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'EFFECT OF HIGH P:'t:~:::sUJ\.E ON TilE PROPEHTmS OF SOME METALS 

Donald Louis He.imondi 

Inorganic ;.~at(~r'L:.t.1 ~; :t~c:oearch Division, 
La•~:rencr: T~:v] ·L:Lt:i.on L:.1boratory, 

Depm·tmrmt •Jf' C.hcmistry 
University of Californ:La,, Berkeley, California 

ABSTRACT 

SerJtember 1966 

An equation of state for aluminum to the D2bye approximation has 

been obtained from the determination of the Debye temperature, 8, as a 

function of pressure from 0 to 1.35 kbars. The variation wo.s determined 

by use of the Bloch-GrUneisen equation in fitting experimental resistance-

temperature data at various pressures. TI1e zero pressure thermodynrunic 

properties of :J.luminum calcu.lated from the equation of state agree quite 

1vell >-rith the corresponding observed quantities. It is found that the 

G:r\ineisen ratio, -dln8/dlnV, is a linear function of volume at pressures 

above 40 kbars. An analytical expression which approximates the observed 

volume dependence of the Debye temperature is given by, 

-1. 786V/V O 
e e = 395 

The effect of high pressure on the M'o"ssbauer spectrum of Fe57 in 

iron was studied to a pressure of 140 kbars w·ith particular interest 

in the transition of cx-i:ron to the hcp phase. Because of the 101-1 inten-

sity of the observed Mossbauer Unes, the results are qualitative. A 

current-pulse technique 1ms ·applied to the iron at pressures of 120 kbars 

and above, but a sharp tntnsi tion was not observed. It· ·Has found that 

after clecompression from J)l-0 !:b.:-tr.s to 120 l~bars, the transformation of 

hcp~iron to a-iron could lK· follO"t!ecl kinetically by measurine: the decrease 

in intensity of a strong sin~J.c line characteristic of the hcp~iron and 
' -· 

correspondinc;ly, the increase in the intensity of the normal six line 
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spectrwn of o:-iron. The estimated T3te constant for the tr::tnsformation 

.t:'b' t ' il"()'-1 "'l9,-,°K·'-00'2h-l O.L cp-1ron o 0:-1ron a; ~ :uars .:ma c. o J_;;; • J_ r . . 

In order to better u:oderstand the interaction of the ferromar.::netic 

i;ost w·ith an impurity o.to:n ~ n : .. d:i.J..ute r:tlloy, thr::: JVrJGsbauer spectrum of 

Fe57 in nicl~el metal ':!D.S studied to 80 kba.rs. A penl-< in the internal 

field at the Fe57 nucleus wa.s observed at 10 kbars, foll0\1Cd by a slow 

ci.ecrease up to 80 l<::ba:cs. The ini tia1 increase of the internal field 

\·r:i.th pressure is e;iven by 

dlnH -4 -1 
== 10.2 X .10 kpar 

dP 

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

by 

d(IS) 
dP 

4 -5 -1 . -1 
= - .l5xl0 em sec kbar . 

These results are discussed as they relate to other pressure studies 

on the propertie's of pure nickel and iron . 

.,.. 
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I. .AN EXPE.I\HTI.';NTAT. EQ,UATION OF STATE FOR ALUJ'.-1J':l\TUM 

A. Introduction 

An accurate determination of the equation of state of a substance 

is probably the most basic physical problem confronting the experiment_al-

ist today. As theories are advanced it becomes ever more necessary to 

complement them '~"i th accurate data vii th ,.,hich they may be tested. In 

addition, precise k.nm·rledge of the behavior of m'3.terials under the 

extremes of temperature and pressure is essential in complex engineering 

problems. Despite the importance. of this problem, relatively little 

equation of; state data are available for solids. 

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

l' 
determination of t~e pressure-volume-temperature .relationships of solids, 

I 

the shock technique was the most w·idely ap;plicable technique for the 

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

ments decreases rapidly below 100 kbars for most materials and thus most 

of the available equation of state data have been obtained above 100 

kbars. 
2 

. It is certainly desirable to complement the shock data w·ith 

direct determinations from l atmosphere to a pressure above 100 kbars 

using static high pressure techniques. 

Several static techniques are available for the determination of 

an equation of state. Piston displacement methods are generally applicable 

to materials. that show· large volume changes with pressure and have thus 

been applied to studies of the alkali metals and solid rare gases.3 

Elastic constant determinations yield very precise results but to date 

the.experimental difficulties above 10-15 kbars have not been mastered. 
·, 

It 
Anderson has performed the mo;;t corrrprebensive investigation of this 
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problem in his wor1<. on silica. X-ray diffraction methods promise to 

provide an easily applied technique, but have not been used ·to date 

for equ.at:Lon·of state:i.nvestigations. Because high pressure vesnels 

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

not applicable. Calorimetry has been· applied only to solid helium5 and 

solid hydrogen6 to a fe'-'1 ldlobars. A nevr high pressure hea.t capacity 

techn:i.que developed in this laboratory by Stark and Jura 7 promises to 

open up a nevi field of research possibilities for the determination of 

equations of state. This technique consists of measuring the heat 

capacity of metallic wire samples under high pressure by a current pulse 

technique similar to that used by Wallace et al. 
8 

at atmospheric pressure. 

In the present work, the heat capacity and thermodynamic properties 
'. 

of aluminum are determined to the Debye approximation. This is accom-

plished by deterrp.ining the Debye temperature of aluminum by application 

of the Bloch-Grlineisen equation to resistance temperature measurements 

on aluminum. The Debye temperature of aluminum increases from_395° ·at 

\ 

l atmosphere to 485° at 135 lcba·rs. 

• 1'. 



B. Theory. 

l. General 

The equation of state of a solid 

P == P(V,T) (I-1) 

may be derived from the Helmholtz free energy A, where A is defined by. 

the thermodynamic identity 

A = E - TS, ( I-2) 

anu the pressure by 

( I-:-3) 

Now we may write approximately 

* A = E
0

(V) +A (T,V) , . ( I-4) 

* \ 
where E0(V) is the internal energy at 0°K and A (T,V) is the contribution 

of the lattice vibrations to the free energy. The expression for the 

pressure is then written 

* P(V,T) = P0 (v) + P (V,T) (I-5) 

P0(v) is the pressure needed.to obtain the volume Vat absolute zero, 

* and P (V,T) is an additional thermal pressure due to lattice vibrations. 

In general, these terms are very difficult to calculate from first 

principles. Bernardes and S\venson9 review the theory .and recent pro-

gress in the calculation of the equation of state. We nrust know the 

vibrational spectrum of the lattice and its variation with volume. The 

simple assurtJption that all the vi}national frequencies are· changed in 

the same manner by a change in volume leads to the Mie-Grlineisen equation 

10 of state 
' 

dE0 * 
P = - dV + ~ E (V,T) , ( I~6) 

where 'Y is the Grlineisen ratio -d-escribing the volume variation of the 

vibrational frequencies and defined by 
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dlnv. 
1 

'Y = --.,..-=-= dln V 

·Y.-
E (V,T), the thermal energy, is given by 

* hV,· 

E ( V' T ) = L: --,h,_v-. ....;..Jr.-i~..,.,T~ 
i ). ' e -.L 

(I-7) 

(I-8) 

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

ratio in terms of measurable thermodynamic quantities. This expression· 

-(oV/oT)PV 

'Y = cv( dvjdP)T 
( I-9) 

is known as Grlineisen' s la:w. It allo·ws one to evaluate 'Y from k!lown 

values of the heat capacity (CV)' thermal expansion (~ovjoT)P)' and 

compressibil~ ty (- V< dV joP)T). Barron
11

,
12 

has extended the Born-von­

Karm~n theory to an essentially exact calculation of the Gruneisen ratio 

for a few· simple models. His results show· that the Grilneisen law is 

' ' 
invalid at low temperature, but applies quite well p.bove 0.38. 

A specific case of the Mie-Grtineisen equation of state mar be de- .. 

rived if a model is assu.:ned to describe the thermal energy. Assuming 

a Debye model for the lattice spectrum, we have the Debye equation of 

state 

' 
( :t-10) 

where (E-E0 ) is given by the appropriate Debye integral and 'Y is now 

given by 

(I-ll). 

where 8 is the Debye temperature of the solid. Equation (I-10) is then .. 
a single parameter equation of state. A knowledge of the volume dependence 

I 

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

volume isotherm to completely sperc::ify the equation of state of the system. 

Ordinary 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 eq,uation 
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of .state. !In independent technique· is the determination of the Debye 

temperature from resistance-temperature data, by application of the 

Bloch-Gnmeisen tbeory13' ll+ 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 

Tl p s , "d 15 1eory Oi o_~.:L s. 

2. Resistivity of Sj_mple Metals 

Although there has been a q_ualitatj_ve understanding of the elec-

trical resistivity of metals for some time, no precise quantitative theory 

has been developed which can explain the electrical properties of even 

the simplest metals. Ziman16 points out that at pr~sent theoreticians 

are just beginning to understand how· to calculate the electronic trans-

port properties of very simple metals at their normal volume. 

According to the classical model of an electron gas, electrons move 

randomly·with a Maxwell-Boltzmann distribution of velocities. On , 

applying an electrical field E the electrons acquire .a drift velocity, 

~ 

limited by scattering processes, vrhich provides a current density j. 

App~ying simple kinetic theory, the electrical resistivity is then 

' 
( I-12) 

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

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

electronic charge and mass, respectively. Tl1is is also written in terms 

~f a mean free path, 1, 

p mv 
""2" ' nc 1 

(I-13) 
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where v is the mean velocity of the electrons. Replacing the classical 

electron gas by the Fermi gas, one modification is required. Since only 

electrons at the top of the Fermi distribution may be accelerated in an 

electric f1eld, the value.of vis approximately constant and equal to 

vF' correspondinB to the Fermi energy, vlF. Thus, changes in electrical 

resistivity lvith temperature depend primarily on changes in the mean 

free path. 

The mean free path of electrons is limited by scattering processes. 

The two main types of electron scattering for sin~le metals are phonon 

and impurity scatteri:11g. The expression "simple" is used in eeneral to 

exclude trans:Ltion metals. The electrical resistivity of transition 

metals is complicated by scattering into the unfilled d-band. To a 

. good approximation phonon and impurity scatter:Lng are independent and 

their associated resist~.vity contributions may be added. This is Jmown 

as M~theissen's rule. l7 

a. Phonon scattering. At lovr temperatures (T << 8) the interaction 

between an electron and a phonon is 1-1eak. In other words, little energy 

is exchanged in an electron-phonon collision and the electron is scattered 

through a small angle. This is seen by considering a single ~ollision 

' and comparing the relative magnitudes of the electron and phonon momenta, 

p, or their respective k vectors ·where 

2lT 
lt;. = T .. (I-14) 

From the Debye theory of specific heats we have for T < 8 that the . 

dominant lattice vlavelength, \, is of the order of (2aB/T), v:here a is 

the lattice constant. For si;~l.e "one electron metals" where the con-., 

duction band is he1.lf-full tbe vcGue of the k-vector at the Fermi surface 
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is approxim:;ttely 7i/r~. Thus, the r;.verage angle ¢ through which an eJ:ec-

tron is scattered by a phonon is given by 

¢ ::: ~~(:phonon) ;..; T'e 
k(clRctron) I' • 

( I-15) 

Now, from a statistical tr·~atment the ·effective mean free path, leff' , 

associated w-ith the drift of electrons in. an electric field is 1/(1-cos¢) 

times the average path 10 between small angle scattering collisions when 

there :i.s no applied electric field. For T << e, this may be written 

1 
lo 10 

( I-16) eff = (l COS(/)) a:~ - T 

If each electron-phonon scattering process is considered to be a purely 
\ 

random scatter:i_ng proce.ss the. mean free path of electrons between small 

angle scattering col~isions is then inversely proportional to the density 

of phonons. At low· temperatures the phonon density is proportional to 

~ and thus leff is given by 

.( I~l7) 

Now as the temperature increases the scattering angle increases and the 

effe?tive 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 

pphonoB a: T (T ~e). ( I-18) 

The linear and fifth povter tempera.tcu·e dependency of the resistivity 

at the high and low temperatm·e limtts are well Jmovm experimentally. 

'.Lhe "T5. law" is a characteristic quantum effect comparable w·ith the ~ 
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la,,r in the theory of specific heats. 

. 13 •. 14 
Bloch and Gruneisen· · have independently derived a theoretical 

expression for the resistivity of simple metals. 'l11is equation assumes. 

1) a monovalent metal w·i th a spherical Fermi surface, 2) a simplified 

mech-::J.n:Lsm for the scattering processes~ and 3) a Debye model \~i th -. 
· ..... 

te~~eraturc parameter, 8, to describe the vibrational spectrum. It is 

called the Bloch-GruJ1eisen la~or and is 1o1ritten 

Pphonon (I-;19) 

The parameter A contains volume dependent terms characteristic of the 

metal such as the Fermi energy, effective mass of the: electrons, and a 

scattering parameter.·:. The Bloch-Grlineisen law· reduces to 

( I-20) 

( I-21) ,, 

In actual practice, the absolute values of the resistance are not 

accurately given by Eq. (I-19), but the relative resistances as a func-

tion of temperature derived from this equation are ·in excellent agreement 

vrith those obtained from experiment. An often reproduced graph of the 

reduced resistivity of a number ol metals versus reduced temperature,. 

