing portion of the anvil consists of cemented tungsten
carbide inserted into the anvil jackeﬁ under high pressure. A typical
set of Bridgmén anvils is illustrated in Fig. (I-2). The dimensions of
the anvil set mé& be altered according to the particular requirements
of the experiment being performed. One-half inch anvils were used
tﬁroughout this inveéfigation.

Sample wires were made from 3 mil aiuminum,foil cut. into 0.2 in.
- diameter circﬁlaQ hoops and annealed at 20050 for several hours. The

| aluminum foil was obtained from American Lamotite Cofporation and foundl 
to be 99.95% pure by spectrographic analysis.

In order to provide a nearly hydrostatic medium for the transmissioﬁ
of the anvil pressure to the sample, the wire hoop is émbedded between
two\silver chloride discs. =Silver chloride has been found to transmit
pressure nearly hydrostatically.28 Since there are small radial pressﬁre
- gradients present in silvef éhloride, circular sémple hoops concentric
with fhe anvil center are used O minimize this effect on the sample.

The wire-silver chloride sandwich is retained between the anvils
by a pyrophyllite (Alesiholgﬁé) gasket.” The gasket is coated with
finely divided iron-oxide (Fe207) vhich increases the friction between

2

the anvil and gasket helping to prevent arsidéways extrusion of the



~~—Potential
leodl

=Carbide

~Current lead

MU.33473

Fig. I-2 A schematic diagram of Bridgman anvils. The schematic :
illustrates the placement of electrical leads for making
resistance measurements, ‘
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sample.

Tor resistance measuremehts contact between the anvils and sample
is cbtained fhrough gold ﬁlugs inserted into small holes drilled in the
silver chloride discs. edinarily the resistance is determined by

applying a constant current across the anvils and measuring the corre-

~
S
N

sponding potentisl drop. But the resistance determined in this manner
contains contributions from contact resistances present between anvils
and gold plugs and gold plugs and sample wire. These contact resistances
amount to approximately 0.1 milliohms. Since the resistance of an-
aluminum sample of the dimensions described above is approiimately_2
milliohms aﬁ,776K, the contact resistances must be eliminated. Thus,

- a four-lead technigue described by Stromberg and Jura?9

was applied.
Potential leads conéiéting of 5 mil molybdenum wires are inserted
directly into the pressure:cell making direct contact with the sample
wire and thus excluding the contact potential from the measurement. A
typical sample arrangement is illustrated in Fig. (I-3). The dimensions
Aihdicated are those used'throughout.the investigation. | |
Resistance measuremenﬁs are performed by applying a constant currenf :-aT
across the anvils and observing the potential drop across.the sample
wire. The cdonstant current power supply yields constant current between
5><lO"LF and 3 amperes. The voltage was measured with a Model 149 Keithley
milli—micrpvoltmeter,in conjunction with a Speedomax two-pen recorder.
Sincé it was desirable.to obtain resistance data to the lowest
possible ‘temperatures, avtechﬁique for pumping on a liquid nitrogen bath
was devéloped. This extended the lowest temperatureé‘obﬁainable with
the high pressure apparatus from T7°K to 65°K. Because of the large

mass ofimetal (~150 pounds) that must be cooled, 50-T5 liters of ligquid
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Fig. I-3 Schematic diagram of electrical resistance sample.
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nitrogen and a very high pumping rate is required to reach 65°K. In
order to maintain the very slow warming rate required for precise equi=-
librium resistance measurements, heavy copper blocks fit snuggly arouhd
the anvils and back up blocks. In addition to preventing a rapid warme
up, the copper blocks keep the top aﬁd bottom anvils at nearly the sémg
temperature. Without the blocks, a 20° temperature gradient develops ;
between the top and bottom anvil as the liquid nitrogen evaporates. Wi£h .
the copper blocks the temperature gradient may be kept at a maximum of |
2° and usually less. The temperature was measured with copper-constantan
thermocouples welded to the‘anvils as near to the sample,ég possible.,
j,The temperature of the’sample was tgken as the average of thé top and
" bottom anvil. The thermocouples were calibrated a£,77.h°K and l9h.7°K'
fwith respect to a juncﬂion‘at 0°C. In order to account fon small thermal ;
. emfs+ that develop aéross'the sample, the véltage across the sample is
taken as the mean value as measured with the current in opposite directionsf
The average pressuré on the anvil face is measured with a load cell
: consisting of a wire coil whose resistance changes with pressure in'a'
) known manner. The coil resistance is measured with a Baldwin-Lima SRU4
bridge resulting in a measurement‘of the average anvil pressure to an
acouracy‘of about 1% assuming the load cell has been calibrated properiy. : ',
. The oil pressure, as measured by a Helse gauge, is used in conjunctiocn
with the load cell but is accurate to only a few percent. In order to
.prevent the load cell from being.céoled significantly by heat conduction
to the cooied anvils, several bakelite blocks separate the load cell from ..
4the cooled anvils, thus ﬁaintaining the load cell temperature nearly
Aconstgnt. “
Tge actual pressure of the sample wire is known from calibrétions of

the sample geometry in use. These are obtained by observing discontinuities-

-
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in the resistance-pressure behavior of bismuth, in which two phase tran-
sitions have been well established. These are the I-II transition at -

25.5 kbars and the VI-VIIT transition at 88 kbars. Based on these fixed -

points Montgomery et al.28 have established a pressure scale to 125 kbars

in a geometry quite similar to that uéed in this work. The experimentgl
error in the pressures reported here is not known,_but it is expected tﬁat E
the pressure scale is accuyate to about 5% up to 100 kbars. |
With the above technigues, résistaﬁce-temperature data were obtainedb y
from 656K to 5006K, isobarically from 25 to 135 kbars. Several resistance~

temperature isobars are shown in Fig. I-4 and similarly resistance-

pressure ilsotherms given in Fig. I-5.
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Fig. I-4 Resistéh;:e—temperature isobars for aluminum.
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D. Results

The procedure followed for the determination of the Debye temperature
for each isobar will be.described. First, there are two possible sources
of error which affect the selection of the Debye 8.

The first error concerns the magﬁitude of the residual resistivity,
PR’ and its variation with pressure. Since the residual resistance may
be measured only at low temperatures (4°K), it is impossible to find its
pressure dependence in this work. The magnitude of PR at 1 atmosphere
‘was estimated from known values of similarly pure aluminum samples.
Typical values of puo/pBOoo range from 0.001 to 0.002. Assuming the
pressure dependence to be small for these samples, in accordance with
the results of'Dugdale and Gugan,25 application of the correction to the
observed resistances raises the Debye 6 which best fits the data by about
one or two degrees.

Secondly, it must be poinbed out that p (or R) defined according to
Eq. (I-19) must be observed at constant volume. All data collected in this
work was obtained at constant pressure. An approximate expression whicﬁ

relates the constant volume resistance (Rv) to the constant pressure

resistance (Rp) is given by,

(£) = (&) -evoxr (1-24)
v P ‘

where <y is the Grineisen ratio, and o is the thermal e#pansion,

%(BV/BT)P. Application of this correction lowers the Debye temperature

which best fits the data by about two degrees. A knowledge of the pressure

dependence of <y and & requires a prior knowledge of the equation of state, .

which is indeed unknown. Since the error in discarding this term is small,

and sincé the correction may be applied accurately only if the equation of



state is already known, the constant pressure data is fit directly to
Eq. (I-19). It is interesting to note that the two errors discussed
have about the same magnitude and tend to compensate each other. Thus,
unless the residual resistance increases sharply with pressure, these

: ~

~corrections have a negligihle effect on the results.
Using the Bloch-Gruneisen equation, it would be desirable-to cal-\\
culate the Debye .temperature from the asymtotic relationships obtained. i“»
in the limitvof high and low temperatures. Because of the limitations -
imposed on the lowest temperatures attainable with the present high
preésure appa;aﬁus,_it is not péssible to reach sufficigntly low tem=
perétures to observe the fifth power dependence of the resistance.
Because of this difficulty the experimental resistance data must be fitii'
to the BlocthraneiSéﬁ‘equation.

Equation (I-19) has been tabulated at increments of 0.001 in ©/T .
fram O to 10 by numerical integration‘on an IBM 7094 computér. TFrom’
these results a table was constructed Qf ¢(e/T) (value of Eq. (I-19) at
©/T) versus T and ©. Tﬁe technique for choosiﬁg the best @ for a pértiéular‘?
isobar is simplé. First, several ©'s are chosen at 5° intervals about an'V ”'
+ estimated @ for the case. Then feduéed resistance curves dérived from the:} i
"tableé described above are calculated choosing both a high and a low tem;
v peratuie fixéd poiﬁt.v The resulting tabulatibﬁs are then compared with
{Athe experimgntal‘resistaﬁce data and by a suitable mihimization procedure
i the best @;chosen. Usually the ?igh and low temperature fixed paints gave
: values forf® separated by a few degrées from which anléverage is taken.
Tigure <6 illustrates a typical Tit of the experhnenfal data using a low
temperature fixed point. The plotted data are the deviations from a curve

assumihg a Debye © of 435° . The resulting P-0 curve is shown in Fig. I-T.



AR (arbitrary units)

. ! ! ! ! ! ]
60 100 140 180 220 260 300 - 340

T (°K)

MuB 42111

~

Fige I ~6 A typical fit of the experlxmntal data using
a low temperature fixed point. The deviations'
“from an ideal resistance curve derived from Eq.

(1-19) (© = 435°) are plotted against temperatux‘ea'
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Fig. I-7 Debye temperﬁture,@ , versus pressure for aluminum.



The zero pressure value of 395" for 0 was obtained from previous resistance
measurements.lh The Tlags indicate an estimate of %£5° in the accuracy of
the fit con;idering the experimental errérs.

The required pressure-volume isotherm was obtained from a combina-
tion of results obtained by Bridgman,al Jamieson,32 and Walsh and Ch}igr-
tian.55 This was necessary'becausé'of-discrepancies in Bridgman's 100 ‘
kbar data. Since the pressure-~volume data extends only to ldO Xbars the
equation of state is valid only to this pressure. However, the Debye
temperature determinations were made to 135.kbars. |

From the P—V isotherm at 298°K and the P-9 curve obtained in this
work, the variation of © with volume, or the more useful quantity, v, .
the Grﬁﬁeisen ratio, may'be determined. Since th;'quantity'y/v or
dlr®/dV appears in ﬁhe‘equaﬁion of state, 7/(V/V6) is illustrated in
Fig. I-8. The equation of state is then obtained by tabulating the pressure .

vvariétion:oflthe vibrational energy,<(E-EO) calculated from the Debye»vj'. :

v

. function

. 3 8/T 3, o
(2-E_) = 9RT (§> L ij—;"“ii - - (1-23)
. (e™-1) g

'The variation of dEO/dV is then‘calculated to complete the détermination
; of the equatioﬁ of state.' The equation of stafe is given in tabular form
‘in-Table (I-III@). In/addition, the pressure is tabulated aé a funétion of
temperature and reduced volume in Table (I-IITb). dEO/dV was integrated

to pbtaiﬁwthe toﬁal energy'at ahsolute zero. Using the known value for - z
the heat of vaporization at 0°K (cohesive energy) the potential éurve of {
aluminuwn is illustrated in Fig. I-9, where volume has been converted to
inte;atomic distance in the solid. ihe calculated interatomic distance

at 0°K is 2.850A.
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Table. I-IIla., Equation of State of Aluminum in Tabular Form

P(kbars) V(tgégiif) | .désg (E-E,) 9%39 (kbars) Eg%,(kbars)
0 9.981 -.208% -9.11&9 9.1149
5 9.911 ~ -.1978 '-8.5901 ,  3.5901
& 9.891 -.1951 -8.h621 2.4621
7.7 9.871 -.1929 -8.3422 0.6422
8.5:’ 0.861 -.1918  -8.25hh ~0.2L56
8k - .~.1895 -8.1676 B ~1.8324

10
20 721 -.1805 -7.6785 ~12.3215

bo2 o a7k 27,4189 L ;' '-22.5811

9
9
9

Sl 9572 -tk L -TW23TT  ‘ -32.7623
9.312 2' LT3 -6.9728 T 530272
9.143 - =.1699 | -6.790h ~75.2096
9

100 L0035 . -.1685 . -6.6290 -93.3710




Teble I-IITb. P = P(V/V_, T)Kbars

~-50a-

200

298 250 150 © 100
1.000 0.00 . -1.99 -3.97 -5.77  -T7.22
993 5.00 3.0% 1.07 - .71 2.1k
.986 10.00 8.0k 6.10 - 4,05 2.95
Relydi 20.00 18.08 - 16.18 “1hL b7 13.11
.953 - 40,00 38.14 36. 30 3L.66 %3.38
933 60.00 58.18 56.40 - 5483 53.62
.916 80. 00 78.25 76.52 7&.99: 73. 83
902 0 - 98.26 ' 95.10 . 93.99
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Fig. I-9 . Total energy at 0°K versus interatomic distance.



Other thérmodynamic quantities havé been calculated using the usual
thermodynamic identities. Thus, compressibility, thermal_gxpansioﬁ, and
heat capacify'term (Cp - Cv) are tabulated as a Tunction of temperature
and pressure in Tables I-IVQ I-V, and I-VI, respectively. Table I-VII
' lists the variation of E, H, A, F, and S (notatioh of Lewis and Randa%l)36.
with preséure at 298°K. A

Lastly the variation of Poisson's ratio, o with pressure and volume

was calculated and is illustrated in Tig. I-10.
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Table I-IV.. <- (BV/BP)T % 107 ce /kbar }
' r’s

T
;\5\\\\ 298 250 200 ° 150 ' 100

0 13.548 13.26 13.0k 12.85 12.66\
10 12.62 12.1h2 12.21 12.02 11.87
20 11.80 11.62 11.h42 11.25 112
Lo 10.29 10.1k ~9.98 | 9.82 O 9.7L
60 - 8.95 8.72 8.6k 8.55 | 8.148
80 778 7.67 7.56 T.47 7.39
100 6.76  6.68. 6.60 .54 6.48

Table I-V+. ( (av/aT)P % 107 ce/deg )

1 " |
;?\\\\\\ o208 250 200 © 150 L 100 -

ot 69 65 60 50 3l
0 6,1 61.0 55.9 48.8 3k b
10 54,5 5.2 koe 4o.8 - 29.7
20 48.7 b0 836 37.7 . 25.8
B0 40.1 381 35.5 50.4 20.2
60 . 3k.0 323 299 0 251 16.5
8o 29.2 o 23.1 125.8 : 21.5 : | 13.9

100 2k, 25.5 21.% 17.6 : 11.3
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Table T-VI. <Cn - CV) cal/deg mole.

fl‘l
P 298 250 200 150 100
0°° .220 .166 112 06 022
0 22k 172 L1117 .068 023
10 173 138 .096 055 .018
20 1hk 11k .080 .0hs5 .01k
L0 110 085 .060 .033 010
60 091 070 ;oug 027 .008
80 .079 062 .ok2 023 .006
100 066 .05 035 .018° .005
Table I-VII. Thermodynamic Functions, 298°K cal/mole
P A M M AF s
o o o 0 0 0
10 28 Coezeh o ah 2366 -0.10
20 . .21 Lg3k 58 - Tk 0.2k
oo™ ok ez . o3k 046
60 Ces6 . 13616 0 bs1 o 13810 0.6k
80 "i 493 A’ 17983 C Tk .’ 18221 -0.80
100 - ‘f 748 20268 1025 | 22545 ; . =0.92

cal/deg mole
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volume,



E. Discussion

When a solid is compressed the force constants between the atoms of
the lattice are increased and the corresponding vibrational frequencies
are also increased. Since the Debye temperature is directly proportional
to the maximum latticé frequency, it is expected to increase with préssf
ure. This effect was observed for aluminum and shown in Fig. I-7. In=-
‘creasing thé pressure to 135 kbars decreases the volume by about 12%, but
the corresponding increase in the Debye temperature is almost 23%.' The
Debye © increases from 395° at 1 aotomosphere to 485° at 135 kbars. Of
course, the rate of increase of the Debye temperature with volume is |
given by the Grineisen ratio, -, defined by Eqs.'(I-9) and (I-11).
Differentiaﬁion of thé.observed @~V curve yiélds aAzero pressure value of
v equal to 2.08. This valve is in good agreement with the value 2h19£0:10 .
oﬁtained from thermodynamic data.19 Also, since all the data collected
‘. here was obtained above 25 kbars, the calculated value of <y indicates that
the fit in the region betweén 0 andb25 kbars is valid. The Grﬁneisen ratio
is found to decrease with vqlume. ‘ |

'Figure (I-8) illustrates the behavior of v/(V/Vo) which decreases
gradually to about 40 kbars whereupon it levels off to a constant value

37

of épproximately 1.70. Xormer et al. have determined the Grﬁneiéen
ratio fpr aluminum in sﬁock wave exéeriments from 700 kbars to several
Amegabars. . They have extrapolated their data to zero pressure using a
value of ?.15 for Y obtained frOm 1 atmosphere thermodynamic data.  Xormer
finds tha% 7/(V/VO) is gpproximateiy,constant up tOJSOQ kbars and equai
to 2.08.; Although a direct comparison cannot be made between this work o
ana that of Kormer, it is worthwhile pointing out that his data does in-: 

dicate that v/V is approxirately constant in the region of pressures

applicable in this work.
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The value of 7/(V/VO) which best fits the data obtained from 0 to
100 kbars is 1.78. The equation of state is then approximated by the

analytical expression

_ -1.78 AV/VO _
@ = 359 e (1-26)

The exponentiél dependence of the frequency on volume leads one to be-\‘
lieve that a;Morse potent;al'might describe the total energy of the
aystem. The bonds between atoms in a metal are certainly not entirely
different in their propevties from the bonds of homopolar molecules.

The internal energy of the system is given by the Morse function

~2A(r=r ) “Alr-r ) , .
B = Lle ° L oe . °,).)§ (1-27)

EO represents total%crystal energy af absolute zero&as a function of
nearest neighbor disﬁance, r, where rg represents thefequilibriumcvalue-x.
of r and L is the»heat of vaporization or the cohesive energy at 0°K.

The quantity A is an empirical'constant.A The Morse curve whiéh best

fiﬁs the potential curve calculated above and illuétrated in Fig. I-9 }
is

B, - 6.9 (e;e - 1.20(r-2.850) _

2@~l.20(r-2.850)). (1-28)

L iszgiven iﬁ kcal/mole and r in angstroms. Pastine59 ha; applied siﬁilar
arguments to several face-centered cubic metals including élumiﬁum but

his work is directed primarily to comparisons with shock-wave data. As
does Kormer, Pastine uses the thermodynamic value o;'§ at zero pressure.
The Caléuiated bghavior of v/V is analogous to that of Kormef, v/(V/VO)

is approximately constant and equal to 2.17 up to approximately 500 kbars:ﬁ
The empirical constant A used by Pastine in‘Eq. (I-27) is 1.33 compared

with 1.20 feund here. Also, he calculated a change in the Debye temperature

\
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- of 85 degrees for a pressure of 100 kbars.compared with 75 degrees found

in this work.

Returning to the internal energy illustrated in Fig. I-9, the cal=
cuiated minimum at 2.85OR compares quite favorably with the value of

. u : oL
2.8513 found from extrapolation of x=-ray data to 0°K. 0 It is pointed\\

"

out that the region of energy studied in this investigation (~1 kcal)

represents a very small percentage of the total energy of the crystal
(76.9 kcal/mole).
The isothermal»compressibilify coefficientv(BV/éP)T tabulated in

Table I-IV needs little discussion. The small temperature dependence

is expected, since the compressibility is primarily a function of the

total energy at absolute zero, which changes very slole with pressure

as discussed above.