T/8, .-is illustrated in Fig. I-1. The optimum value of the Debye 
f I 

temperature to be used here may differ somewhat from the value deduced 

from specific heats. Table I-I compares Debye 8 's determined from 

specific heat data near room temperature vii th those determined from re-

sistivity data for a fevr metals. 
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0.2 0.3 
T/ e 

~ . 

0.4 0.5 

M U B ·12683 

Fig. I-1 Temperature variation of· resistivity of yarious 
metals compared vrith the :Sloch-Griineisen equation 
(after B·l~decn18). 
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Table I.I Debye ~emperatures determined by 
resistivity, ~' and speci:fic heaJ.it;s;, 
A_ I ,-, -" J.O \ . l;t_J.f ~ nC .1.. / ) 

He tal 8 
R 

e 
D 

Li 363 352 
Na 205 157 
K 116 100 
Rb 58 59 
Cs 45 43 
A1 395 393 
Cu 333 342 
Ag 223 223 

Au 175 165 
.\ 

Sn 210 200 
Pt . 235 234 
Pb 89 87 

" ,, 
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b. Imnurity scattering. The presence of impurities provide static 

scattering centers which limit the mean free path of electrons to a 

constant value at very low temperatures. The temperature at which the 

impurity or residual resistance becomes appreciable with respect to the 

total resistance is dependent on the concentration and nature of the 

impurity atoms and on the specimen history. Mechanical deformation and 

thermal treatment may have a large effect on the residual resistance. 

Usually impurity effects are not important above a temperature of 8/30 

for reasonably pure specimens (> 99%). Many metals exhibit a resistivity 

minimum at very low temperatures (~4°K). 20 This phenomena has received 

a great deal; of attention, but to date there has been no satisfactory 

explanation, although it appears to be associated with impurities. 21 

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

stand the application of the bloch-Gruneisen theory to metals at high 

pressures, the effect of pressure on the electrical resistivity is 

discussed. Pressl.U'e effects are divided into four categories. First, 

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 

is evidenced by the unusual behavior of some of the alJ\:ali meta1l
2 

and 

the transformation of bismuth to a semiconducting state under pressure. 23 

But for most metals the primary. cause of the change in the resistivity 

·'\vi th pressure is the change of the electron-phonon interaction. Assuming 

the lattice resistivity is given by Eq. (I-21) in the high temperature 

limit, the variation of the resistance '\vith volcune is given to a first 

approximation by 

( I-22) 

\·rhere 'Y is the Grli.'1eisen ratio. Since 'Y is positive, the resistance 

decreases with decrease in volume or increase in pressure. This is 

generally the behavior of most metals. It is understood in simple terms, 

by considering that the increase in pressure increases the. maximum allow-

able frequency of the atoms. Since there are only 3N possible modes, · 

there are fewer modes excited at any given temperature. In the high 

temperature limit (T 2: 8) the resistivity is proportional to the density 

of phonons and thus decreases vlith pressure. Lennsen and Michels
24 

considered the volume dependence of the resistance somewhat more elaborately 

and 'found. 

l ' 
3±l.(T2:8). ( I-23) 

The dependence of 'Y is again dominant. This expression has been tabulated 

in Table I-II and compared with the experimental data for several metals •. 

'J.'l1e only conclusion to be c1ra'\oJD from such qualitative studies is that 

metals not obeying Eq. ( I-2;5) a:re certainly not free-electron lil<;:e. It 
·, 

i::; interesting to note that in contrast, lithium gives a reasonably good 
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Table I-II. Go:npa)~:L::;on of J~q. ( I-23) -vii th 
exper:Lm,mtal values of 
(dlnR/cUnV). (Ref. 23) 

Netal Eq. ( I-23). ( tl:LnJ\ \ 
dlnV)observed 

Li 2.3 ± l -9· 9 
l'Ja. 2.2 3.2 
K 2.4 4.8 
Rb 2.7 3.4 
Cs 2.4 1.6 
A1 4.4 3.1 
Fe 3.3 4.0 

· Co 3.7 1.7 
l'Ji 3.8 3·5 
Pd 1~. 3 4.0 

\ 

Pt 4.9 5.1 
Mo 3.1 3·5 
Ta 3.3 3.3 
w 3.1 4.0 
Pb 4.9 5.6 
Cu 3.8 2.6 
Ag 4.6 -3;6 
Au 5.9 5.1 

\., 
'·· 

" ' 



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

-with tbe experimental do.ta does not even agree in sir,n. Similar diffi-

culties arise i·.rith other metals. 

The. ei:'fects of pressure on the residual resistance has been dis-

. 25 
cussed by Dugdale and Gugan. In general the sign and magnitude of '-.. · ., 

'', 

the effect again depends on the type of impurity atom. The effects are 

usually small, but very few experiments have been performed. 

Because of the complexity of the :resistance process, resistivity 

measurements as a function 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-resist.:mce, and de Haas van Alphen effect. Unfor-

tunately, these measurements are extremely difficult to perform under 

pressure. Fbr a more complete analysis of the effect of pressure on 

the electrical re'sistance, see Law·son' s
22 

review article. Another 

. . t. l b p 26 . ff t th 1 t . 1 rev~ew ar ~c e. y aul exam~nes pressure e ec s on e e ec r~ca 

properties of metals in general. 

The preceding sections have presented a technique for determining 

an equation of state in the Debye approximation. Debye temperatures may 

be determined from resistance-temperature data by application of the 

Bloch-GrUn.eisen. equation. ··This data need only be combi_ned with a single. 

pressure-volume isotherm to completely specify the equation of state. 

Bridgman h~s supplied pressure-vslume isotherms for most metals. Applica­

tion~·of thk Bloch-Gruneisen. equation to aluminum at l atmosphere results 
; . 14 

in a De bye temperature of 395 o, vlhile other values range from 385 o to· 

411°-. as determined by specific heat and elastic constant data. l9 If it 

is ascumed that aluminum continues to behave as a one electron metal 
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upon application of pressure this tecbnique 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 }<;:bars J which 

results in about a 12% decrease in volume. 

\ 

f . 

•-:., 
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C. Experimental 

High pressures are obtained in this laboratory by the application 

of the force of a large hydraulic press. to a set of opposed anvils. 

The opposed anvil system is based on Bridgman's principle of massive 

support,27 whereby only a small portion of the anvil is used for bea~ing 

the total load of the press. T'ne additional bulk outside the anvil 

faces support the load bearing face and prevent breakage. In addition, 

the load bearing portion of the anvil consists of cemented tungsten 

carbide inserted into the anvil jacket under high pressure. A typical 

set of Bridgman anvils is illustrated in Fig. (I-2). The dimensions of 

the anvil set may be altered according to the particular requirements 

of the experiment being performed. One-half inch anvils were used 

throughout this investigation. 

Sample w2res were made from 3 mil aluminum foil cut into 0.2 in. 

diameter circular hoops and annealed at 200°C for several hours. The 

aluminum foil ·was obtained from American Lamotite Corporation and found 

to be 99-95% pure by spectrographic analysis. 

In order to provide a nearly hydrostatic medium for the transmission 

of the anvil pressure to the sample, the wire hoop is embedded between 

two silver chloride discs. Silver chloride has been found to transmit 

pressure nearly hydrostatically.
28 

Since there are small radial pressure 

gradients present in silver chloride, circular sample hoops concentric 

w·ith the anvil center are used to minimize this effect on the sample. 

T'ne wire-silver chloride sand1o~·ich is retained between the anvils 

by a pyrophyllite (A12 Si4o121~) gasl<et. · The gasket is coated with 

finely divided iron-oxide (Fe2o
3

) which increases the friction between 

the anvil and gasket helping to prevent a sideways extrusion of the 

·•'. 