The coefficient of thermal expansion (3v/d1)p tabulated in Table I-V -

shows & marked pressure dependence, This again is not surprising because

of the large energies associated with pressure-volume changes compared

with thermal energies. A similar behavior is observed for the heat’

capacity term (Cp= Cy) tabulated in Table I-VI. Tables I~V and I-VI

include comparisons with zero pressure thermodynamic data. The agreement

is within a few percent overall. The heat capacities CP and CV are easily

obtained from the Debye temperatures reported in conjunction with Table

. I"VI.

Figure I-l1l illustrates the comparison between the heat capacity,~CP;
determined Here at 50 kbars and that of Stark determined by direct meaw=
surement of CP of aluminum at 50 kbars. The agreement is excellent and

increaees my confidence in this equation of state.

A N Y e ey s e
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T-11 Heat capacity of aluminum at 50 kbars compared
with preliminary data of Stark (unpublished data).
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Poisson's ratio, illustrated in Fig. I-1C, is defined as the ratio
of the longitudinal extension to the transverse contraction of a thin
rod. The zero pressure value of ¢ iz 0.350 and is found to be nearly

independent of pressure up to about 40 kbars where it begins to increase

o
L

lowly to a.value of 0.38 at iOO kbhars. This result is in agreement
with elastic constant determinations up to 10 kbars,ul’be where Poisson's
ratio is found to be independent of pressure. Utilizing the elastic
constant data further, Debye temperatures were calculated. The Debye ©
is found to have a somewhat greater volume dependence than observed here.
The initial value of the Grineisen ratio is 2.50, which is considerably
larger than the therﬁal value 2.19 and the value 2,08 determined here.
Extrapolation to 100 kbars ylelds a Debye temperature 15% greater than

observed here.
Lastly, the thermodynamic functions tabulated in Table I-VII require
little discussion. They show no irregularities which question the
A , L3 . ; ‘
validity of the eguation of state. Slater ~ has discussed the pressure
variation of the thermodynomic funetions of other simple metals. This

discussion applies equally well to the results on aluminum obtained in

this work.
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. Conclusions

The overall agreement of the results calculatved here with other
experimental data is very encouraging. The idea that aluminum behaves
as a simple one electron metal over thé entire pressure range investigated
appears to be well founded. Of course, an exact evalustion of the progedure
used in this work awaits further theoretical and experimental developments.

leasurements of the heat capaciity in this laboratory will certainly aid

5

our understanding of metels under high pressure conditions and help to
verify or nullify the results of this work. Considering the apparent
success of this study, it would be worthwhile to extend this proéedure
to other simple metals, especially the alkali metdls which show large
volume changes and have received a great deal of attention both theoreti-
cally and experimentally. The Debye temperature of lithium should in-
crease from 563° to over 5OOc at 100 kbars. But because of the unusual
behavior of the resistance of lithium with pressure, the Bloch-Gruneisen
theory may not apply at all under pressure.

| Another interesting application of this technique would be the deter-
mination of the change in the Debye temperature across a phase boundary,
thus determining the change in the enfroPy for the transition. A particular
case where this technique is applicable iz the phase tranéition in-tin at '
110 kbars.

In conciusion, the experimental technique described above has proven
to be quite successful in its application to aluminum. The measurements
are quite éasy to perform and a minimam of instrumentation is required.
Because the technique relates two seemingly unrelated topics, electricai
r;éispance to eguation of state, it is very interesting both theoretically

-

and experimentsally.



IT.  EFPRECT OF PRESSURE CN TVHE loSDuAUE SPECTRUM
orF FE57 TN IRON AND NICKEL METAL

A. TIntroduction

The Mossbauer effect has served as an important tool in investiga-
: -

ting the interaction of the nucleus with its enviromment. Although the

Mossbauer effect is essentially a nuclear phenomena, the electronic en-
vironment to which the nucleus 1s subjected plays an important role in
analysié of the results of Mdssbauer experiments.

Although the variaticn of the interatomic distance in the solid may

rcsult in a profound changzs in the VOOU auver spectrum of a given system,’

relatively fow high pressure Mossbaver studies have been reported. High

S VIR IR TS LT i+
)(, T nllg, and. DylGl, have

TJ

¥

pressure Mossbauer studies on
only scratched the surface of experiments which are required to fully under-

stand the relationship of the nuclear parameters to the bulk properties

of solids.

‘In the present investigation, the Méssbauer effect of re”! in iron
and.nickel is studied as a function of pressure. Iron was studied up to
a pressure of 140 kbars, with par ticular interest in the high pressure
phase transition of iron to the hexagbnal phase. Nickel metal was studied
up to 80 kbars, with emphasis on the low pressufe region. The results are

discussed in terms of the relationship of the observed nuclear parameters

to the. bulk properties of these metals.



B. Theory
L. General
Several comprehensive reviews of the Mossbauer effect and its
applications in physics and chomistry are rcadily available in.the

k9, 50°

literature. This discussion is thus limited to a discussion of
. .
{

the Fe57 Mossbauver effect and its pressure dependence. Ie is pro-

r~

duced by the electron capture decay of Co)7 which has a 270 day half-

o . 57 w21 . . P o7
life. The decay of Co to Fe and the properties of the Fe nucleus
are illustrated in Fig. II-1.

Prior to the work of Mossbhauer, gamma ray emission was considered
to be a free atom phenomenn. Conservation of energy and momentum reguire
the emitting nucleus recoil with an energy, ER, given by

E
Ep = __15- : (II-1)
2Me

where Ey is the gamma ray energy, M is the nuclear mass, and ¢ 1is the

speed of light. The difference between the nuclear transition energy,

LSy )

E ; and the gamma ray energy, EH; consists of the free atom recoil energy,

plus a Doppler effect caused by the thermal wveloclty of the emitting.

nucleus. The fraction of the available energy lost to the recolling atom

. . =
is small; for the 1h.L keV gamma ray from the decay of Fe)7, the recoil

[O]

energy is only l.9><lO_5 ev. The energy loss does become significant,
however, when compared with the inherent width of the gamma ray as deter-

mined by the uncertainty principie of energy and time,

(11-2)

%)
.

o

=

T = 1

snere v is the lifetime of the nuclear sbtate, I’ is the linewidth of the

gamma ray, and h is Planck's constant. The linewidth for the 1k keV
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éﬁate of Fe! is h.55x10"9 eV, which is'vgr& mich smaller than the enérgf
loss in nuclear recoil. As’a result, thé gamﬁa ray emission line does
ﬁot overlap the ébsorption line, and nuclear resonance absorption is not
observable. This situation is illustrated in Fig. II-2.

Mblssbauer51 found that when low énergy y-rays are emitted from nuclei

AN .

that are embedded\in a solid with a large‘effecﬁiye Debyé temperature,
@D’ there éxists the possibility:that a sizeable number of the transie =
tions will occur without recoil; This situation érises becausé the
~effective recoiling mass becomes the mass of the whole cryétal.. Thus,

M in Eq. (II-1) increases.by approximately 1023, and as a consequence Ey
is essentially equal to the nuclear fransitionwe?ergy, Eg. The fraction :

k1

of recoil~free events, f, is given.in a Debye approiimation by
. ] i ’ , .

D

I A , Jp .
E L-E@E-R- (§ +( %‘)QI%ZT ), ()
' D 0 e =1

“where T 1s the'tehperature"and k is Boltzmann's éohstant.5o Only those
‘y~ray transitions in which the entire crystal recoils, an& no vibfationql
vmodés are exéifed, wiil poséess essentialiy phelfull'trahsitidn enefgy)
Eye Thus, nuclear resonance is observable if the above conditions are
met by both source and absorber. The particular usefulness of the |

Mossbauer effect lies in the narrowness of the observable 1inewidths..

' The fractional linewidth for Fe”! when compared with the gammo ray energy L

is 3x10‘13. This is equivalent to the statement that the energy of the

gamma ray 1s defined to within titree parts in 1015! Furthermore, the
linewidth is smaller than éharacteristic values for the magnetic dipole
and electric quadrupole interactionsgof nuclei with their surrounding

electrons.
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The resonance condition is observed by applying a relative‘velocity,
v, between source and absorber which varies the enefgy of the gamma ray

by a Doppler shift, AE, given by

OF =

E
v

o<

(11-b)

™~
\

. Aé the relative velocity increases, the resonance condition is destroyed.
The profile of the resonance effect is givehiby‘a LOrehtz_cutve which has . -
the form

o(E) = . @mh
L

Pa

. ‘where o(E) is the apsorption crosé section at.eneréy‘E, r, is fﬁe‘full
:width at half maximum of the ébsqrption line, and om‘ié the méximum.l
52 '
The Mossbaver effect is of particular interest in.thé physical
:  scieﬁce$Ibecause it serves as a delicate probe of small perpurbations‘ :1'"
“‘on:the'energies of the nuclear lévels of source and absorber. The . ”
- energy levels of the.source or absorber are perturbed by the interactish“f ”A 
of the nucleus with the environment. Usuvally the source and absorber o
" environment are not identical because of the possible occurreﬁce of
i) differing Coulombic energie; of source and absorber
ii) - interaction of theznuélear quadrupole moménﬁ with the electric °
._ field gradient at the Qucléus-
: iii) ”;internal‘magneticgfields causing g;Zeeman splitting of .the
" nuclear levels.. | ﬂ
" The result of (i) is commonly calléd thé isomer.ér chemical shift, iv

LY

which is the displacement of the center of gravity of the spedtrum from
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zero velocity. If the ground and excited state charge radii, Rgd‘and

R __, are unequal, the levels experience differént electrostatic inter-
' /

actions which result in an unequal shift of the nuclear levels. The

~isomer ghift between the source and absorber is'given by

\

l o ) ' -~ N

' 2nze” [ 2 2\, \2 2 . N

1.5, = =% (Rex " Rgd) LW(O)abs - 7',/(O)sourceJ . (11-6) i
whered/(o}zbsand w(o)?ource are the electron densities at the nucleus

éf absorber and source, resPectively.5o In a ﬂon-relatiyistic approximation,
the electroﬁ density at the nucleﬁs“is appreciable only for s electrons.

The first syétematic interpretation of isomer shifts Qas made by Walker |

et al.53 Figure II-3 illustrates the graph they h%ve constructed for

isomer shifts relative'to stainless steel for several substances con-

taining Te

configuration of a mﬁterial from Mossbauer data. Shirley has provided an

e#cellent paper on the application and interpretation of isomer shifts.5h
In addition t§ the isomer shift there is a second-order Doppler

effect due to the thermal motion of the atoms.55. The shift in energy

for a unit temperature difference may be written

=(3)- E (x1-7) s

where Cpfis the peat capacity of'ﬁhe solid° This shift is, éf co#rse,
not ohservable ﬁnless source and absorber are at different temperatures.
For Fe57 in iron the experimental shift is 2.lx10-15/°K at room tempera=
ture.55 This amouﬁts to a:éhift of about one linewidéh‘for a differencé
.of 300°K in the temperatu:gs of source and absorber.

vAg energy level with:a nuclear spin moment of’odd half integral I

has an (2I+1)-fold degeneracy 3in a spherically symmetric electric field.

57. This illustration can be useful‘in estimating the electronic .' }
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‘The degeneracy is partlally removed when there is an electric field
gradient at the nucleus, whereby the nuclear level splits into (I+1/2)
components. ' The field gradient, which is the.second derivative of the

potential with respect to the coordinate, is usually expressed in terms

(82V/522) = eq and the asymmetry pnrameter N
. \4\
_ 2 V/aYe PV/xE | (11-8)
) v/az

Using this notatién, the interaction between the nuclear Quadrupole

moment, eQ, and the electric field gradient is given by

a8, = K’I’é‘%%ﬂ' (5m?-I(I+1)> (l . 1]; ‘)1/2. (11-9) :

where the magnetic quantum number m has values I, I-l sesey =L, 0.

When a nuclear level ‘has a non-zero spin, the resultlng magnetlc
moment u,Amay 1nteract w1th a magnetlc fleld, H, arlslng either 1nternally
~'or by appllcatlon of an external field. Under;such condltlons, a nuclenr;
Zeeman effect is observed; The nuclearvlevel is then split into‘(21+1)n
 components éiven by N |

Em-Eo= S | - (11-10)

CHE

[

The selection rules for magnetic dipole radiation are Am

3/2 and

n

proauces six possible transitions.for Fé57 for which iex
Igd-g 1/2. The relative intensities of these lines depends on the
orientation of the magnetic field with fespedt to theiemiséion axis,

wut for a pblycrystalline snecimen'the intensities arékavefaged over a
sphefe. The resulting intensities are 3:2:1:1:2:3 (in the order of in--
creasing energy). The emission spectrum of the'lh.h keV ;xcited state

of Te?! is illustrated in Fig. TI~b,

0, #1. This
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' . magnetic field has been discussed by Marsha1157vand Watson and Freeman.

‘from low telperatures to the Curie point,

- Mossbaver studies of the Zeeman efféct in iron haﬁe shown that the
magnetic field at the nucleus of.Fe57 is large (=330 kilogauss) and in the - -

opposite direction to the ﬁagnetizatidn.56 The origin of the internal

58

There is a small contribution (+ 70 kg) produced by the unguenched orbital,: -

N

angular momentum of the 3d electrons. But the major contribution arises |

from the field proportional to the spin density at the nucleus as a
result of the Féfmi coptact interaction‘. The spin density-arises partl& ;
from the core electrons, therefore, the ls, 2s, and 3s electrons localized
on th; parent. atom and partly from the c0nduction'el¢ctrons.‘ The core |
contribution grises from polarization of tﬁe ls, 2s, and 3s electrons bj

the spin aligned d-electrdns. Watson and Freeman58"havelestimated a core

 'contribution of -350'kg to the hyperfine field in pure iron.~.The-sp{n'

density of the conduction electrons has been considered by Anderson59 and *
Anderson and Ologstrom6o and arises from polariéation produced by exchange. -
interactions with the 3d electrons and byjadmixture with the 3d band. The -

resultant spin density due to 4s electrons may be of either sign. Since

the important contributionsftb the internal field are proportional to the .

mean spin per atom, the field is therefore proportional to the saturation __i
magnetization, o, This can;bé written

H = Ao, -~ . | - © (II-l1)
where A'is_ﬁhe hyperfine coupling constart. In studles of Fe57 in iron - -
61,62 j¢ 35 found that the in-
ternal fieid of Fe57 is apbroximatély proportional to the m.gnetization
over the entire range. Similar findings have been obtained in nuclear
magnetic resonance studies of other pure metals, such as Ni6l in nickel >

; 6l L. 65 :
and Co59 in cobalt.w Benedeko) has shown that small deviations arise



from a slight temperature dependence;of the coupling constant, A. Signi-

ficant deviations from proportionality have beeﬁ observed’in dilutg alloys,

such as Fe57 in nickel,66 Mn55 in iron,67 and 0059 in nickel;68 .Thesé

deviations have been explained in terms of localized Impurity moments.

In other words; there are 1ocalized‘§pin deviations at the impurity atoms
. N

which are coupled either strongly or weakly to the host magnetization.

2., Effect of Pressure on Mossbauer Effect

By measuremént of the Mossbauer spectrum of a source under pressure,
information abéut the volume dependence of the internal magnetic field
and electric field gradient at the nucleus, the electron density at the‘
nucleus through the variation of the iéomer shift, and the ia£tice pro-
perties ﬁhrough the second-order Doppler shift and\recoil-free fraction‘
may be ébtained. 'Aiso; discontinui%ies'in any of these parameters may |
feflect the,occurren;e of a phase transformation,

Hanks69 has discussed the change of the recoil-free fraction, f, with‘ty
pressure. Making use of Eq. (II-3) for the value of f in the Debye approxeef
'imation and the Gruneisen ratio, <y defiﬂed in Eq. (I-11), to describe thevl\“
'&olume dependence of the Debye temperaﬁure,>the ratio f2/fl corresponding ,ﬁV“

to volumes V., and V, is defined by

1 2
T V, =V, | .
Fg = exp l@gTy ( L T 2 ) . (I1-12)
1 ko, 1 : :

Thus, the recoll free fraction increases with. pressure. This was dramatice . -

" ally demoﬁstrated by Stone et al.h8'in a Mossbauer study of Dyl6l in

 gadolinium metal. A Mbssbauer spectrum was not detected at atmospheric
pressure, but a definite effect was observed at 35 kbars. Further evidence -
of the increase in the recoll-free fraction was observed by Panyushkin and

L . )
Voronov 7 in pressure studies on Snll9, where f increased by a factor of

PSR . I
: ;‘;"';lx'ﬁ L) ’
AR S
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three from L atmosphere to 110 kbars. The increase in f yields a value
'for the effective Debye temperature which in principle could be used to
estimate an équation df state in the Debye aﬁproxination, Usually Debye
temperatures determined in Mos sbauer experiments differ significantly
from those determined in thermal measﬁrements. Thus, the equation of\\
state would be qualiﬁative.at best. |

An analogous application of the Mossbaner technique is the study of
the pressure-temperature variation of the second-order Doppler effect,
defined in Eq. (II-7). These results would yield heat capacities as a

62

function of temperature and pressure. Preston et al. "have demonstrated

the success of this application at 1 atmosphere in studies on iron over
: PP P '

N

a wide temperature range. - ‘ : S

The center of gravity of the Mossbauer spectrum is determined by theh,f;“"

isomer &hift and the.second-order Dopplgrvshiftg It has been shown that .-
the effect of pressure on.thé second—ofdeeropplef shift is small, 4 so
that a variation in the center of-gravi%y with pressure is primarily due
to changes in the electron density at the nucleus. . |
The pressure dependence of the intérnal field~will be primarily
dependent on the conduction:electron contribution‘to the field. The
core and orbital contributions are expected to be hgarly independent of
volume, because of their small spatial extent with resbect to nearest |
‘neighbor distanéés.\ The‘coméressibility of the conduction electron
density is probably the séme magnitude as the compresSibilit& of the .
lattice. An increase in’phenconduction electron density results in an
increase iﬁ the'condugtion electron contribution to the field. On the
other hand, compression of the conduction'electron density with~respe§t

to an approximately unchanged core can reduce the effectiveness of the
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core polarization of the conduction electrons. These effects are com-
pensating and consequently it is difficult to estimate the resultant
volume variation of thé internal field. This problem:is further dis-

cussed below in light of the éxperimental results.
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C. Experimental

1. General
The high pressure system was similar to‘that‘described:in Section I..
The hydraulic press used in the MOssbauer studies is capable of maine

taining the load stable to within less than a kilobar over a period of
‘ N

\

several days. This feature was necessary, since individual experiments '

were run with counting perlods up to seven days.

The primary problem in studying the Fe57 M&ssbaver effect is the low
energy of the gamma ray (1% keV). Since 1L keV radiation is attentuated

by approximately 50% in passing thrdugh 30 mils of pyrophyllite, it be-

© comes impractical to use an external source.’ Further problems arise from

incomplete resolution of the 1l keV peak with respect to an intense 8 keV -

x-ray from iron, scattered radiation, and a certain percentage of 123 keV "

gammas which fall electronically into the 1l keV region. These effects

tend to remain unchanged with pressure while the 14 keV radiation is
severely attentuated with increase in pressure, thus reducing the ob-

servable MSssbauer effect. .