. .; 
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r-- Anvil cHam 4"1 
~~~--------------------~ 
I 'i '·.,"''"''rt .~.n..;;;..;;u 

~ dk~fii 
I~" 1 (-i"--j 

\ 

J l V/ 
~f.L_~ Anvil l 
j_ -~v 

Sample cHam 7r··~,) ..::-,.---; 1
: :rhe. rmocouple lead 

1
11 

3' 111 
, ~i • 2, a or 4 l . . ~ ---Potential 

Steel j Steel lead 
l ~· 
' i I• 

~L~i 

I " 
2 
t 

Carbide 

Steel 

Current lead 

MU-33473 

Fig. I-2 A schematic diagram of Bridgman anvils. The schematic 
illustrates the placement of electrical leads for making 
resistance measutements • 

.. 
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sample ... 

For resistance mee.surements contact between the anvils and sample 

is obtained through gold }Jlugs inserted into small holes drilled in the 

silver chloride discs. Ordinarily the resistance is determined by 

applying a constant current across the anvils and measuring the corre:-
',, 

spending potential 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 approximately 2 

milliohms at, 77 6 K, the contact resistances must be eliminated. Tnus, · 

a f6ur-lead technique described by Stromberg and ;ura
29 was applied. 

Potential leads consisting of 5 mil molybdenum w·ires 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 

indicated are those used throughout the investigation. · · 

Resistance measurements are performed by applying a constant current . 

across the anvils and observing the potential drop across the sample 

w·ire. The constant current power supply yields constant current betw·een 

5X 10-
4 and 3 amperes. The voltage was measured with a Model 149 Keithley 

milli-micr,ovoltmeter. in conjunction with a Speedoma.x two-pen recorder. 

Sine~ it was desirable to ()btain resistance data to the lowest 

possible :·temperatures, a technique for pumping on a :l_iquid nitrogen bath 

••as developed. This extended the lm·rest teTilJ:1eratures obtainable •~i th 

the high pressure apparatus from 77°K to 65°K~ Because .·of the large ·. 
mass ofimetal (~150 pounds) that must be cooled, 50-75 liters of liquid 
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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 6
K. In 

order to maintain the very slow warming rate required for precise equi-

librium resistance measurements, heavy copper blocks fit snuggly around 

the anvils a.nd back up blocks. In addition to preventing a rapid warm-

up, the copper block~ keep the top and bottom anvils at nearly the same 

temperature. \vithout the blocks, a 20° temperature grGdient develops 

betvreen the top and bottom· anvil as the liquid nitrogen evaporates. With 

the copper blocks the temperature gradient may be kept at a maximum of 

0 2 tmd usuBlly less. The temperature was measured with copper-constantan 

thermocouples welded to the anvils as near to the sample as possible • 

. _The temperature of the sample was taken as the average of the top and 

bottom anvil. The thermocouples were calibrated at-77.4°K and 194.7°K 

with respect to a junction at 0° C. In· order to account fo·n small thermal 

emf$:: that develop across the sample, the voltage across the sample is 

taken as the mean value as measured with the current in opposite directions. 

The average pressure on the anvil face is measured with a load cell 

consisting of a wire coil vrhose resistance changes with pres sure in a 

knovrn manner. The coil resistance is measured with a Baldwin-Lima SR4 

bridge resulting in a measurement of the average anvil pressure to an 

accuracy of about 1% assuming the load cell has been calibrated properly. 

The oil pressure, as measured by a Heise gauge, is t~ed in conjunction 

with the load cell but is accurate to only a fevr percent. In order to 

_prevent the load cell from being, cooled significantly by heat conduction 

to the cooled anvils, several bakelite blocks separate the load cell from 

the cooled anvils, thus maintaining the load cell temperature nearly 

constant. 
·. 

The actual pressure of the sample wire is knovm from calibrations of 

the san ple 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. Tnese are the I-II transition at 

25.5 l<:bars and the VI-VIII transition at 88 kbars. Based on these fixed. 

points Montgomery et al. 
28 

have established a pressure scale to 125 kbars 

in a geometry qui t.e similar to that used in this work. The experimental 

error in the pressures reported here is not known, but it is expected that 

the pressure scale is accm·ate to about 5% up to 100 kbars. 

With the above techniques, resistance-temperature data were obtained 

from 65°K to 300°1<; isobarically from 25 to 135 kbars. Several resistance_;· 

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

pressure isotherms given in Fig. I-5· 

\ .. 

'··. 
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Fig. I-4 Resistance-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 De bye e. 

The first error concerns the magnitude 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 

t . t d f k 1 f . . 1 l 1 . 1 30 .,.,as es lma e rom nown va ues o slml ar y pure a umlnum samp es. 

Typical values of p4ojp
300

o range from 0.001 to 0.002. Assuming the 

pressure dependence to be small for these samples, in accordance with 

the results of Dugda,le and Gugan, 25 application of the correction to the 

observed resistances raises the Debye 8 which best fits the data by about 

one or two degrees. 

Secondly, it must be pointed 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 which 

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

resistance (R ) is given by, 
p 

(I-24) 

where ~ is the Gruneisen ratio, and a is the thermal expansion, 
.. 

Application of this correction lrnvers the Debye temperature 

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

dependence of ~ and a requires a prior knowledge of the equation of state, 

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

and since the correction may be applied accurately only if the equation of 
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state is already known, th0 ·constant pressure data is fit directly to 

Eq. (I-19). It is intere.stine to note that the two errors discussed 

have about the same magnitude and tend to compensate each other. Thus, 

unless the residual resistnnce increases sharply with pressure, these 

corrections have a negligible effect on the results. 

" Using the Bloch-Gr\ineisen equation, it vTould. be desirable to cal- · 

culate the Debye temperature from the asymtotic relationships obtained 

in the limit of high and l0\-1 temperatures. Because of the limitations 

imposed on the lowest temperatures attainable with the present high 

pressure apparatus, it is not possible to reach sufficiently low tern-

peratures to observe the fifth power dependence of the resistance. 

Because of this difficulty the expe_rimental resistance data must be fit 

.. . 
to the Bloch-Gruneisen equation. 

Equation ('I-19) has been tabulated at increments of O.OOl in 8/T 

from 0 to 10 by numerical integration on an IBM 7094 computer. From 

these results a table was constructed of G(8/T) (value of Eq. (I-19) at 

8/T) versus T and e. The 'technique for choosing the best 8 for a particular .. · 

isobar is simple. First, several e's are chosen ~t 5° intervals about an 

estimated e for the case. Then r·educed resistance curves derived from the 

tables described above are calculated choosing both a high and a low tern-

perature fixed point. The resulting tabulati.ons are then compared with 

.the experimental resistance data and by a suitable minimization procedure 
' 

the best 8 .,chosen. Usually the h;i:gh and low temperature fixed points gave . 

. · .. 

values for e separated by a few degrees from which an average is taken. · · 

Figure :t.::6·' ~llustrates a typicnl fit of the experimental data using a low 

temperature fixed point. The plotted data are the devio. ti.ons from a curve 

assuming ia De bye e of l.~35°. The resulting P-8 curve is shown in Fig. I-7. 

.. 
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Fig. I-6 . A typical fit of the experimental data using 
a low temperature fixed point. The deviations· 
from an ideal resistance curve derived from Eq. 
(I-19) (8 = h35'0) are plotted against temperatute~ 
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' :Fig. r.:.7 Debye temperature, 8 , versus pressure for aluminum. 
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The zero pressure value of 395" for 8 was obtained from previous resistance 

measurements. 
14 

The flags indicate an estimate of ±5° in the accuracy of 

the fit considering the experimental errors. 

The .required pressure-volume isot.herm ',·Jas obtained from a combina-. 

tion of results obtained by Briclgrnan,3l .Ja.mieson,32 and v!alsh and Chris-

3" tian. J This vras necessary because of discrep:mcies in Bridgman's 100 

... , 

kbar data. Since the pressure-voJ.ume data extends only to 100 kbars the 

equation of state is valid only to this pressure. Hm·1ever, the Debye 

tempera.ture determinations were made to 13>5 kbars. 

From the P-V isotherm at 298°K ana. the p_.9 curve obtained in this 

work, the variation of 8 with volume, or the more useful quantity, -y , 

the Gr®eisen ratio, may be determined. Since the quantity -y/V or 

dlrB/dV appears in the equation of state, -yj(V/V ) is illustrated in 
0 

Fig. I-8. The equation of state is then obtained by tabulating the pressure 

variation of the vibrational energy, (E-E ) calculated from the Debye 
0 

function 

·( I-25) 

The variation of dE /dV is then calculated to complete the determination 
0 

of the equation of state. The equation of state is given in tabular form 

... 

in. Table (I-IIIa). In addition, the pressure is tabulated as a function of 

temperature and reduced volume in ~able ( I-IIIb ). dE
0

/dV was integrated 

to obtain ·the total energy at a~solute zero. Using the known value fqr . 

the heat of vaporization at 0 6K (cohesive energy) the potential curve of , 

aluminum :ts illustrated in l":i.g; I-9, v1here volume has been converted to 

interatomic distr:mce in the solid. The calculated interatomic distance 
•• 0 

at O"K is 2.850A. 
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Table. I-IIIa., Equation of State of Alwninum in Tabular Form 

P(kbars) 

0 

5 

6 

7.7 

8.5 

10 

20 

30 

40 

6o 

80 

100 

., 

v·( '.C cjmo1e) 
2 8°K 

9.981 

9.911 

9-891 

9.871 

9.861 

9 .~~·1 

9-721 

9.622 

9·572 

9.312 

9.143 

9.003 

d1n8 
dV 

-.2083 

-.1978 

-.1951 

-.1929 

-.1918 

-.1895 

-.1805 

·, -.1761~ 

.. . .. 

-.1740 

-.1713 

-·.1699 

-.1685 

( ) dln8 ( ) dE E-E · -- kbars _o (kbars) o dV dV 

-9 .111+9 9.1149 

-8.5901 ).5901 

-8.2~621 2.4621 

-8.)422 0.6'+22 

-8. 25L~J+ -0.2456 

-8.1676 -1.8324 

-7.6785 -12.3215 

-7.4189 -22.5811 
\ 

. -7.2377. \ -32.7623 

-6.9728 -53.0272 

-6.7904 -73.2096 

--6.6290 -93-3710 

' 
'· ' 

·'. 

.' ' 
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Table I-IIru. P = P(vjv., T) kbars 
0 

~ 298 250 200 150 100 
··~ 

1.000 0.00. -1.99 -3-97 .-5-77 -7.22 

-993 5.00 3-03 1.07 - • 71 -2.14 

.986 10.00 8.04 6.10 4.05 2.95 

·911+ 20.00 18.08 16.18 . 14. !~7 13.11 

-953· 4o.oo 38.1)+ 36.30 34.66 33.38 

·933 60.00 58.18 56.40 54.83 53.62 

.916 80.00 78.25 76.52 74.99 73.83 

.902. 100.00 . 98.26 96.58 95-10 93-99 

· .. 

.. 
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Fig. I-9 . Total energy at 0°K versus interatomic distance. 
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Other thermodynamic quantities hl..'we been caJ.cuJ.G.tcd using the usual 

thermodyna.mic identities. Thus, compressibility, therm(il._ expansion, and 

heat capacity term (c - C ) are tabulated as a function of temperature p v 

a.nd pressure in Tables I-IV, 1-V, and I-VI, respectively. Table I-VII 

lists the variation of E, H, A, F, and S (notation of Lew·is and Randa~l)36 
·,_ 

JJastly the variation of Poisson's ratio, a with pressure and volume 

was calculated and is illustrated in Fig. I-10. 

\ 

' .. 

. ~-
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Table I-IV;. (- ((JV /uP\ X 10) cc/J\.bar ) 

12.62 

11.80 

10.29 

298 

69. 

250 

13.26 

12 -~·2 

11.62 

(.67 

6.68. 

250 

65 

200 

l).Ol+ 

12.21 

8.6h 

7.56 

6.60 

200 

6o 

150 

12.85 

12.02 

11.25 

150 

50 

100 

12.66 

11.87 

11.1~ 

9-71 

8.48 

7-39 

6.48 

100 

~ .... , 

-----------------------------------------------------------------------
0 64.1 61.0 55-9 48.8 )4.4 

10 54.5 . 53.2 49~2 42.8 29.7 

20 48.7 47.0 43.6 37.7 25.8 

4o 40.1 38.1 35-5 30.4 . 20.2 

6o 34.0 32.3 29.9 25.1 16.5 

80 29.2 28.1 25.8 21.5 13.9 

100 24.3 2). 5 21.3 17.6 11.3 

': .', 



Table I-VI. (C - c ) ca.l/deg mole. 
p v 

T 

p 298 250 200 150 100 

0 35 • 220 .• 166 .112 .o6l.j. .022 . 

------------------------------------------------------------------------
0 .224 .172 .117 .o68 .023 

10 .171 .138 .096 .055 .018 

20 .144 .114 .080 .o1.~5 .Oll+ 

4o .110 .Or35 .o6o .033 .010 

6o .091 .070 .049 .027 .oo8 

so .079 .062 .042 .023 .oo6 

100 .066 .053 .035 .018' .005 

Table I-VI):. Thermodynamic Functions, 298°K cal/mole 

,., 
.. 

·X· 
~.:; : p 6U · .6H M & !§; ., . 

0 0 0 0 0 0 

;J-0 -28 2324 J )J. 2366 -0.10 

20 -21 4634 58 4714 -0.24 

4o 74 9174 213 9314 -0.46 

6o 256 13616 451 13810 -0.64 

So 493 17983 7.54 18221 -0.80 
., 100. 748 22268' 1025 22545 -0.92 

., 

·X.. 
cal/deg mole 
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Fig. I-10 Poisson's ratio versus pressure and reduced 
volume. 
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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 Dcbye temperature is directly proportional 

. . 
to the maximum lattice frequency, it is expected to increase vrith press,-

ure. This effect was observed for aluminum and shov,n in l~ig. I-7. In-

creasing the pressure to 135 kbo.rs decreases the volume by about J2{o, but 

the corresponding increase in thr:: Debye temperature is almost 23%. The 