Bridgman anvils with l/h ih. tungsten carbide inserts were used. The]~~f;;

anvil taper has been increased to 10 degrees'to improve the counting geoe f:'
metry and to decrease the amount of scattered radiation‘obsérved at the |
detector: Pyrophyllite rings, 1/ in. dismeter, 1/32 in. v&all, and 10
mils high, were:used'to contain the source in the pressure cell.
The‘soﬁrces were rings, 0.18% in. outside diameter, 0.163 in. inside
diaméter, énd 0.007 in. high. These were prepared bygelectrqplating C057\
onto a 1/5 segment of the ring. The rings were then amealed at 1000°C

70

for 2-5 hours. Previously, Nicol'~ used a disc‘sample in high pressure:

. M&ssbauer studies, the co? ! being plated on the edge of the disc.  These



samples were not always successful due to plating problems or because of
excessive diffusioen of the 0057 into the>sample. The disc sample has

- the advantagé of providing a large intensity of 14 keV radiation because
of the lecalization of Co57 near the edge. Invaddition to reducing
pressure gradients in the sample, the'ring geometry has proved to comfA
bine several favorable features. The samplé is rigid enocugh to'handle\
with ease during electroplating, preliminary investigation of the M5ssbauer»»
spectrum, and in loading into the pressure cell. Also, the samplé allows |
for sufficient localization of the pléted material to prevenﬁ any_diffi->b
- culty in receiving sufficient 1k keV radiation through the pyrbphyl}ite
ring. All the samples were machined from rods of approximitely the proper
diameter or punched from T-mil foi;. The 0057 eleétroplating was per-~ .
formed by New England Nuclear Corporation., The amount of Co57 used yaried :
from 2 to 16 millicu;ies depending on the particular experiment. All
samples had é:quoted purity. of 99.999%.

Tﬁe sample fits snuggly inside the gasket and the remaining volﬁme"
is filled ‘.by a 7 mil high pyrophyllite disc. Tdeally, silver chloride ‘
would be used inside the sample ring, but in several test ruhs with silver_i
.chloride the sample always extruded. The sample deseribed is illustrated N
in Fig. II-5. | | ‘

The averége anvil pressure is measured in the game manner as des=
cribed in Section I. Because the resistance of the metallic éamples of..:
the dimensions deséribed.is= too, small (~10-5Q) with respect to the con~ e

tact resistances of the system (~lO"uQ), én exact calibration of the |
sample preésufe is impossible. Thus, the sample pressure is assumed to
be ‘equal to the average anvil pressure. The results of I\Iico]__and.Jura.b'5

on the pressure dependence of the isomer shif't and internal field of Fe57
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in iron indicate that this assumption is‘probably correct. . Using a disc
sample as described above and assuming the average anvil pressure to be
equal to the sample pressure, the pressure dependence of the internal

field and isomer shift were- equal to those observed in two independent

. . . ' 46,71 .
experiments within the experimental errors. x _ . AN

.-
N

2. Mossbauer Spectrometer

There are two distinctly different techniques commonly used in.
M&ssbauer spectroscopy. The first uses a constant velocity drive to
sweep the required velocity inﬁérval. Thus, the MOssbauer spectrum is
traced point'by point by Observing the-intensity of radiation transmittedi?

in a fixed time interval through an absbrber méving.at a constant velocity

with respect to the source. The data obtalned us1ng "this technlque re=- ”.x_if.

quire correctlons dué to source decay and changes in the geometry of the fi]‘
counting system during a given experimentt Additional corrections are |
required'in systeﬁs where line broédgning exists af high velocities.

The 'second and most common technique utilizes a velocity sweep or‘f]‘
loudspeaker drive to obtain the réquired velocities, The velocity in«
terval 1s swept in é short time (~O ol seconds), eliminating the necessity
" for maklng the correctlons requlred in the constant velocity technique.
Both of the above techniques have been used in high pressure'experi--

ments in this Zuaabora.’cor;y.21'5’)+8

pressure cell; fhere may bé significaﬁf changes in the counting geoﬁetry 52?
during the course of an experlment as a result of materlal fatigue and . |
creep in the anvils and sample. In addition, theicountlng system is

always subgect to some electronic drift. Thése cbnsiderations make the

velocity sweep spectrometer more attractive in high pressure MOssbauer

experiments.

Since the source must be contained in the i* -
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Two types of velocity sweep spectrometers are in commoﬁ_use and both
were used during the course of the work. These two methods are generally -
referred té as the "modulation mode' and the "time mode". Fach uses &
multichahnél pulse height anélyzer to. record detector pulses during the
short time used for the veloeity swéep. Since the}counting system andk

\.
N

the drive assembly are common to each apparatus they will be described
first.

av Cbunting Syétem. The counting system employed in this work has been

described in detaill previously7o and-it will be discussed-only briefly
here. A NaI(T1) scintillation crystal 1 in. in diameter and 1 mm. thick
(sﬁpplied by Hafshaw Chemical Cdmpany) is used to detect the lh keV
‘radiation. The erystal is mounted on the face of'a Dumont 5292 pﬁototﬁbé, f"

. selected so that the néise level corresponds to energies somewhat below , 

| the 8 keV x-ray-oftiron. Phototube power is supplied by a Carad H-V

power supply. A'linear amplifier (LRL'MOD VI 3%9499) amplifies the phbto-

. tube output and a single channel analyzer (LRL L4x69537) separates the'lh kev
radiation from the fﬁll spectrum. Tt is noted that the 14 keV peak is not‘»
fully resolved from the 8‘keV peak and a certain amount of higher energy
radiation coming from the intenge 123.kév peak falls electfonically into

vthe‘lh keV région. .A Victéreen Loo chanhel pulse height analyzer is used
to display the yéray spectrpm; the éated output of tﬁe single channel

" analyzer, andvultimately‘the M8ssbauer spectrum,

b. Drive Assembly. The drive.assen.iy consists of three parts; the

absorber, the veloeity transducer, and the voice coil. The system is
illustrated in Fig. II-6, the scale being altered to show the primary
Teatures of the system. The capsule is similar to that used by Nicol70

with the exception of the mechanical support. Previously the moving
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assembly had been supportea by a set of six adjustable wires. Because ofl_'
fatigue in the wires and difficulty in obtaining equal tension in the six’
wires, the résonant frequency of the system tends to drifﬁ with time.
These drifts result in a change of thé velocity écale, thus requiring
Trequent calibra%ion of the system. fhis suspénsion system is also \M\

sensitive to surrounding vibrations that result in significant distortion

in the motion of the absorber. These difficulties led to the use of a

different support system. The wire supports were replaced by fibrous

spider supports, which were epoxied to collars which fit snuggly inside .
the capsule.. These proved to be-much superior, needing no adjustment
and being considerably more stable with respect to vibrations in the

\A

laboratory. : o \

The drive coil ﬁrévides'an acceleration proportional to the current_f _)
passing through it, thle the velocity transducer provides an ocutput |
voltage proportional to the instantancﬁus velocity of the moving assembly.

The linearity of the voltage with respect to the velocity is approximately

1% for a displacement of 1 inch. The assembly is usually operated at

_ frequencies from 12 to 35 cps.

Thevabsorber used in all the high'preséﬁre runs was an 0,7 mil
stain;ess steel foll made'from ifon‘enriched to 91.2% Fe57, The chemical. ;'
composition of the foil is 9.6% nickel, 18..4% chroﬁium, 0.15% carbon, aﬁdlt
71.8% iron. A l-inch diameter section of the fﬁil is mounted in & holder’
which is rigidly attached to the:yoke of the moving assembly.' Thié;ab-
sorber pro?ided a broad unsplit abgorption line., . This broad absorption
line is noét favérable for precise measurement of the ﬁyperfine splitting
and isomer shift, but because the absorber provides a very intense spectrum, |
it is necessary in the high pressure runs where the ratio of 1k keV to

background radiation decreases sharply.
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A second absorber was used for preliminary studies at atmospheric

pressure. This absorber, sodium ferrocynanide enriched in Fe57 and
dispersed in acrylic plastic, provides’a single narrow line close to
the natural linewidth.

c. Modulation Mode.  In.the mobdulation mode, the. transducer- output, .

which 1s proportional to the instantaneous velocity of the absorber, is\?
used to modulate the detectof'pﬁlses from the single channel analyzer .
in such a way that their pulse height is prOporfionél to the velocity;'j
These pulées are then handled by a pulse-height analyzer operating in
the normal analog to digital conversion mode, such that channel number

. is a linear function of velocity. The CRT of the analyzer will display
-a truevpicture»of thg velocity spectrum only if théhsystem‘spent equal
times at(eéch velociﬁy interval during the measufement. This require=.
ment is fulfilled oniy if the analyzef dead time is constant for all
channels and the absorber has a linear velocity wave form. Thus, for
accurate ﬁeasurements,it is necessary to determine‘the time spent in
each velocity ihtervaiqby observing & non-resonant spectrum under the
same conditions used in determining the actual Mdssbauer specfrum. YA. 
M&ssbauer spectrometer operating in the modﬁl@tion mode has beeﬁ-con-
structed previously in this laboratoryTo and was used in this ﬁork.

Briefly, the voice coil is driven sinﬁsoidally through a matching |
‘transformer by & Krohn-Hite Model kL6 oscillator. The output of thé

vélopity tfénsducer is amplified with a Kintel Model ill?amplifier and .

| applied tO:ﬁhe input of a veiocityutonpuisenheight converter (VPHC, LRL
lix9021). The output of the Kintel ampiifier is monito;ed with a Tektronix
Type Z differential amplifier and Tektronix 5k5 osgilloécope. This permits "

the veloeity oscillations to be controlled to within 0.2% assuming the gain
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of the amplifier remains constant. The VPHC also receives square pulses

from the single channel analyzer corresponding to 1k keV radiation transe

mitted through the absorber. The SCA pulses are modulated by the transe

ducer voltage, and accumulated by the pulse height analyzer. The analyzer

data is then punched ocut on paper que for computer data reduction and
curve flutlng. Since the abszorber velocity varies sinusoidally with- tlme,
the spectrum must be normalized as described above. The complete system

is illustrated in block form in Fig. II~7.