Debye e increases from 395° Dt 1 utomosphere to 485° at 135 kbars. Of 

course, the rate of increase of the Debye temperature with volume is 

given by the Gr'uneisen ratio, )', defined by Eqs. (I-9) and(I-11). 

Differentiation of the observed 8-V curve yields a zero pressure value of 

)' equal to 2. 08. This vnJ.u.c i. s in good agreement with the value 2 . .:J .. 9±0 ~ 10 

obtained from thermodynamic data. 19 Also, since all the data collected 

here was obtained above 25 kbars, the ca.lculated value of )' indicates that 

the fit in the regiori between 0 and 25 kbars is valid. The Gr\ineisen ratio 

.is found to decrease with volume. 

·Figure (r~8) illustrates the behavior of )'/(V/V ) Which decreases 
0 

gradually to about 40 kbars whereupon it levels off to a constant value 

of approximately 1.70. Kormer et al.37 have determined the GrUneiscn 

ratio for aluminum in shock wave experiments from 700 kbars to several 

megabars. They have extrapolated their data to zero pressure using a 

value of 2.13 for )' obtained fr~m 1 atmosphere thermodynamic data. Kormer 

finds that )'/(V/V ) is approxirr.ately constant up to 600 kbars and equal 
0 

to 2. 08. • Although a direct c:ompar is on cannot be made bet·,reen this work 

and that of Kormer, it is vrortbwh:i.le pointing out thr'lt his data does in-

dica.te t11at )'/V is approx:i.nntcly constant in the region of pressures 

applicable in this work. 

~ .. 



-:n-

The value of 'Y/(V/V) '.vhich best fits the cla.to. obtained from 0 to 
0 . 

100 kbars is 1.78. The equ::ttion of stf:1te is then approximated by the 

analytical expression 

-l. 78 6V/V 
9 = 595 e 

0 
( T "'") , ..!.-<::0 

The exponential dependence of the frequency on volume leads one to be-

lieve that a. Morse potential might describe the total energy of the 

r:ystem. The bonds bet~Veen atoms in a metal are certainly not entirely 

different· in their propettics from the l)onds of homopolar molecules. 

The internal energy of the r;ystem is given by the Morse function 

-2A(r-r ) 
E = L(e 

0 
. 0 

-A(r-r ) 78 0 ) ) - 2e • ( I-27) 

E represents total crystal energy at absolute zero as a function of 
0 

nearest neighbor distance, r, Hhere r represents the ·equilibriutno:value ·· 
. 0 

of r and L is the heat of vaporization or the cohesive energy at 0°K. 

The quantity A is an empirical constant .. The Morse curve which best 

fits the potential curve calculated above and illustrated in Fig. I-9 

is 

Eo = 76.9 (e-2 • l.20(r-2.850) _ 2e-l.20(r-2.850)). (I-28 ) 

1 is given in kcal/mole and r in angstroms. Pastine39 ha~ applied similar 

arguments to several face-cE.:ntered cubic metals including aluminum but 

his work is directed prim:l.rHy to comparisons vTith shock-wave data. As 

does Kormer, Pastine uses the th'ermodynamic value of ''Y at zero pressure. 

The calculated behavior of 'Y/V is analogous to t11a t of Kormcr, -y/(V /V ) 
0 

is approximately constant and eqmtl to 2.17 up to approx:i . .ma.tely 500 kbars.':: 

The empirical constant A used by Pastine in Eq. (I-27) is 1.33 compared 

with 1.20 found here. Also, h·2 calculated a change in the pebye tenperature 
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of 85 degrees for a pressure of 100 l<.bars. compared with 75 deerees found 

in this worl<. 

Returning to the internal energy illustrated in Fie. I-9, the cal• 
0 

culated minimum at 2.850A compares quite favorably with the value of 
0 ' 40 

2.851A found from extrapolation of x-ray data to 0°K. 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 compressibility coefficient (cV/cP)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 slowly with pressure 

as discussed above. 

\ 

The coefficient of thermal expansion (cV/cT)p tabulated in Table I-V 

shows a 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- CV) 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 !eported in conjunction with Table .,. 

I-VI. 

Figure I-ll illustrates the comparison between the heat capacity, CP' 

determined here at 50 kbars and that of Stark determined by direct mea-

surement of Cp of aluminum at 50 kbars. The agreement is .excellent and 

increases my confidence in this equation of state. 
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Heat capacity oi' aluminum at 50 kbars compared 
with prelinunary data oi' Stark (unpublished data). 



Poisson 1 s ratio, illustr.g,ted in Fig. I-10: is defined as the ratio 

of the longitudinal extension to the transverse contraction· of a thin 

rod. The zero pressure value of cr is 0.350 and is found to be nearly 

:i.ncl.ependent of pressure up to about ho I~bars vlhere it begj_ns to increase 

:>lovrly to a .value of 0. 38 at 100 kbars. Tnis result is in ae;reement 

' j_~1,J.t2 
vti th elastic constant determinations up to 10 koars, 1-:here Foisson 1 s 

ratio is found to be independent of pressure. Utilizing the clastic 

constant data further, De bye temperatures were calculated. The Debye 8 

is found to have a some·what greater vol"JJTTe dependence Jchan observed here.· 

The initial value of the Gruneisen ratio is 2. 50, vrhich is considerably 

larger than the thermal value 2. 19 and the value 2 .. 08 determined here. 

Extrapolation to 100 kbars yields a Debye temperature 13% greater than 

observed here. 

Lastly, the thermodynamic functions tabulated in Table I-VII require 

little discussion. They show no irregularities vrhicn question the 

validity of the eque.tion of state. 1.+-3 Slater has ·discussed the pressure 

variation of ~the therrnod.ynom:Lc j:\tnctions of ether sj_mple metals. This 

discussion applies equally 1-rell to the results on aluminum obtained in 

this vrork. 
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F. Conclusions 

The overall agreement of the results co.lculatcd here ivith other 

experimental data is very encouraging. The idea that alu.i-ninum i)chaves 

as a simple one electron metul over the entire prcsm.tre ro.nc;c ir.vestigated 

appears to be i·rell found.ed. Of course; an exact e-v"Qh:t;:;.tion of the procedure 

used in this ·w-ork aHaits ftrrther theoreticn.l and experi!'11ental developments. 

Measurements of the heat cc:.pacl·,~y in thj_s ln.boratory 1-rlll certn.inly aid 

mrr understanding of mete.l::; under high pressure conditions and help to 

verify or nullify the results of this worlc. Considcrinr, the apparent 

success of thj_s study, it -v;ould 1Jc vrorUMhile to extend this procedure 

to other simple meta.ls 1 especially the o.llmli metals which sho1.; large 

volume ch-'lnges and ho.ve received a great deal of attention both theoreti-

caLly arl.d experimentally. The De bye te..mperature of lithium should in-

6 0 0 
crease from 3 3 to over 500 at J.OO kbars. But because of the unusual 

behavior of the resistance of lithium vrith pressure, the Bloch-Gruneisen 

theory may not apply at all under pressure. 

Another interesting application o:f:' this technique would be the deter-

mination of the chanc;e in the Debye temperature across a phase boundo.ry, 

thus determining the change in the entropy for the transition. A particular 

case ,,rhere this technique is applicable is the phase transition in tin at . 

110 kbars. 

Irt conclusion, the experimental technique described above ho.s proven 

to be quite successful in its application to alw~inum. The meastrrerr~nts 

are quite ·easy to perform and a minimt.u~ of instrwnento..tion is required. 

Because the technique relates t'"O seeminc;ly unrelated topics, electrical 

resistance to equation of sto.tc, it is very interesting both theoretico.lly 

<•.nd e:;-:per-imentn.lly. 
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OF F.;:;57 m IRON AT-J1) NICI\EL }'L8TAL 

A. Introduction 

The Mos.sbauer effect has :.:;erved as an in~portant tool in investiga-

tine; the interaction of the nucleus with its environment. .Althouc;h the 

Mossbauer effect is essentially a nuclear phenomena: the electronic en-

vironment to which the nucleus is sub,jected plays an :L"nportant role in 

analysi::; of the results of iVI~-is:>bo.uer experiments. 

Although the va.riation of the interatomic distance in the solid rr.o..y. 

result in a profound chD.r1c;8 in the Mossb.::J.uer spectrum of a given system} 

relatively fevJ high pressure Mossbauer studies have been reported. High 

.,~ 4!-t, 1~5: l-t6 119 !.~7 D 161 l.t-8 
pressure Moss bauer studies on Fe:J!, Sn , and y , have 

only scratched the sur-face of experiments vrhich are required to fully under-

stand the relationship of the nuclear parameters to the bulk properties 

of solids. 

In the present investigation,· the Mossbauer effect of Fe57 in iron 

and nickel is studied as a function of pressure. Iron Has studied up to 

a pressure of 140 kbars,. with po.r ticular interest in the high pressure 

phase transition of iron to the hexagonal phase. Nickel metal was studied 

up tr':l 80 kbars, vrith emphasis on the lm-r pressure region. The results are 

discussed in terms of the relationship of the observed nuclear para.'lleters 

to the bulk properties of these metals. 

·. 
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B. 1'hcory 

1. General 

Several comprehensive revieHs o:C the Jvlossbaucr effect <111d its 

applications in physics and chemistry arc readily availo.blc in .the 

.I , . t !.f9' 50 . Tl . ' . , . .. :u-;era Ul'C. 1lS O.lSCUSS:LOn :LS thus limited to a cl.:i.;; cussj_on of 

the Fc57 Mossbauer effect and its pressure ciepencl.ence. 
,, 57 . 
l'C lS pro-

r-:.7 
duceci by the electron capture decay of Co) -...;hich has a 270 day half-

life. mh ' f C 57 ' ~ 57 ~ ~~ t' ~ ~h F 57 1 1, e cLecay o· .o ·Go .t• c anu. vue proper les 0.1 '-' e • e nuc eus 

are illustrated in Fig. II-1. 

Prior to the vrorlc of J\·1:,)ssbauer, c::,anull.9.. rcty emission vras co11sid.ered 

to be a free atom phenomena. Conservation of energy and momentum require 

the emitting nucleus. recoil ivi th an energy, ER' given by 

E2 
_l. 

2 
2Mc 

= ( ~I-1) 

-...rhere E is the ganrrna ray energy, M i~ the nuclear mass, and c is the 
)' 

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

E
0

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

ER' plus a Doppler effect caused by the thermal velocity of the ~nitting. 

nucleus. 

is small; 

T'De fraction of the available energy lost to the recoiling atom 

c:.7 
for the 11+.4 h:eV gamma ray from the decay of Fe::> , the recoil 

-3 energy is only l.9xl0 ev. The energy loss does become significant, 

hOi·rever, i·rhen compared 1vi th the inherent i-Tidth of the e;am,'Tla ray as deter-

' mined by the uncertainty principle of energy and time, 

' r ( II-2) 

1-Tl!<2rC T is the lifetime of the nuclear state, f is tbe lj_nel·ridth of the 

gam:nn ray, and h 1.0 Plane]~: t:;; constant. The linevridth for the 1L1. keV 
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7 
2 270-day Co 57 

E. C. 
~ 0.6 meV 

I 3 7 12 3 keV 
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3 ~1 Tj_ = I. 4 x I0- 7 sec 
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l fL 1 ·= - 0 . I 5 3 n m 
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2 Stable Fe 57 

M U B ·12674 

Fig. II-1 The decay of Co57 to Fe57 and the properties of the Fe57 

50 nucleus (after vJerthe:i.m ) • 
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state of Fe57 is 4.55xlo-9 eV, which is very much smaller than the energy 

loss in nuclear recoil. An a result, the gamma ray emission line does 

not overlap the absorption line, and nuclear resonance absorption is not 

observable. This situation is illustrated in Fig •. II-2. 

M~ssbauer51 found that when low energy 'Y-rays are emitted from nuclei 

that are embedded in a solid with a large effective Debye temperature, 

eD' there exists the possibility that a sizeable number of the transi­

tions will occur without recoil. This situation arises because the 

effective recoiling mass becomes'the mass of the whole crystal •. Thus, 

M in Eq. ( II-1) increase? by .app~oximat'ely 1023, and as a consequence E'Y 

is essentially equal. to the nuclear transition energy, E
0

• The fraction 
' \ 

of recoil-free events, f 1 is given, in a Debye appro::icirrntion by 
! • I .• ' 

(II-3) 

where T is the temperature and k is Boltzmann 1 s constant.50 Only those 

"/-ray transitions in which the entire crystal recoils, and no vibrational 

modes are excited, will possess essentially ~he full transition energy, 

E0 • Thus, nucle'ar 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 linewidths. 

The fractional linewidth for Fe57 when comp~red with the gamma ray energy 

is 3xlo-13 • This is equivalent to the statement that the energy of the 

gamma ray is defined to within tl:tree parts in 1013 ! Furthermore, the 

linewj.dth is smaller than characteristic values for the magnetic dipole 

and electric quadrupole interactions of nuclei with their surrounding 

electrons • .. 
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Fig. II-2 Free atom gamma ray emission and absorption lines. 
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The resonance condition is. observed by applying a relative velocity, 

v, between source and absorber which varie.s the energy of the gamma ray 

by a Doppler shift, 6E, given by 

6E = 
v -E. 
c 'Y 

· (II-4) 

As the relative velocity increases, the resonance condition is destroyed. 

The profile of the resonance effect is given: by ·a Lorentz curve which has · 

the form 

a(E)~ = 
·a m 

r .3_ (E-E ) Jl ·
2 

+ 1 , r o . 
L a 

( II-5) 

where a(E) is the absorption cross section at energy. E, ra is the full 

width at half maximum of the absorption line, and a is the maximum 
m. 

. 52 cross.sect1.on. 

The M~ssbauer effect is of particular interest in the physical 

· sciences because it seryes as a delicate probe of small perturbations 

on the energies of the nuclear levels of source and absorber. The 

. \ .· ... ' 

. energy levels of the source or absorber are perturbed by the interaction · 

of the nucleus with the environment. Usually the .source and absorber 

environment are not identical because of the possible occurrence of 

i) differing Coulombic energies of source and absorber 

ii) interaction of the nuclear quadrupole moment with the electric 

field gradient at the QUcleus '. 

iii) interna~ magnetic~fields causing a.Zeeman splitting of.the 

nuclear levels. 

· The result of (i) is commonly called the isomer or chemical shift, 
.• 

which is'the displacement of the center or gravity of the spectrum from 

' ~ . ' ·. ·:•',·' 
:·· 
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zero velocity. If the ground and excited state charge radii, Rgd and 

Rex' are unequal, the levels experience diffel:ent electrostatic inter­

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

i ... somer shift between the source and absorber is given by· 

I.S. = 

... 2 I 

- 7/t( 0 ) source j 
.," ' 

( II-6) '-

r> 2 
where?ft(O)cb and ?ft(O) are the electron densities at the nucleus 

a s source 

of absorber and source, respectively.50 In a non-relativistic approximation, 

the electron density at the nucleus is appreciable only for s electrons. 

'.I'he.first systematic interpretation of isomer shifts was made by Walker 

et al.53 Fiiure II-3 illustrates the graph they have constructed for 
' 

isomer shifts relative to stainless steel for sever~'l substances con­

taining Fe57. This :i-llustration can be useful in estimating the electronic 

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

excellent paper on the application and interpretation of isomer shifts. 5
4 

In addition to 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 un:i.t temperature difference may be written 

~ (0~ ) = (II-7) 

where C is the heat capacity of the solid. This ~hift is, of course, 
p 

not observaole Unless source and absorber are at different temperatures. · 

For Fe57 in iron the experDnenta! shift is 2.1xl0-l5/°K at room tempera­

ture. 55 This amounts to a. shift of a bout one linewidth for a difference 

0 
of 300 K in the temperature~3 of source and absorber. 

·Af energy level \'Tith a nucle·ar spin moment of odd half integral I 

has an ( 2I+l) -fold degenero.ey in a spherically symmetric electric field. 

.. _. 

' I' .• .. 
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Fig. II-3. The dependence o! the chemical shift on the electronic 

configuration of iron· (after Walker et. al. 53) • 
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The degeneracy is partially removed when there is an elec~ric field 

gradient at the nucleus, whereby the nuclear level splits into (I+l/2) 

components. The field gradient, "'hich is the. second derivative of the 

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

of (a2vjdz2) = eq and the asymmetry parameter 

= a2v/~Y2 - a2v/"O~ 
o2Vjoz2 

\. 

( II-8) 

Using this notation, the interaction between the nuciear quadrupole 

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

\ 

where the magnetic quantum number m has values I, I-1, . ·• .. ' -r.50. 

When a nuclear level has a non-zero spin, the resulting magnetic 

''..... 

·'' 

moment IJ., may interact with a magnetic field, .H, arising either internally 

or by application of an eXternal.field. Under .. such conditions, a nuclear· 

Zeeman effect is observed.· The nuclear level is then split into (2I+l) ·. 

components given by 
. ' 

w. -E·~ 
'ln 0 

m· 
= .-y JlH (II-10) 

' The selection rules for magnetic dipole radiation are ~ ~ 0, ±1. 

p~oduces six possible transitions .for Fe57 for which Iex·~ 3/2 and 

Igd = 1/2. The relative intensities .of these lines depends on the 

orientation of the magnetic field with respect to the; emission axis, 

This· 

but for a po1ycrystalline specimen the intensities are. averaged over a 

sphere. 'the resulting intensities are 3:2:1:1:2:3 (in the order of in-· 

creasing energy). The emission spectrum of the 14.4 keV excited state ., 

of Fc57 is illustrated in Fig. II-l+. 
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Fig. II-4 Emission: sp~·ctrum o:f' the 14.4 keV excited state of .. Fe57. 
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" Mossbauer studies of the Zeeman effect in iron h~ve shown that the 

magnetic field at the nucleus of Fe57 is large (-330 kilogauss) and in the 

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

. magnetic field has been discussed by Marshall5? and Watson and Freeman. 58 

There is a small contribution ( + 70 kg) produced by the unquenched orb~tal . 
.. ,\ 

angular momentum of the 3d el(~ctrons. But the major contribution arises 

from the field proportional to the spin density at the nucleus as a 

result of the Fermi contact interaction. The spin density·arises partly 

from the core electrons, therefore, the ls, 2s, an~ 3s electrons localized 

on the parent. atom and partly :from the conduction electrons.· The core 

contribution arises from polarization of the ls, 2s, and 3s electrons by 

the spin aligned d-electrons. 58'> Watson and Freeman have estimated a core 

contribution of -350 kg to the hyperfine field :i..n pure iron. · The· spin 

density of the conduction electrons has been conside~ed byAnderson59 and · · 

. 6o 
Anderson and Clogstrom and arises from polarization produced by exchange. 

interactions with the 3d electrons and by admixture with the 3d band. The 

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

the important contributions:to the internal field are proportional to the 

mean spin per atom, the field is therefore proportional to the saturation 

magnetization, cr? This can,be written 

H == A;a, (II-11) 

where A is the hyperfine coupling constant. In studies of Fe57 in iron 

·from low teinperatures to the Curle point, 61, 62 it is fcund that the in-
; 

ternal fiefd of Fe57 :i..s approximately proportional to the nngnetization 

over the ei1tire range. Similar findings have been obtained in nuclear 

magnetic resonance studies of other pure metals, such as Ni61 in nicke163 

59 6h . 6"' 
and Co in cobalt. Benedek / bas shown that small deviations arise 

· .. 
. ,. 

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

ficant deviations from proportionality have been observed in dilute alloys, 

su'ch a.s Fe57 in nickel, 66 :rt.n55 in iron, 67 and Co59 in nickel. 68 .These 

deviations have been explained in terms of localized impurity moments. 

In other words, there are localized spin deviations at the impurity at?ms 

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

2. Effect of Pressure on M~ssbauer Effect 

By measurement of the Mossbauer spectn1m of a source under ~ressure, 

information about the volume dependence of the internal magnetic field 

and electric field gradient at the n~cleus, the electron density at the 

nucleus thro';leh the variation of the isomer shift, and the lattice pro­

perties through the second-order Doppler shift and recoil-free fraction 

may be obtained. ·Also, discontinuities in any of these parameters may 

reflect the.occurrence of a phase transformation. 

Han}~s69 has discussed 'the change of the recoil-free fraction, f, with 

pressure. Making use of Eq. (II-3) for the value of f in the Debye approx­

imation and the Gruneisen ratio, 'Y defi~ed in Eq. (I-11),. to describe the 

volume dependence of the Debye temperature, the ratio f 2jf
1 

corresponding 

to volumes vl and v2 is defined by 

exp ( II-12) 

Thus, the recoil free fraction in_creases with. pressure. This was dramatic-
. 48' 6 

ally demonstrated by Stone et al. in a M~ssbauer study of ny1 1 in 

gadolinium metal. A Mossbauer spectrum was not detected at atmospheric 

pressure, but a definite effect was observed at 35 kbars. Further evidence 

of the·· increase in the recoil-free fraction· was observed by Panyushkin and 

47 . . 119 
Voronov in pressure studJ.es on Sn , where f increased by a factor of 

,.· 

' ,._ 
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ti1ree from 1 atmosphere to 110 l<bars. The increase in f yields a value 

for the effective Debye temperature which in principle could be 'used to 

estimate an equation of state in the Debye approximation. Usually Debye 

temperatures determined in M~ssbauer experiments differ significantly 

from those determined in thermal measurements. Thus, the equation of 
·, 

:::tate would be qualitative at best. ' 

.. 
An analogous application of the Mos::;bauer 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 o.nd pressure. Preston et al. have demonstrated 

the success o.f this application at 1 atmosphere in studies on iron over . 

a wide temperature range. \ 

The center of gravity of the Mossbauer spectrum is determined by the .. 

isomer shift and the second-order Doppler· shift • It has been shown that 
. . . ' ~ 

the effect of pressure on the second-order Doppler shift is small, so 

that a variation in the center of gravity with pressure is primarily due 

to changes in the electron density at the nucleus. 

The pressure dependence of the internal field will be primarily 

dependent on the conduction·electron contribution to the field. The 

core and orbital contributions are expected to be nearly independent of 

volume, because of their small spatial extent.~ith respect to nearest 

neighbor distances •. The. compressibility of the conduction electron 

density is probably the same magnitude as the compressibility of the 

lattice. An increase in the conduction electron density results in an 

increase in the conduction electron contribution to the field. On the 

other hand, compression of the conduction electron density with respect 

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 the internal field. This problem is further dis-

cussed below in light of the experimental results. 

\ 
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C. Exper :!.mental 

1. ·General 

The high pressure sy,stem ·was similar to that described in Section I •. 

The hydraulic press used in the Mo·ssbauer studies is capable of main-

taining the load stable to within lens than a kilobar over a period o(. 

" '. several dG.ys. This feature vras necessary, since individual experiments · 

were run with.counting periods up to seven days. 

The primary problem in studying the Fe5? Mossbaue~ effect is the low 

energy of the gamma ray ( 11+ keV). Since 14 keV radiation is attentuated 

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

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

incomplete resolution of the 14 keV peak wi~h respect to an intense 8 keV 

x-ray f,rom iron, scattered radiation, and a certain percentage of 123 kev· 

gammas which fall electronically into the 14 keV region~ These effects 

tend to remain unchanged with pressure while the 14 keV radiation is 

severely attentuated 'nth increase in pressure, thus reducing the ob-

servable Mossbauer effect. 

Bridgman anvils with 1/4 in. tungsten carbide inserts were used. The.· 

anvil taper has been increased to 10 degrees to improve the counting geo-

metry and to decrease the amount of scattered radiation'observed at the 

detector; Pyro::;>hyllite rings, 1/4 in. diameter~ ·1/32 in. wall, and 10 

mils high, were used. to contain the source in the pressure cell. 

The.sources were rings, 0.184 in. outside diamet~r, 0.163 in. ~nside 

diameter, ~nd 0.007 in. high. These were prepared by electroplating Co57· 
\ . 

I 

onto a 1/3, segment of the ring. The rings were then annealed at 1000°C 

for 2-5 hours. Previously, Nico170 used a disc sample in high pressure 

M"cissbtl.~er studies, the Co5? being plated on the edge 'of the disc •. These 

'. 

·' 
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samples were not always successful due to plating problems or because of 

excessive diffusion of the Co57 into the sample. 'I'he disc sample has 

the advantage of providing a lare;e intensity of 11~ keV radiation because 

of the localization of co57 near the edge; In addition to reducing 

pressure gradients in the sample, the ring geometry has proved to com-

bine sev~ral favorable features. The sample is rigid enough to handle 

·with ease during electroplating, preliminary investigation of the Moss bauer 

spectrum, and in loading into the pressure cell. Also, the sample allows 

for sufficient localization of the plated material to prevent any diffi-

culty in receiving sufficient lh keV radiation through the pyrophyllite 

ring. All the samples were machined from rods of approximately the proper 

diameter or punched from 7-mil foil. The Co57 electroplating was per­

formed by New England Nuclear Corporation. The amount of Co57 used yaried 

from 2 to 16 m:i.llicu.ries depending on the particular experiment. All 

samples had a' quoted purity of 99.999%. 

The sample fits snuggly inside the gasket and the remaining volume 

is filled by a· 7 mil·. high pyrophyllite disc. Ideally, silver chloride 

would be used inside the sample ring, but in several test runs with silver 

chloride the sample always extruded. 'l'he sample described is illustrated · · 

in Fig. II-5. 

The average anvil pressure is measured in the same manner as des-

cribed in Section I. Because the resistance of the metallic samples of . 

the dimensions described .is· too. small ( .... 1o"'"5n) with respect to the con-· 

tact resistances of the system ( .... lo-4n), ~n exact calibration of the 

sample pressure is impossible. Thus, the sample pressure is assumed to 

be ·equal to the average anvil pressure. The results of Nicol .and Jura45 

on the pressure dependence of the isomer shi:.ft and internal field of Fe57 
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Fig. II-5 Samp~e georr.etry used in high p'ressure M"ossbauer experiments. 
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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 dependenc·e of the internal 

field and isomer shift were· equal to those observed in two independent 
. 46 71 

experiments within the experL~ental errors. 1 

2. Mo"ssbauer Snectrometer . 

There are two distinctly different techniques commonly used in 

Mo"ssbauer spectroscopy. The first uses a constant velocity drive to 

s'\oreep the required velocity interval. Thus, the Mo"ssbauer spectrum is 