The disadvantages of this system are primarily the veldcity drift and

the increased statistical error resulting from the spectrum normalization. -

These problems are particularly important when the intensity of the ob=

l

- served lines is very low which is commonly the case “in high pressure runs.

These considerations leéd o the final use of a time mode M3ssbauer spectro= .

meter in the later stéges,of the work.

d. Time Mode. In this technique the pulse height analyzer is operated in . e

a multiscalar or time mode, in which the channels of the analyzer are se=

guentially opened and closed by an external’signal;_ During the open timé 

;vuhe channel acts as a 51mp1e scalar, accepting pulses from the smngle
channel analyzer. The Mbssbauer spectrum may be observed if the absorber‘: /

velocity is kept in synchronization with the scalar advance pulses. This,‘rei o

is accomplished by using a tuning fork oscillator as a primary frequency

standard to control the tlmlng of the scalar advance pulses, the veloclty:ff'ﬁ

wave, and start pulses which reulnltlallve the analy&er when all channels
have been scammed. The oscillator operates at a frequency of 20 kc and
is étable to within 0.02% over a temperature range of 35°C, The primary
frequency may be divided by two to allow either a 10 or 20 k¢ scalar

advance pulse. The scalar advance frequency is further divided by the
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nmunber of Qhannels to produce a 29 cps sguare-wave shart pulse. This
square-wave 1s then integrated to prodﬁcé a 25 cps triangle wave'ﬁhich
is used to control a_cloSed-loop.Qelocity feédback érive, producing a
linear relationship between channel nﬁmber and velocity. This'system
has been developed and described in some detail by Zane.72 Ideally, &
square wave accelerating force would be used to drive the loudspeaker ™
coll, but experimentally it was necessary to add a small parabolic cor-
rection term to the square wave. This correction term compensates for
the simple harmonic nature of the moving assembly coupled to the spider
supports. The parabolic wave is easily obtained by integration of the
triangle wavg and is automatically synchronized with the rest of the |
system. The motién is quite linear except at the Qértices. The
vertices arecnétiimporﬁaht since they may be made to fa%} outside‘the  ‘
~velocity interval of%interest.' The deviation from linearity has been

estlmated at less than l% by comparlng the observed spllttlngs of Fe57

in iron with literature values.75'

Tt .is noted that a start pulse 13 generated at fhe frequéncy of the
velocity wave, 25 cps. This results in tﬁe accumilation of two Mossbauer
spectra if the scalar advance operates at 10 k¢ or just one spectrum if
operated at 20 kc (for a 400 channel analyzer). This sysfem has then’
been applied in the later .experiments to be described. A bléck diagram

of the complete system is illustrated in Fig. II-8.

_5. Data Anaiysis

T

Rapid data analysis is facilitated by the use of high-speed computers.
More important, computers zllow one to use minimization techniques to
determine the parameters of the Mossbauer spectra, such as line positions,

intensities and linewidthsz. Since there are 14 variable parameters
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Fig. II-8 Block diagram of Mossbauer spectrométer (time mode).



associated with a siﬁ line MBssbauer,spectfum, it is cleafly impractical.
, , ‘

to obtain a least squares analysis of the spectrum by hand calculation.

Immédiate abplication of the data to computer analysis-was facilitated

by the addition of a Tally paper tape punch as a digital output device

of the pulse height analyzer. Using'the Chemilstry Department’s SDS 9lOvﬂ
‘ ) NG

computer or the similar DDP-2L located at the laboratory computer centef;

data reduction could be performed within minutes after a spectrum was

obtained. Such répid analysis is not essential in most aﬁplications‘but

'can provide an iﬁmediate answer when the next step in an experiment is‘

questionable. " o . | |

Because: of the.overlap‘of the broad lines obtained with the stain-

less steel absorber, 1t is necessary to separate the contributions of

the individual lines in order to determine the parameters of the Mobssbauver =

spectrum. This is & tedious task when performed by'hand. Tor each run,

the spectrum was fit with six Lorentzian lines by means of a least squares.

-analysis performed with a program deﬁeloped.for use on either an IBM-709M
or CDC-6600‘computer, The computer program permits the application of
various constraints during the_calcuiation. For ihstance, the value of
any parameter may be fixed; or any linear relationships among the
parameters may be specifiéd.x Thus; the cdmpﬁter can be required to méke'n
the best fit with the condition that the separations beﬁween lines 1 and
2, 2 and 3, b and 5, 5 and 6 be equal. This constraint corresponds to

_ the situation expected for cubic symmetry of the sourée lattice assuﬁing‘

the use of a single line absorber. In the analysis of the data reported

here, constraints were not ordinarily imposed unless the resolution was so

v

poor as to require them in order that a fit could be obtained.
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The center of gravity of the spectrum was calculated from the re-

sultant line positions and -intensities. The internal field was deter-

]
¢

mined from the positions of the two outer lines and the guadrupole
splivting parameter was determined from the positions of the four outer
lines. The veloclty scale is calibrated by determining the Fe57 MUssbauer
. S

effect in iron which has been determined accurately in previous experi=-

. . ‘s —— . . . 6l i) .
ments. The splitting of {the two outer lines is 10. mm/sec. A typical
analysis of a spectrum is shown in Fig. II-9 where the spectrum has been

decomposed by least sguares analysis.
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I‘:Lg IT-9 Mdssbaver spectrum of Fe5 7 in iron at 1 atmosphere. The
spectrum is decomposed into 6 Lorentziars by least squares

analysis.
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D, TIron Bxmeriment

1. Introduction

ron is a material of great theoretical and practical interest

\J

s

7 is one of the best isotopes for studying the Missbauer effect.

and Te

s
ot

- 'r'"]'
Mossbauer spectrum of Fe)'

2

0

in iron metal has becn studied over dx{
wide range of experimental conditions. Thése experiments have answered
& nurber of questionslabout the interactions of the nucleus with the
surrounding electrons and the relationship of these interactions to_the
bulk properties of solids. The presént experiment is concerned primarily
Qith the study of the high pressure phase transition in iron metal.

At atmospheric pressure and room—teﬁperature iron has the body-

\.

centered~cubic structure (bee, a-iron).71F t is férromagnetic up to
the Curie temperatu%e 77060.7h Patrick75 found the Curie temperature to be"
nearly independent of pressure up to 10 kbars. At 910°C it transforms |

77,78 and

to a face-centered-cubic phase (fcc, V-iron).76 Shockwave

79,80

electrical resistance measurements havékrevealed a phase transition
at 130 kbars at '25°C. The phase boundary between Q-iron and the high
pressure phase has been traced as a function of pressure and appears

78,8184

to meet the oy phase boundéry in & triple point. The phase

diagram is illustrated in-Fig. II-10. X-ray diffraction measurements
B 85,86 . | .

at high pressure have shown the high pressure phase to have an

hexagonal.close-packed (hcp) structure., In static high pressure

experiments the transition is very sluggish, sometimes extending over

a range of 80 kbars. The'sluggishness of the transition may result

from s hjgh activation enciegy for the process or because of a small

o . 80
free energy difference vetween the two phases. Stark and Jura = have

applied a current-pulse techrnique to iron and obtained a reasonably'
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Fig. -IT-10 . Phase diagram of iron.
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sharp transformation to the hexagonal phase at 118£6 kbars. This method
is based on the negative slope of the T-P phase line, Therefore, raising

the temperature at constant pressure near the phase boundary results in

ur

[S

a partial transformation of the material to the high pressure phase.

Then, if one phase grows at the expense of the other, it is probably .

the thermodynamically stable phase at that temperature.
Three MSssbauer experiments on Fe57 in iron have been reported.
Ll . o e o
Pound et al. measured the isomer shift up to a hydrostatically applied

pressure of 3 kbar. The relative change in the shift with pressure is

given by
C I8 L 7.98007 (em/sec Jkvar™t - (1II-13)

dpP Y,

or in terms of the relative volume change

—ET%7VST = 0.134 cm/sec. | | - ; : -~ (II-1k)
‘A second experiment was performed iﬂ this laboratory by Nicol and Jura.us'
In this work, the isomer shift and internal magnetic field were studieé
up to.140 kbars. At 140 kbars a seventh line was SuperimPOSed on ﬁhe
normal six linerspeétrum of a-iron: ‘The seventh liné wa.s attributed t6

& partial transformatibn of the a-iron to the'hexagoﬂal phase; Furthér -
attempts to study the spectrum above 140 kbars were unsuccessfuli .In

the most recent iron experiment, Pipkorn et al.ué studiéd the iron

. spectrum to a maximum pressure of 240 kbars.' A seventh line appeared

at 130 kbars and incieased in infensity'with increasing pressure.
‘Correspondingly, the'six line spectrum slowly disappe@red. A pressure

or l70~2OQ kbars was needed to transform most of thé source to the
hexagonal phase. '

The resvlts of the above experiments are all in agreement within

&



the exverimental errors. Toese dsta are compiled and iliustrated in
Figs. II-11 and II-12. An independent check of the internal field
measurements is provided by the nuclear magnétic resonance results of

- 1 Ce s C s s s
Litster and Benedek7 up to 65 kbars. The variation of the internal

ct

field wi
“

h pressure is given by . - "

-

jo4

H o 1.6007 xbar™. - (II-15)

3

Gl

Y

(.