traced point by point by observing the intensity of radiation transmitted 

in a fixed time interval through an absorber moving at a constant velocity 

with respect to the sou;rce. The data obtained using..,this teclmique re..; · ... 
·-: ;·.· 

quire corrections due to source decay and changes in the geometry of the · .: ·· ' 

counting system during a given experiment.. Additional corrections are 
'• ·.. ~. . 

required in systems where line broadening exists at high velocities. 
' 

The second and most common technique utilizes a velocity sweep or 

loudspeaker drive to obtain the required velocitiese The velocity in• 

terval is swept in a short time (-0.04 seconds), eliminating the necessity 

for making the corrections required in the constant velocity technique. 

Both of the above techniques have been used in 'high pressure experi­

ments in this laboratory. 45, 48 Since the source must be contained in the 

pressure cell, there may be significant changes in the counting geometry 

during the course of an experiment as a result of material fatigue and 

creep in the anvils and sample. In addition, the,counting system is 

always subject to same electronic drift. These considerations make the 

veloci~y sweep spectrometer more attractive in high pressure Mossbauer 

experiments. 
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Two types of velocity sweep spectrometers are in common use and both 

were used during the course of the wor~o These two me~hods are general~y 

referred to as the "modulation mode'~ and the "time mode". Each uses a 

multichannel pulse height analyzer to record detector pulses during the 

short time used for the ve.locity s1.,reep. Since the counting system and 

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

first. 

a_. Counting System. The counting system employed in this work has been 

described in detail previously70 and .it will be discussed only briefly 

here. A Nai(Tl) scintillation crystal 1 in. in diameter and 1 mm. thick 

(supplied by Harshaw Chemi~al Company) is used to detect the 14 keV 

·radiation. The crystal is mounted on the face of ·a Dumont 5292 phototube1 

. selected so that the noise level corresponds to energies somewhat below 

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

power supply. A'linear amplifier (LRL MOD VI 3X9499) amplifies the photo­

tube output and a single channel analyzer (LRL 4x69537) separates the 14 keV 

radiation from the full spectrum. It 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 intense 123 keV peak falls electronically into · 

the '14 keV region. A Victoreen 4oO channel pulse :):leight analyzer is used 

to display the ~-ray spectr~, the gated output of the single channel 

· analyzer, and ultimately the Mossbauer spectrum. 

b. Drive Assembly. The drive .assen:u.ly consists of three parts; the 

absorber, the velocity transducer, and the voice coil. The system is 

illustrated in Fig. II-6, the scale being altered to show the primary 

featw~es of the system. The capsule is similar to that used by Nicol70 

vrith the exception of the mechanical support. Previously the moving 

' ! 
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assembly had been supported by a set of six adjustable ivires. Because of 

fatigue in the wires and difficulty in obtainingequal tension in the six 

wires, the resonant frequency of the system tends to dri_ft with time. 

These drift::; result in a change of the velod.ty scale, thus requiring 

frequent calibration of the system. D1is suspension system is also ' 

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 coJ~ars 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 

lab6ratory. \ 

The drive coil provides an acceleration proportional to the current 

passing through it, while the velocity transducer provides an output 

voltage proportional to the instantaneous 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. 

The absorber used in all the high-pressure runs was an 0.7 mil 

stai:nless steel foil made from iron enriched to 9L.2% Fe57. The chemical 

composition of the foil is 9.6% nickel, 18.4% chromium, 0.15% carbon, and 

71.8% iron. A l-inch diameter section; of the foil is mounted in a holder 

which is rigidly attached to the- yoke of the moving assembly. This. ab­

sorber provided a broad unsplit absorption line •. This broad absorption 

line is nbt favorable for precise measurement of the hyperfine 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 14 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. 111oc.iula·tion Mode. In.the modulatioii mode, the. transducer· output,_ ... : 

..,.,hich is proportional to the instantaneous velocity of the absorber, is 

used to modulate the detector pulses from the single channel analyzer 

in such a way that their pulse height is proportional to the velocity.· 

These pulses 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 true picture of the velocity spectrum only if the':-.~ystem spent equal 
' 

times at each veloci~y interval during the measurement. This require-

ment is fulfilled only if the analyzer dead time is constant for all 

channels and the absorber bas a linear velocity wave form. Thus, for 

accurate measurements .it is necessary to determine the time spent in 

each velocity interval by observing_ a non-resonant spectrum under the 

same 'conditions used in determining the actual Mossbauer spectr.um. A 

Mossbauer spectrometer operating in the modul~tion mode has been·con .. 

structed previously in this laboratory7° and was used in this work. 

Briefly, the voice coil is driven sinus6~dally through a matching 

transformer by a Krohn-Hite Model 446 oscillator. The output of the 

velo~i ty transducer is amplified .with a Kin tel Model llL amplifier and 

applied to .the input of a velocity-to-pulse-height converter (VPHC, LRL 

11-X902l). :r'he output of the Kintel amplifier is monitored -vtith a Tektronix 

Type Z differential amplifier and Tektronix 545 oscilloscope. 'I'his permits 

the velocity oscillations to be controlled to 'dthi~ 0.2'{o 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 14 keV radiation trans-

rni tted through the absorber. The SCA pulses are modulated by the trans-

cluccr voltac;e, and e.ccumuh.ted by the pul:::e height analyzer. The ~nalyzer 

d.ata is then punched out on paper tape for computer data reduction and 

' curve fitting. Since the absorber velocity varies sinusoidally with time,. 

the spectrum must be normalized as described above. The complete system 

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

The disadvantases of this system are primarily the velocity drift and 

the increased statistical er:ror resulting from the spectrum normalization. · 

These problems are particuhrly important lvhen the intensity of the ob-

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

These considerations led to the final use of a t~ne mode Mossbauer. spectra-

meter in the later stases of the worko 

d. TL~e Mode. ~n this technique the pulse height analyzer is operated in. 

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

quentially opened and closed by an external signal~ During the open time 

the channel acts as a simple scalar, accepting pulses from the single 

channel analyzer. The Mossbauer spectrum may be observed if the absorber 

velo.city is kept in synchronization with the scalar advance pulses. This 

is accomplished by using a tuning fork oscillator as a, pr~ry frequency. 

standard to control the timing of the scalar advance p\.llses, the velocity· . 

'.-rave, and start pulses which re-initialize the analyzer wh~n all channels 

have been scanned. The oscillator operates at a frequency of 20 kc and 

is stn.ble to v7ithin 0.02% over a temperature range of 35°C. The primary 

frequency may be divided by t"''w to allaH either a 10 or 20 kc scalar 

advance pulse. The scalar advance frequency is'i'urther divided by the 
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Fig. II-7 Block diagram of Mossbauer spectrometer 
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nu:nbcr of ch:innels to produce a 25 cps 3quare-wave stn.rt pulse. 'l'his 

square-·wave is then integrated to produce a 25 cps triangle wave which 

is used to control a closed-loop velocity feedback drive, producing a 

linear relationship between channel number and velocity. 

has been developed and described in some detail by Zane. 72 

This system 

square vrave accelerating force would be used to drive the loudspeaker 

coil, but experimentally it vras necessary to add a small parabolic cor-

rection term to the square vrave. 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 wave and is automatically synchronized with the rest of the 

system. The motion is quite linear except at the v'ertices. The 

vertices are .not:'.importa:ht sin9e they may pe made to fall outside ·the 

velocity interval of interest. The deviation from linearity has been 

estimated at les& than 1% by comparing the observed splittings of Fe57 

in iron with literature value~. 73 

It.is noted that a start pulse ~s generated at the frequency of the 

velocity wave, 25 cps. This results in the accumulation of two Mb"ssbauer 

spectra if the scalar advance operates at 10 kc or just one spectrum if 

operated at 20 kc (for a 4oo channel analyzer). This system has then 

been applied in the later experiments to be described. A block diagram 

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

3. Data Analysis 

Rapid data analysis is facilitated by the use of high-speed computers. 

More iinportant, computers 2J.lmr one to use minimization techniques to 

determine the parameters o·f the Mossbauer spectr~, such as line positions, 

:i.ntend ties and lineividths. Since there are 1L~ variable parameters 

•. ·: ,.· ·, 
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associated with a six line Mossbauer spectrum, it is clearzy impractical 

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

Irmnediate application 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 Chemistry Department's SDS 919 

computer or the simila,r DDP-21J. located at the laboratory computer center, 

do."ca reduction could be performed within minutes after a spectrum was 

obtained. Such rap:i.d analysis is not essential in most applications but 

can provide an irrnnediate ansvrer .when the next step in an experiment is. 

questionable. '·. 

Because, of the. overlap of the broad lines obtained with the stain-

less steel absorber, it' is necessary to separate the. contributions of 
I 

the individual lines in order to determine the parameters of the MOssbauer 

spectrum. This is a tedious task when performed by hand. For each run, 

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

analysis performed with a program developed.for use on either an IR~-7094 

or CDC-66oo comp~ter. The computer program permits the application of 

various ·constraints during the calculation. For instance, the value of 

any parameter may be fixed, or any linear relationships among the 

parameters may be specified., Thus, the computer can be required to ~ake 

the best fit with the condition that the separations between lines 1 and 

2, 2 and 3, 4 and 5, 5 and 6 be equal. This constraint corresponds to 

the situation expected for cubic symmetry of the source lattice assuming 

the use of, a single line ab_norber. In the analysis of the data reported 

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

poor as to require them in order that a fit could be obtc'1.ined. 
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7he 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 quadrupole 

splitting parameter was determ:i.ned from the positions of the four outer 

lines. The velocity scale is calibrated by determining the Fe57 ¥Jossbauer 
'· 

effect in iron w·hich has been determined accurately in previous experi- . 

ments. The splitting of t:Oe hro outer lines is 10.64 rrrrn/s.ec. 73 A typical 

analysis of a spectrum is shol,'li in Fig. II-9 where the spectrum has been 

decomposed by least squ..':l.res analyrd.s. 

\ 

· .. 
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Fig. II-9 Mossbauer spectrum of Fe57 in iron at 1 atmosphere. The 

spectrum is decomposed into 6 Lorentziaris by least squares 

analysis. 
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D. Iron EXJ;eriment 

l. Introduction 

Iron is a material of great theoretical and practical interest 

Fe57 is one of the best isotopes for studying the Mossbauer effect. 

- ~ . 
1~'1e Jvfcissbe.uer spectnun of :Fe ' in iron metal has been studied over a' . <. 

>·ride range of experimental conditions. These experiments have answered 

a nu.;r.ber of CJ.Uestions about the interactions of the nucleus w·ith the 

surrounding electrons and the relationship of these interact'ions to. the 

bulk properties of solids. The present experiment is concerned primarily 

with the study of the high pressure phase transition in iron metal. 

At atmospheric pressure and room-temperature iron has the body­
\ 

centered-cubic structure (bee, a-iron). 74 It is ;~rromagnetic up to 

the Curie temperatu~e 770 6c. 74 Patrick75 found the Curie temperature to be 

nearly independent of pressure up to 10 kbars. At 9l0°C it transforms 

to a face-center'ed-cubic phase (fcc, 'Y-iron). 7
6 

Shocbmve 77 ' 7
8 

and 

e lectrica.l resistance measurements 79' 
80 hav~ _revealed a phase trans i tipn 

at 130 kbars at '25°C. The phase boundary betw·een a-iron and the high 

pressure phase has been tr.3.ced as a function of pressure and appears 

to meet the a-'Y phase boundary in a triple point.78 , 81- 84 The phase 

diagram is illustrated in·Fig. II-10. X-ray diffraction measurements 

at high pressure85, 86 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 a c;Lgh activation enc::fgy for the process or because of a small 

f:r.ec c~r1ergy difference bet'\v·een the tvro phases. 8o Stark and Jura have 

applied a current-pulse techn:LCJ.ue to iron and obtained a reasonabJ.y 