-

x|

This results is illustrated in Tig. II-12. The magnitude of the observed
isomer shift in Q-iron corresponds to a scaling of the 4s wave function s

with volume.h6 In other words, the increase in the Ls density is pro-

portional to the decrease in voiume. This may be writteh analytically

I g (I1-16)

' . .dlnL¢LS(O)]» . : .
. dlnV

\ o , ST 16
The shift of the hep phase relative to the G-phase is ~0.17 mm/sec.
This 1s much larger than is expected on the basis of the wvolume change
(2.2%). Pipkorn et al,u6 have. diséussed the magnitude of the observed
shift in terms of a difference in band structure of the two phases. . The
single‘line of the hcp phase is understood if there is no'aligned localized
magnetic moment on the iron atoms. The four-fold increase in the elec=-

9

trical resistance observed upon transformation to the hep phase’'” suggests

a major electronic rearrangement which may prevent ferromdgnetic Qrdering
in the high pressure phase. It ié noted that unsplit Fe57 M3ssbauer
spectra have beéh observed in ferromagnetic alloy387 and for Fe57 in
'antiferromaénetic chromium.88 Thus, the single line &oes not necessarily
imply thaé the hep phése of iron is paramagnetic.

The present experiment was stimulated by the uncertainty ih.the

nature of the high pressure phase of iron, caused by the extreme



Ref. 45
Ref.46
This work .
—-—--—~ Ref. 44

O
H>4 O +OH

010 l A
\\
\ L

.—bcc phase

( mm /sec)
i
'. ' //_1.
| c(
O—-
|

.
o | i
-0.10~ | | B
| B ~ O - hcp phose
. | : * . .
- | "‘CT‘Q—D%—Q—”
-0.20L___ 1 | | l — ! l .
‘ O 80 160 240
P (kbars)
MU B-12684

Fig. IT-11 The variation of the isomer shift of Fe5 7 in iron with
: pressure. .



~76

.02 | i 1 _ { . { {

Ref.
o o 45
u S o o 46 7
T 7
é,This work
1.0 . T .
& .
o . L~ - ‘
0.98 0 ' e b .-—
: . o T~ g
o) ~d
i ] T o 1 1
0 30 60 20 120 150
P (kbars)
 MUB-12673

Fig., IT-12 The veriation of the internal magnetic field of
Fe?! in ivon with pressure. The dashed line is -
- an extrepolation of the results of Litster and

Benedek. T+



T -

sluggishness oi the phase transition. Utilizing the pulse technique of
1 - - 80. . o . - .' EN Ao Faj 3
cark and Jura, it is feasible to obtain a complete transformation of
the iron to the hep phase at a pressure of 120 kbars,

o S oD ays 4. 1
2. Txperimental -

e Mossbauer spectrometer and éample assembly dre. described.above.
The source used in this work was an iron ring with 16 millicuries of C657
electroplated and diffused 'into the ring. The pﬁlsing system is similar
to that described by Stark and Jura.go‘ Because the M5ssbauer sample

makes direct contact with}the anvils,. the héét leak away from the sample
is éo large the sample temperature cannot be increased to a high value.
Also, the sample resistance of l0~5 ohms is dominated by a contact re-
sistance between thg sample énd anvils of approxiﬁately 10" " ohms. There-
fore, most of the héating occurs alt the contacts. Using three 12-volt
storage batteriés a; a power source, a 1000 amp pulse could be maintained
for several seconds écross the anvils. Alterhativély, up to 20 shorf
duration pulses of the same magnitude could be obtained.

Several MSssbauer spectra were obtainedAup to a mgximum pressure
of 140 kbars. The spectra which have bearing on the following discussion.
are reproduced in Figs. II-13 and II-14, These spectra have been con- -
structed by averaging the TQW'data over nine adjacent channels to reduce
the effect of statistical fluctuations in visual examination of the
. . . f
data. L

3. DResults and Discussion

The spectra ‘illustrated in Figs. II«lé a,b,¢ and d were obtained
at 1 atm, 25, 100, and 12C kbars, respectively. At 120 kbars the inten-
sity‘of_the outer lines is less than 1%. Because of the low counting
rate éncountéred above 100 kbars (1000 counts/channel/hour), approxi-

mately five days were required to obtain each of the illustrated spectra.’

s e b e o s it SO
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The isomer shift and internal field were calculated at 1 atm, 25 and .
100 kbvars. These were in agreement with previous results and given
earlier in Figs. II-1l and II-12,

The spectra obtained after pulsing the iron sample are given in

Fig. II-14. After pulsing at 120 kbars (Figs. II-lka and b), it was *_ /- -

evident that the iron was being slowly transformed to the high pressure

phase. There is a definite increase in the intensity near zero velocity . . .

(~ channel 220):with a corresponding decrease in the intensity of the
six-line spectrum’of ci-iron. Because the transformation rate was slow,
the pressﬁre was increased to lBO'kbars.':The’intensities (Fig., II-lke)
were again extremely low and a full trans?brmatiog was not‘obtained. At
140 kbars the spectrém could'not be separated froﬁ\the.noise leQel dﬁring
a counting period of seven days.' The pressure was then decreased to
! .

120 Xbars. Figures II-14d and e illustrate spectrs obtained after 48
and T2 hour counting periods. The intensities were lower than in»earlier"
runs at 120 kbars, fresumably becéuse of deformation of the anvils atr,f
the higher pressures; *Although the statisticél errors are large, the3fAf-5
48 hour spectrum shows a strong central line, Affer 72 houfs, the o
central line.decreased in -intensity with a éorrespond%ng increase in
the outer linés. A secqnd‘aptempt to study theAspecérqh after decom=
p?ession? from 140 kbars proved unsuccessful, and the experiment wasf"
terminated. | N

The estimated rate cqﬁstant;nk, forfthe transformation qf<hcp-ir6n :;
to G~izon at 120 Kbars is 0,012 hrs™* vhere k is given by the first

order rate eguation,

G, k(byety) T P B
2. 2 (II-17)"
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Jand C2/C1 ié the‘relativevconcentraﬁion,of hcp-ifon at times t2 and ﬁl.
The initial intensity at time zero calculated from Eq. (II-17) is 0.7%.:
4, Conclusions | | ’

Unforﬁunately, the severe.atter"ation of;the 1L keV MSssbauer

radla;lon above 100 kbars prevented the a*ta*nment of the initial ooals
of this work. The results are gqualitative at best, bu they p01nt the. way
to further experiments;‘ It seems definite that the high pressur?_phase

of iron is characterized by a single line spectrum, confirming -the

results and conclusions of Pipxorn et al.u6 The interesting aspecf Qf:
the present work is the ability to study the.kinetics of the high

pressuré phase transition. The MSssbauer techhiqpe has beeh previously

applied to kinetic stu@ies,89 but this is the firgﬁjuse of.Massbéﬁer‘v o

data in high pressu%e kineﬁic studies. To date, veryvlittle data are E

available on the kiﬁeticé Qf high pressure phase transfbrmatiohs. Thé-:;f

activation energ& can be ibﬁnd by stgdying the temperature dependénce ofi

fhé ironltransition. Addition&lly, fhe'pressure dependence of the'rafer

constant may be compared-with present kinetie theory.go TheseAdaté

~ would be extremely useful in furtheringvour'understanding of high

pressure phenomena.

\

The problem of the low 1nten31ty of transmitted 1k keV radlatlon o
with respect to bacxground radiation may be partially solved by'the use
of the recently Qeveloped_solld state detector mystems. thhlumudriftedb
silicon detectors have proven to be highly successful in studying low
energy gamma ray spectra. - It would certainly'be worthwhile to make

further studies of the iron phase transformation with an improved

detector system.



E. XNickel Fxperiment

1. Introduction
M3ssbauer studies of Fe57 in iron have i1llustrated the usefullness
of the Mlssvauer effect in solid state'physics, By studying the volume

. . o .
dependence of the internal field and isomer shift of Fe)( in different

',

v

' environments, we may further understand the origin and relationship of
these nuclear parameters to the bulk properties of solids. Thus, fhe
pressure dependence of the Fe57 Missbauer effect in nickel metal has
been carefully studied to a maximum pressure of 80 kbars.

Nickel metal has the face-centered-cubic structure at 1 atmosphere

and room temperature,TL It is ferromagnetic up to the Curie temperature

L

- .7 . _ N .
360°C. Patrick75 found the Curie temperature of nickel to increase by

+0.35°C/kKbar up to a pressure of 8 kbars. Other high pressure investi-vff'"

gations have revealed discontinuities in the slopes of the pressure co=-
efficient of resistivity (1/P)(AR/Ro) versus pressure22 and in the volume
versﬁs pressure curves.9l These results are reproduced in Fig. II-15{
A discontinuous change in the slope of the pressure~vqlume curve . is
usually characteristic of a second order @hase transition, such as the

Curie or Neéel point in magnretic materials. Similar discontinuities have

been observed in other transition.metals, notably chromium which is anti-

22

ferromagnetic below 38°C. Lawson?gthas pointed out the possibility

that resistivity kinks and compressibility anomalies may be related to

the complicated band structure of transition metals. Since. the  pressure-"-

resistivity anomaly in chromium is related to the antiferromagnetic-

e s g2 R .
paramagnetic transition,”” the possibility of a second order phase transi-

tion in nickel is not ruled out.

7

Y

The MOssbauer effect of Fe in nickel metal has been studied up to

e Tt i e e S 8 19 e P o T 30 Y 8t s e e e
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@& pressure of 250 kbars.g) This study‘was primarily concerned with: the:

very high pressure region above 60 kbars. The internal fleld and lsomer
shift vary slowly with pressure. These reuults are comoareavw1th those :
of the present work in Sec. .II-3. NMR studies of Ni 61 in nickel show a K

Lorge increase in the internal field mlth pressure up £o 7 kbars.9 The ..