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Fig. ·II-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 terr.perP..ture at constant pressure near the phase bou.."ldary resuJ.ts in 

a partial transformation of the material to the h:i.gh pressure phase. 

Then; if one ·phase grovrs a j_ .Lt-, _..) 
\.I .l,d.LI.... eA~ense of the other, it is probably·, 

the thermodynamically stable phase at that temperature. 

Three Mossbauer experiments on Fe57 in iron have been reported. 

.... \, 

Pound et a1.
44 

measured the isomer shift up to a hydrostatically applied 

pressure of 3 kbar. T'ne relative change 'in the shift w·ith pressure is 

given by 

( II.-13) 

or in terms of the relative volume change 
\ 

d(IS) 
d(V/VoJ = 0.134 em/sec. (II-14) 

A second experiment was performed in this laboratory by Nicol and Jura. 
4

5 

In this work, the isomer shift and internal magnetic field w·ere studied 

up to 140 kbars. Ac 140 kbars a seventh line was superimposed on the 

normal six line.· spectrum of a-iron. The seventh line was attributed to 

a partial transformation of the a-iron to the hexagonal phase. Further 

attempts to study the spectrum above 11~0 kbars were unsuccessful~ In 

the most recent iron experiment, Pipkorn et al. 
46 

studied the iron 

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

at 130 kbars and increased in intensity with increasing pressure. 

Co:r:cespondinglyJ the six line spectrum slowly disappeared. A pressure 

of 1 70-20Q kbars vras needed to transform most of the ;:;ource to the 

hexagonal phase. 

Tl1e rer~u:Lts of the a:Jove experiments are all in agreement '·rithin 
.;r 

' 

.. 
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the 0.):~.Je:d.r.;ental .:=::·rors. 'l'".ce::.c do."ca are col~ipiled and ill:..:.strai:.ed :i.n 

Figs. II-11 and II-12. An independent check_of the internal field 

measurements is provided by the nuclear rriagnetic resonance l"esults of 

j.Jitster and Benedek 71 up to 65 ;cbars,. The variation of the internal 

f.:i.eJ.d "'i.th pressure is given by 

dlnJ{ 
r5.P 

J 60 10-4 , b -1 = - -· ~x . ~ ar • ( II-15) 

This results is illustrated in Fig. II-12. The magnitude .of the observed 

isomer shi.ft in a-iron corres_ponds to a scaling of the l+s wave :function ·, 
' 46 

with volume. In other Herds, the increase in the 4s density is pro-

portional to the decrease in volu:ne. · ~:"nis may be written analytically 

· dln[ 1f;4s ( 0) f 
· dln V 

= -lo r 
\ 

\ 
(II-16) 

The shift of the hcp :phase relative to the a':"phase is -0.17 rrrm/sec.
46 

This is much larger than is expected on the basis of the volume change 

(2.2%). 
46 

Pipkorn et al. have discussed the magnitude of the observed 

shift in terms of a difference in band structure of the t'tiO 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

trical resistance observed upon transformation to the hcp phase79 suggests 

a major electronic rearrangement "-'hich may prevent ferromagnetic ordering 

in the high pressure phase. It i~ noted that unsplit Fe57 ~ossbauer 

spectra have been observed in ferromagnetic alloys87 and for Fe57 in 

antiferromagnetic chromium. 88 Thus, the single line does not necessarily 

imply that the hcp phase of iron is paramagnetic. 

'I'he present experiment was sth;1ulated by the uncertainty in .the 

nature .,of the high pressure phase of iron, caused by the extreme 
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sluegishnes.s of the phase transition~ Utilizing the pulse technique of 

Stark and .Jura, 
80 

it is feasible to obtain a complete transformation of 

the iron to the hcp phase at a pressure of 120 1cbars. 

The l{ossbauer spectrometer and. saJrtple asse1r:Oly are. described·,above. 

,.,., • · th' , · · ..... , J,. .,1. · r c·57 .Lne sou:!.·ce useu 1n lS worK vias an :tron rlng WJ. ... n .o m1~ lCUrJ..es o · o 

electroplated and diffused. 'into the ring. The pulsing system is similar 

to that describe~ by Star:V. and Jura. So. Because the r£ssbauer sa..-nple 

makes direct contact l·rith i;he anvils,·' the heat leal!;; away from the sample 

is so large .the sample temperature cannot be increased to a hign value. 

Also, the sample resistance of 10-5 ohms is dominated by a contact re-

. b t . f .. t " ] o-4 l..~ Th S~Lstance e ween the sample and anv1.ls o .. approxJ..."'lla e.ly _ OuJiJS, ere-

fore, most of the heating occurs at the contacts. Using three 12-volt 

storage batteries as a po1-..er source, a 1000 amp pulse could be maintained 

for several secoBds across the anvils. Alternatively, up to 20 short 

duration pulses of the same magnitude could be obtained. 

'several Mc5ssbauer spectra were obtained up to a maximum pressure 

of 140 kbars. Tne spectra which have bearing on the follow·ing discussion 

al-e reproduced in Figs. II-13 and II-14. Tnese spectra have been con-

structed. by averaging the raw· data over nine adjacent channels to .reduce 

the effect of statistical fluctuations in visual exa.."'llination of the 

data. 

3. Results and Discussion 

The spectra '. ~lhlstrated in Figs. II-13 a,b,c arid d ~~ere obtained 

at 1 atm, 25, 100, and 120 1\.bars, respectively. At 120 kbars the inten-

sity of the outer lines is less than l~i,. Because of the low countine 

rc,te encountered above 100 koaTs (1000 cmJ.nts/chan.l1el/hour), a1)proxi-

mately five days were required to obtain each of the illustrated spectra~ · 
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TI1e isomer shift and internal field were calculated at 1 atm, 25 and 

100 kbars. These were in agreement idth previous results and given 

earlier in Figs. II-11 and II-12. 

The spectra obtained after pulsing the iron sample are given in 

1i'' ... ~g. II-14. After pulsing at 120 kbars (Figs. II-l4a and 9), it was.<.,_ 

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

phase. There is a definite increas0 in the intens~ty near zero velocity 

(~ channel 220) with a corresponding decrease in the intensity of the 

six-line spectrum 'of a-iron. Because the transformation rate ~as slow, 

the pressure was increased to 130'kbars.· The 1 intensitiea (Fig. II-14c) 

were again ex·tremely lovr ~d a full transformation was not obtained. At 

140 kbars the spectrum could not be separated from ·,the. noise level during 

a counting period oi seven days. ~1e pressure was then decreased to 

120 kbars. Figures ·II-14d and e illustrate spectra obtained after 48 

and 72 hour counting perj.od.s. The intensities were low·er than in earlier 

runs at .J20 kbars, presumably because of .deformation of ·the anvils at 

the higher pressures. ·Although the statistical errors arc large, the 

48 hour spectrum shows a strong central line. After 72 hours, the 

central line decreased in intensity with a corresponding inc·rease in 
. t. -

the ·outer lines. A second attempt to study the spectrum after decom-

pression:. :f'rom ·140 kbars proved. unsuccessful, and the experiment was . 

.·' 
terminated. 

The est:iJnated rate constant·, .. k, . for the transformation o:f' hcp-iron 
. -1 .. 

to a-iron at 120 kbars is o. 012 hrs where k is- given by tne :f'irst 

order rate equation, 

·. 
(II-17) ·_ 

.. 

.' 

',,· 

·.' 

J.· 

.' ~ 
.i' 
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and c
2
jc

1 
is the relative conl!ent.ration. of hcp-iron at times t 2 and t 1 • 

T'ne initial intensity at time zero calculated from Eq. ( II-17) is 0. 7%. · 

4. Conclusions 

Un:fortlli'1ately, the severe. atter·'·ation of; the 1L~ keV Nossbauer 

radiation above 100 kbars urevented the attainment of the initial goals 
~ ·-~ 

o:f this work. The results are qualita.tive at best, but they point the. way 

to further experiments. It seems definite that the high pressure phase 

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

. 46 
results and conclusions of P:Lpkorn et al. The interesting aspect of · 

the present v1ork is the ab:'..lity to study the kinetics of the high 

pressure phase transition. Tne Mossbauer technique has been previously 

applied to kinetic studies_, 89 but this is the first· use of M'cissbauer 

data in high pressure kinetic studies. To date, very little data are 

available on the kinetics of high pressure phase transformations. The 

activation energy can be found by studying the temperature dependence of 

the iron transition. Additionally, the pressure dependence of the.rat~ 

constant may be compared vdth present kinetic theory.90 These data 

would be extremely useful in furthering our understanding of high 

pressure phenomena. 

The problem of the lmr intens.ity of transmitted 14 keV radiation 

w·ith respect to baclcground radiation may be partially solved by the use 

.of the recently developed solid state detector systems. Lithium-drifted 

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 '1-rith an improved 

detector system. 

·, -t. J' • 

. \ ·, 
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1. Introduction 

Jv;;'.--5ssbauer studies of J!'e57 in iron have illustrated the usef'ullness 

of the f.]c5ssbauer effect in sol:i.cl s•cate :physics. By studying the· volume 

clependence of the internaJ. field and isomer shift of Fe57 in different 
.,_ 

environments, we may further Understand the origin and relationship of ' 

these nuclear parameters t.o the bulk properties of solj_ds. Thus, the 

pressure dependence of the Fe57 MOssbauer effect in nickel metal has 

been carefully studied to a maximum pressure of 80 kbars. 

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

and. room 74 temperature. It is ferromagnetic up to the Curie temperature 

36o"c. 74 Patrick75 found the Curie temperature of-nickel to increase by 

+0.35°C/kbar up to a pressure of 8 kbars. Other high pressure investi-

gations have revealed discontinuities in the slopes of the pressure co-

22 
efficient of resistivity (l/P)(6R/Ro) versus pressure and in the volume 

versus pressure curves.9l These results are reproduced in Fie. II-15. 

A discontinuous change in the slope of the pressure-volu.Tfle curve . is 

usually characteristic of a second order phase transition, such as the 

Curie or Ne'el point in magnetic materials. Similar discontinuities have 

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

22 22 ferromagnetic below· 38°C. Law·son - has pointed out the possibility 

that resistivity k~~s 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-

• . .t . t. . 92 J.h 'b '1' t f d d h t . paramagnec1c rans1 1.on, .., e poss1. 1 1 yo· a secon or er p ase rans1-

tion in nickel is not ruled out. .. 
;he Mcissbauer effect of Fe57 in nickel metal has been studied up to 

' l 
' t 
l 
I 
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a;. pressure o:f 250 kba.rs. 9) 'l'his st.udy was primarily concerned w.:frti.h1 uhe: 

very high pressure region above 60 kbars. The internal field and isomer 

shift vary nlowly i·rith pressure. 

of the present work in Sec. II-3. 

These results are compared with those 

NMR studies of Ni 61 in nick~l show a .. 

. 94 
J.o.rge increase in the internal field with pressure up to 7 kbars. The 

' \ relative increase in the hyperfine field is given by. 

(II-18) · 

T'ne magnitude of.the internal magnetic field at 0°K in nickel metal 

is -90 };:gauss,95 compared 1·1Lth a value of -3~-2 kilogauss for iron.56 The 

value of H :for Fe57 in nicJ<el is -280 _kgauss. 66 Table II-I summarizes 

the data on internal field:3 :for ·the pure metals and· ·.~ilute alloys o:f. Fe, 

Co, and Ni. It is noted that in each qase the. ffeld at the iron nucleus.· 

in a given metal is in every case larger than the field at the host 

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

due largely to its own electrons and depends only slightly on the host 

magnetization. ·If it 'is assumed that the core contribution to the ·-·internal 

field at the Fe57 nucleus is independent of ·the .host lattice·, and the .. 
\ t: 

conduction electron contribution is independent of the impurity atom, the · 

cond1,1ction electron contribution to the total field may be. estimated by 

observing the internal field at a diamagnetic ·atom in the host. The 
. . 

internal fields at the sn
119 nucleus in iron, cobalt, and nickel are -88,. 

-26.5, and +16.5 kgauss, respectively. 101 Adding to these values the 

core.contributions of the Fe57 atoms (-280 kgauss); containing the core 

/'· 

. . . . . 

polarizatibn and orbital te:rms, the results values for the internal 

fields at .Fe57 1;uclei in iron, cobalt, and nickel are -)68, -306, and -264 

kgauss~: · respect'i'vely. · ... 'These·:;values ·are:: in· rough' agreement vrith .. the observed · 

··,.' 

... 

.. 

,·' 



Nuclei at which 
field is rr1eas11:ter.l 

Fe 

Co 

Ni 

a. Ref. 56 
J). r~ef. 96 

c. Ref. 66 

d. Ref. 97 

e. Ref. 98 

f. ;,Ref. 99 
g. Ref. < 100 

h. Ref. 95 
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;-.;!'<':m: L:l.c: fie::ld:3 in units of 105 
[;:~uss at transition metal nucle.i 
located in transition metals 

I.attice J\torr~s 

Fe Co Ni 

3. ~-2::t 3.12° 2.8oc 

3.20d 2.20 d 1. ll f 
2.134e 

(T 

2.52° 2.03g 0.90h 

<'< 

'· 

'< 
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field in these:metals. Evidence that the conduction electron contribu-

tion is nearly independent of the impurity atom is found in results on 

the pressure dependence of internal fields in dilute alloys. The :pressure · 

dependence of the internal field should primarily reflect changes in the 

conduction electron contribution to the field. These data have been·· .. ', 
" \ 

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

of coefficients according to host. 

2. K~perimental 

The high pressure Mossbauer apparatus has been d~scribed earlier. 

Both of the described spectrometers were used in the investigation. The 

experimental .results on the pressur·e dependence of the isomer shift and 

internal field are compiled in Fig. II-16 and II-17~respectively: Run 1 

1vas performed on a nickel source with 8-millicuries of Co57 electroplated 

onto the nickel ring. Because of the apparent peak in the internal field-