~
relative increase in the hyperfine field is_given by‘ ’
] 81107 war™t . (11418)

The magnitude ofwthebinternal magnetic field at O°K,in nickel metél : 
is =90 kgauss,95 compared with a value of\-ﬁhe kilogauss forliron.56’ Th¢_~,f
?alué of H.for Fe57 iﬁ nickel‘is'~28okkgaués.66 Table.iI—I'summarizeé

the data on iﬁternal'fieldé for “the pure me£als andxgiluté alloys of. Fe,
 Co,‘dnd Ni. Tt is nétedvthat in each Qaée the field at the iron nucleus;:.
in a given metai is in every céée'larger ﬁhan the field at‘the hbst :

lattice nucleus. 'This suggests that the field at an iron nucleus is

due largely to its‘own electrons and depends'only slightiy on the host

magnetization. - If it 'is assumed that the core'contribution'tO‘the3interﬁ&l'i{;}‘

" field at the Fe57 nugleus is independent offthe_hoFt lattice; and_the..'
conducéion electron contribution iévindepehdent of the impurity atom, thé”;
conductlon electron contribution to the total fleld may‘be estlmated by a
/obqervxng the 1nternal field at a diamagnetlc ‘atom in the host. The
internal flglds at the Snll9
-26.5, and *16.5 kgauss, respéétively;lOl Adding to thése values the

'  core. contributions 6f‘thé'Fe57.at§mé (-280 kgauss), éontaining’the core
polarizatibn and orbital terms; the resuits.values for ‘the. internal

Tields at 1e57 nuclei in iron, cobalt, and nickel are -568 -306, and -264

kgaussj:respectuVely.yurheSewvaluesﬂareu1n~roughwagreement with. the observed -

Sy

‘ nucleus in iron, cobalt, gnd nickel are -88, :ﬁQEj .
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Tobae Il Mognelle fields in units of 10”
gauss at transition metal nuclei
located in transition metals

fuclel at which

field is measured : Lattice Atoms
Te v Co Ni
Fe - R 3,12° 2.80°
v : 5
co . 3,000 2.20° 1.11°
' o 2.134°
N o 2,528 2.038 0.90"
Ref. 56 .
Ref. 96
. . Ref. 66
Ref. 97
Ref. 98
\Ref. 99
Ref. 100 :

.~ Ref. 95
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field in these metals. Eyidence thatvthe conduqtion electron contribu- .
tion is nearly independenﬁ'of the impurity atom_is'found in résults on
thé pressure.dependence of internai fields in dilute alloys. The pressure -’
dependence of the internal.field should primarily reflecf changes in the
conduction electron contribution to the field. These data have been\\\

collected and tabulated in Table II-II. There is a distinct groubing o

. of coefficients according to host,

2. Experimental'

The high pressure MOssbauer apparatus haslbeen.dgscribed éarlier.
Both of the described spectrometers were ﬁsed in the investigationﬂ The
experimental results on the pressure dependence of the isomer shift and =~
internal field are compiled in TFig. II-16 and II—l?;\respectivelyL Run 1
was performed on a nickel source with 8-millicuries of 0057 electr0platéd
onto the nickel ring. éecause of the apparent peak in the internal fiel&- ‘
pressure curve at 10 kbars, a second 2-millicurie source was studied
carefully up to TO kbars. Again the peak was bresent in the 10 kbar
region. The variation of the isomer shift withApréssure is in good agree-
ment with Drickamer.95 Also, the internal field at 60 kbars agrees with
the results of Drickamer within the experimental error. The initial rate . -

of increase in the internal field was calculated by fitting the data from "

-1 atm to 12.5 kbars to a straight line by least squares analysis. The

pressure coefficient of the field is given by

dé;h =+ 10.2x1077 par~t, (II-19) -

The value of the internal field at 1 atm is 270%5 kgauss. = Similarly, -

a least squares it of the isomer shift data yields

ﬁi%%l = —h.l5X10—5 {em/sec) kbarfl‘.. _ (11-20)
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Table II-II  The pressure dependence of the internal .

fielg H in transition metal systems

Nucleus - Host (dlnH/ﬂP)xlO7 var™t
wot BT +8.81%
co?? Ni | +15.8 &
re | N - +10.2 °
co?? Co ' 6,1 ¢
Fe” Co ‘ +6 d
Cu65 L TFe | . =3.0 e
co?? . Fe | +1.6© ,
re?l Fe 1607

a. Ref. gk

~b. This work
¢. Ref. 6l
d. Preliminary results of author

Ref. 102

Ref. T1
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~90=

or in terms of the relative volume change by

~a(Is) = 0.0789 em/sec . ' ' ‘ - (1I-21)

- Al
Q(V/Vo)

The value of the isomer shift at 1 atmosphere relative to stainless.
.

steel is +0,146%.04k mm/sec. It is noted that the pressure variation.

o 7 !
of the isomer shift for Fe)‘ in nickel is about half the value observed
for Fe57 in iron, while the compressibilities of iron and nickel are

91

approximately the same magnitude.

3. Discussion

In order.to:understand the. pressure-dependence of the . isomer shift

of Fe57 in nickel, it is worthwhile to digresé and review the results on”fﬂ

Fe57vin iron metal;.éIt was mentioned in Secs II-D that the observed
Qolume variation of %he isomer shift of Fe57 in iron is attributed to

a scaling of thé lLs wavefunction with Qolume. This assumés that the'?
nunmber of conduction electrons remains constant and they are unifoery_
compressed upon application of pressuré.' Resistivity-volume data’on
iron shows that the positive volume defivaﬁive of:tﬁe resistance mayf
be attributed totally to aiéhange in the electron-lattice interactioh,
consequently, to én increésé in the Debye temperature, thé nurber of |

103

conduction electrons remaining constant.’ However, resistivity results
on nickel indicate a somewhat smaller decrease in the resistivity with. -

volume than would be expected on the ‘basis of the electron-lattice

e . 2z e o
interaction. The additional resistance may be caused by a decrease

in the number of conduction electrons. An estimate of the magnitude of

the decrease in conduction electron density is obtained from magnetic

K

data. The saturation moment, Ty of nickel decreases with-decreasing
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. - ok
volume by an amount given by

din 03 . '
1 .
— = 40,5 . (11-22)
din ‘
If it is assumed that the decrease -in the saturation moment is caused by

. a transfer of electrons from the conduction band to the unfilled 3d band,

the decrease in the conduction electron density is given by

- dln vg/)_,.c(o)2 1

, = +0.5 S (1I-23)
- dlnv Jhs = 34 _ L '
Thus, assuming the remalning conduction electron density to'be uniformly .
compressed,'thertotal change in the conduction electron density with

volume is given by the sum of Egs. (I1-16) and (II-é3); or -

n

. . |

, dlnw,'/hs(o) ‘ »
et o = “0'5 . ' - (II-QL") .

- dinV “total ‘ S ' -

The volume variation of the isomer shift is then.given by

—a-%%%_ L0.07 anfsce. : H(II(-25)A;..

This result:is in agreement with the experimental result, 0.0789 cm/sec.(
Considering the assumptions made in this calculation, the agreement with .
experiment may be fortuitous. In any case, there appears to be a decrease

in the ks electfon.density which partially counteracts the increase in

- total s-electron density with compression. The isomeir shift does not

show any discontinuity at 10 kbars, but this is not. surprising. Since
the isomer shift is proportional to the total charge density at the
nuéleus,Ait is not expected to be alfected by small variations in the.\v

behavier of the conduction electrons. In addition, the isomer shift
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at a second order phase transition is expected to be of the same
magnitude as determined for iron at the Curie point, 0.0l mm/sec.
" This is well beyond the accuracy in the . determination of the ‘isomer
shift in this work. : _ , : :

57

The initial increase in the magnitude of the internal field of TFe

in nickel with pressure is in agreement with the increase in the field -
at Ni6l miclel in nickel.gu, This result further confirms the importance
of the host lattice in determining the'pressufe dependence of the internal. . .
field. - The pressure dependence of theé internal field may be used to
estimate the variation of tﬁe Curie temperature with pressure.los‘ Since
the internal field is approximately proportional to the magneﬁization,,-
the tempefature dependence of the field may be estimated by the Bloch :
Ti/g, which:describes %he ‘temperature variation of thé magnetizatioﬁ at
IOW'temperatures.7u In terms of the internal magnetic . .field, this is
.written‘ |
H(T)/H(0°K) = 1 .- (T/D)3/2 T << 0O ' (I1-26)

where © is the Curie temperature. In order to correctly célculate the
'change in the Curie temperature from this equation, measuréments of the
prressure dependence of H are reqﬁired at two differeﬁt temperatures.
Sinéé thege measurements are not available in the case of niékel, it
is‘suffiéient to appréximate ﬁhe chanée in the Curie temperature with

- pressure by the expression

e 2 aimH A .
¢ ~ 3 Tap v S _.(11527)';<

" ol

U N 6L U :
Using the reported value of alnh/dP Tor Ni in nlckel9r given earlier,

the calculated increase in the Curie temperature is 0.57°K/kbar compared

with the observed vaziue of 0.35°K/kbar.75 This resuit indicates the

[RNSERREREE S e
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validily of the gobove assumptlons and illustrates a useful application-
of high pressure Mossbauer data in solid state physics. The ‘observed
peak in the internal field at 10 kbars is unexplainsble at this ﬁime,
Compressibility and resistivity data indicate that the peak is charac-

teristic of nickel and nct the FeST;nickel system. A similar peak-is

observed at approximately 75 kbars for the internal field at Fe57 in- "
93 + . . 165 .

cobalt., Also, on the basis of NMR results, Anderson has suggested

he possibility of a maximum in the Curie temperature of cobalt., A

similar meximum might be observed in nickel on the basis of the present

results.

k., Conclusions

The above results illustrate the usefulness bf Mossbauer effect :
studies in understanding the coupling of nuclear parameters to the‘bulk
properties of materials; The techhiqussapplied in this work éfe easily
applic%blevto other MOssbauver experiments. Several experiments‘are of
direct interest with respect to the above results. TFirst, furthef
measurements of the bulk properties of nickel are required from l‘atmoé—A
phere to 20 kbars. These data might answer the question of the origin
of the observed anomalies at 10 kbars. Second, MSssbauer measurements
of;-Fe57 in cobalt with an emphasis on the low pressure régidniare re-
quired in order to confirm thé importance of the host lattice in deter=-

mining the pressure dependence of the internal field.
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