pressure curve at 10 kbars} a second 2-millicurie source was studied 

carefully up to 70 kbars. Again the peak was :present in the 10 kbar 

reBion. The variation of the isomer shift with pressure is in good agree­

ment vrith Drickamer.93 Also, the internal field at 60 kba.rs agrees w-:i.th 

the results of Drickamer within the experimental error. The initial rate 

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

l atm to J.2. 5 kbars to a straight line by least square~ analysis. The 

pressure coefficient of the field is gi-ven by 

dlnH = + 10.2xlo-7 b -l 
dP ar • 

The value of tl1e internal field at 1 atm is 270±5 kgauss. 

a least squares fit of the isomer shift data yields 

AfT<-' 4 lc:: -o-5 , I .) -J ~- = - • )XJ. (em sec kbar -
d.J: 

( II~l9) 

Similarly, 

( II-20) 



a. 

b. 

c. 

d. 

e. 

f. 

Table II-II 

Nucleus 

Ni61 

Co 59 

r.:.1 
Fe)· 

r.:.a 
Co):;, 

Fe 57 

Cu63 

co 59 

Fe 57 

Ref. 94 

This work 

Ref. 64 

-rrr-

~L'lle pres::;ure dependence of the internal 
field H in transition metal systems 

Hoct (dlrJ~/dP)xlo7 bar 

Ni +8.8111. 

l\Ji +1).8 
a 

Ni +10.2 b 

Co -:+6.1 c 

Co :+6 d 

Fe -3.0 
e 

Fe +1.6 e 

Fe .\ -1. 69f 

Preliminary results of author 

Ref. 102 

Ref. 71 

-1 

' :'~ 

• .. 
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or in terms of the relative voJ..ume change by 

cl(IS) 

d(V/V ) 
0 

= 0.0789 em/sec • ( II-21) 

The value of the' isomer r;hift at l atmosphere relative to stainless' .. 

steel is +O.ll+6±. ol~ rrrm/ sec. It is noted that the pressure variation 

.. 57 of the isome1· shift for .t•c :Ln nickel is about half the value observed 

for Fe 57 in iron, while the compressibilities of iron and nickel are 

approximately the same map;nj.tt<d.e. 9l 

3. Discussion 

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

of Fe57 in nickel, it is worthwhile to digress and review the results on. 

Fe57 in iron metal. It was mentioned in Sec; II-D that the observed 

volume variation of the isomer shift of Fe57 in iron is attributed to 

a scaling of the 4s wavefunction 1v·i th volume. This assumes that the · 

number of conduction electrons remains constant and they are uniformly 

compressed upon application of pressure. Res~stivity-vol~~e data on 

iron shows that the _positive volume derivative of.the resistance may 

be attributed totally to a change in the electron-lattice interaction; 

consequently, to an increase in the Debye temperature, the number of 

d t . l .J.. . • • t t l03 t.r • • • t lt con uc lon e ec~rons remalnlng cons an . "~wever, reslStlvl y resu s 

on nickel indicate a somewhat smaller decrease in the resistivity w·ith .. 

volu;·ne than would be expected on the basis of the electron-lattice 

. ./... t" 22 lnt-erac lOn. 1be additional resistance may be caused by a decrease 

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

the .decrease in conduction elec·bron density is obtained from maenetic 

data. The saturation mor.1e;1t_. a
0

, of nic1...:el decreas~~ '.oli th ,decreasing 

' \ 
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• ].Q!.; 
voluine. 'PY an amount g1.ven by 

clJ.n r:r 
() 

dlnV 
:; +0.5 

'\ 

. --~- .... *-----------~'"'·--· 

( II-22) 

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 

2 r· dln 7/JJ.:.s ( 0) 

'- dlnV 
l = +0.5 
_Jl~s ~ 3d 

( II-23) 

Thus, assuming the remaining conduction electron density to be uniformly 

compressed, the total change in the conduction electron density 1·rith 
\ 

., -
volume is given by the sum of Eqs. (II-16) and (ti-23), or 

r dln <jJ ( 0 )
2 l l~s 

---- ---0.5 
'- dlnV ~total 

( II-24) 

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

d(IS) 
~ 0.07 em/sec. . (II-25) 

This restllt·:is in agreement vlith the experimental result, 0. 0789 em/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 4s electron densitj' which partially counteracts the increase in 

' total s-electron density with compression. The isomer sh:i.ft does not 

shovr any discontinuity at 10 kbars, but this is not. surprj_sing. Since 

the isomer shift is proportional to the total charge density at the 

nucleus,. it is not expected. to be affected by small variations in the 

beba;vio:t G>f the conduetion electrons. In addition, the isomer shift 
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at a second order phase transition is expected to be of the same 

62 
magnitude as determined for iron at·the Curie point, 0.01 mm/sec. 

This is well beyond the accuracy in the. determination of the 'isomer 

shift in this worlL 

The initial increase in the magnitude of the internal field of Fe57 
'·. 

in nickel with pressure is in agreement with the increase in the field 

at I'T.J.!. 
61 11UC le l' • • ' ' 'J ).j. , ln DlCJ\.eJ. •. This result further confirms the importance 

of the h0st lattice in determining the pressure dependence of the internal 

field. The pressure dependence of the internal field may be used to 

estimate the variation of the Curie temperature vrith pressure. 105 Since 

the internal ,field is approximately proportional to the magnetization, 

the temperature dependence of the field may be estirnated by the Bloch 

T3/ 2
, which. describes -~he 'temperature va~iation ~f the magnetization at 

low· temperatures. 74 In terms of the internal magnetic field, this is 

written 

H(T)/H(0°K) = 1.- (T/8)3/
2 

T << 8 (II-26) 

v1here 8 is ·the Curie temperature. In order to correctly calculate the 

change in the Curie temperature f_rom this equation, measurements of the 

pressure dependence of H are required at tvro diffe:rent temperatures. 

Since these measurements are not available in the case of nickel, it 

is' sufficient to approximate the change in the Curie temperature. with 

pressure by the expression 

dlnEl 
dP 

:::::: 
2 .dlnH 
3 ""dP" 

' 

( II-27) 

'' · .._, t d 1 f '] ujdP f 1\T' 
61 · nl' c1'el9 1~ · 1" usJ.ng ~..ne repor e va.Lue o a .nL . or· l•l ln .. gl ven ear ler, 

the ca.J.culated increane l:n the CUrie temperature is 0. 37oK/J.~bar compared 

vlith the observed v~::.J.,.:;e of' 0 . .)5°K/kbar. 75 This result indicates the 
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Y<t.Licl:lty of the o.l)ove ;:u~~:UJnptions a.nd illustrates a useful application 

of high pressure Jviossbauer data in solid state physics. The ·observed 

peak in the internaJ. field a.t 10 £..bars is unexplainable at this time. 

Compressibility ancl' resist:Lvity data indicate that the. peak is charac­

te~cistic of nid:el D.nd not the ?e57 .:..n:Lckel system. A similar peak -.is 

observed at approximately 75 kbars for· the internal field at Fe57 in:·· .. 

cobalt.93 Also, on :the basis 'of NMR results, !mderson105 has suggested 

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

similar maximum might be observed in ni.ckel on the basis of the present 

results. 

4. Conclusions 

The above results illustrate the usefulness of M"ossbauer effect 

studies in understanding the coupling of nuclear parameters to the bulk 

properties of materials. The techniqu6S applied in this work are easily 

applicB;ble to o.ther M'cissbauer experiments. Several experiments are of 

direct interest lvith respect·to the above results. First, further 

measurem~nts of the bulk properties of nickel are required from 1 atmos-

phere to 20 kbars. These data might answer the question of the origin 

of the observed anorralies at 10 kbars. Second, M'ossbauer measurements 

of. Fe57 in cobalt with an emphasis on the low pressure region are re-

quired in order to confirm the importance of the host lattice in deter-

mining.the pressure dependence of the internal field. 

··: 



''-··-

ACiG:JO:JLEDGEi,JENTS 

I 1vish to express my sincere thanks to: 

Professor George Jura, for his continued interest and guidance which 

have made this vrork possible. 

Ny vtife, whose patience and encouragement have been a source of in~, 

cpiration throughout m,y grad.u<-.te career. 

Mt'oDuane Newhart, who contributed his assistance in several aspects 

of the experimental "'\VOrk. 

And rn,y collegues of the high pressure laboratory~ Vrr. \·!alter Stark" 

Dr. David Phillips, ~·. John Przybylinski, and Mr. James Burton, whose 

helpful discussions are deeply appreciated. 
\ 

This work was performed under the auspices of the United States Atomic 

Energy Commission. 

'' 



-95-

REJ?EREl\TCES 

1. J. C. Jamieson, in Physic::: of Solids at i-:-ir':h Pressm~ec (Academic 

2. R. G. McQueen, in Ivietallurc:y at 1righ Pressures and m.r;h 'remncratures 

(Gordon and Breach Science Publishers, 1·:eiv Yorl\:, 1964) p. 44. 

3. C. A. Sv1enson, in Physics of Solids at I-li[!h Pressures' (Academic Press, 

New York, 1964) p. 548. 

4. 0. L. Anderson, in Progress in Very High Pressure Research (John 

Hiley and Sons, Inc., New York, 1961) p. 225~ 

5. J. S. Dugdale and F. E. Simon, Proc. Roy. Soc., London A218, 291 (1953). 

6. Guenter Alers~ Univcrrdty of California Radiation Laboratory Report 

UCRL-10757, January, 196i-t. 

7. 'Halter Stark and George Jura, University of California Radiation 

Laboratory Report UCRl~-16658, 30 (1965). 

8. D. C. Halla·ce, P. H. Sidles and G. C. Danielson, J. Appl. Phys. ~. 

168 (1960). 

9· N. Bernardes and C. A. Swenson, in Solids Under Pressure (McGraw-

·Hill Book Co., New York, 1963) p. 101. · 

10. E. Gruneisen, in Handbuch der Physil<,. Vol. 10· (J. Springer, Berlin; 

1926) p. 22. 

ll. T.H:.:"K.Barron, Ann. Phys. b 77 (1957). 

12. T.H:;K.· Barron, Phil. if.ae;. ~ 720 (1955)..-

13. F. Bloch, Z. Physik 2; 555 ( 1930) •· 

]_1., .• E. Griineisen, Ann. Physik~ 530 (1933). 

15. J. M. Ziman, Principles of the Theory oi' Solids ( Ca."Tlbridge University 

Press, London (1964). 

16. ,J. g, Ziman, in Physic:s of Solids at High Pressures (Academic Press, 

New Yorl'-, 1965) p. 171. 



17. c. Matthiessen and P. Vogt, Ann. d. Phys. u. Chern. 122, 19 (1864) •. 

18. J. Eardcen, J. Appl. Pbys. g, 88. (192~0). · 

19. Karl A. Gschneidner, Jr., in Solid State Physics, Vol. 16 (Academic 

Press, New York; 1962~). 

20. D. K. c. i'i]::~.cDonald. and K. Mendelssohn, rroc. Roy. Soc. London A202, 

523 (1950). 

21. D. K. C. MacDonald. G.nd I. M. Templeton, Phil.Mag. !:g,. 432 (1951). 

22. A. IL Lawson, Prog. :i.n Metal Physics §_, l (1956). 

23. P. C. Souers and G. Jura, Science 12~3, 3605, 467 (1964). 

24. M. H. Lennsen and A. Jl1ichels, Physica g_, 1091 (1935). 

25. J. S. Dugdale and D. Gugan, Proc. Roy. Soc., London A241, 397 (1957). 

26. Wi11ia,-n Paul, in High Pressure Physics and Che..vnistry, Vol. 1 (Academic. 

Press, New York, 1963) p. 299. 

27. P. W. Bridgman, Proc. Amer. Acad. Arts. Sci. ~ 4, 165 (1952). 

28. P. W. Montgomery, H. Stromberg, G. H. Jura, and G. Jura, in High 

Pressure Measurement (Buttenrorth's, Vlashington, 1963) p. 1. 

29. H. Stromberg and G. Jura, Science 138, 1344 (1962). 

30. G. Chanin, E. A. Lynton and B. Serin, Phys. Rev. 112~, 719 (1959)·· 

31. P. Vl. Bridgman, Proc. Am. Acad. Arts Sci. ~ 55 (1948). 

32. ' John c. Jamieson, in High Pressure Measurement (Butterworth's, Hash-

ington, 1963) p. 389. 

33. John M. Vlalsh n.:1d Rus::;el H. Christian, Phys. Rev. 2_1, 6, 1544 (1955). 

)l.>. F. C. Nix and D. Me.cNo.i:r, Phys. Rev • .§2., 597 (1941). 

35. vl. F.i Giaque and P. F. l\;eads, J. Amer. Chern. Soc. §b 1897 (1941). 

36. G. Nt Levris and M. Randall, Thermodynamics (McGravr-Hil1 Book Co., 

.Nevr York, 1961). 

37. S. £?. Kormer, Ao I. Ftmtikov, V. D. Urlin 'and A. N. Kolesnikov, 

Soviet Pbys., JETP !_b 4 77 ( 1962) • · 

'· 



-97-

38·. J. C. Slater, Introduction to Chemical Physics (McGra-.,.r-Hill Book Co., 

New York, 1939) p. 452. 

39· D. John Pastin~,J. Appl. Phys. a_, 11, 3407 (1964). 

ho. B. F. Figgins, G. 0. J"ones and D. P. Riley, Phil. .tviag. b 747 (1956). 

42. R. E. SchJnunk and Charles S. Smith, J. Phys. Chem. Solids 2; 100 (l959) .. 

43. J. C. Slater, Intro(luct.ion to Cher.1ical Physi~(McGrmr.;Hill Book Co., 

Ne\'l York, 1939) Chap. X. 

1+4. R. V. Pound, G. B. Benedek, and R. Drever, Phys. Rev. Letters L. 

45. M. Nicol and G. Jura, Science 141,· 1035 (1963). 

46. D. N. Pipkorn, G. K. Edge, P. Debrunner, G •. De Pasquali, H. G. 

Drickamer and H. Frauenfelder, Phys. Rev. 13 5, Al604 ( 1964). 

47. V. N. Panyushkin and?. F. Voronov, Soviet Physics, JETP Letters g, 

97 (1965). 

48. J. A. Stone, M. ~icol, G. Jurn and J. 0. Rasmussen, University of 

California Radiation Laboratory Report UCRL~10630 Rev., April 1963. 

49. Harts Frauenfelder, The ~ossbauer Effect (w. A. Benjamin, Inc., New 

York, 1962). 

50. Gunther K. Wertheim, Mossbauer Effect: Principles and Applications 

(Academic Press, Nevr York, 1964). 

51.· R. t. Mossbauer, z. Physik 151, 124 (1958). 

52. D. A. Shirley, M. Kaplan and P. ~~el, Phys. Rev. 123, 816 (1961). 

53. I,. R.:·walker, G. K. Hertheim and V. Jaccarino, Phys. Rev. Letters§_, 

98 ( 1961). 

511.. D. A. Shirley, Rev. Mo•i. Ph,ysics ~ 339 (196l1.). 

55. R. v·. Round and G. A. Rebka., Jr., Fnys. Rev. Letters~ 274 (1960). 

\. 



". · .. 1.-........ ~-.:. __ _,;___; ____ ... _____ .!.. ... ~ • .:. •. __ -..~ __ ,...__.,_. __ , ·-----~~----~---...... ·--·--------·-·-------------------- ·--- -- - .•. 

56. s. s. Hanna, J. Heberle, C. Littlejohn, G. J. Perl~t, R. S. Preston 

57. 

59· 

and D. H. Vincent, Phys. Rev. Letters ~ 177 ( 1960). 

vJ. Marshall, Phys. Rev. 110, 1280 (1958). 

R. E. Hatson and A. J_. Frec>11an, Phys. Rev. 123, 2027 (1961). 

P. vJ. Anderson, Phys. Rev. 124, 41 (1961). \ 

·· ............... , 

6o. p. H. Ander son and A. M. Clogstrom, BulL Arner. Phys. Soc. ~ 124 ·. 

61. ·D. E. Nagle, H.· Frauenfelder, R. D. Taylo'r and D. R. Cochran, Phys. 

Rev. Letters 2J 364 (1960). 

62 •. R. S. Preston, S. S. Hanna,and J. Heberle, Phys. Rev. 128, 2207 (1962). 

63. R. L. Streever, Jr. and 1. H. Bennett, Phys. Rev. 131, 2000 (1963). 

64. David H. Anderson and George A. Samara, J. Appl.,~hys. ~ 3043 (1964). · 

65. G. B·. Benedek, Magnetic Resonance at High Pressures (Interscience 

Publishers, Inc., New York, 1963) p. 21. 

66. J. G. Dash, B. D. Dunlap and D. G. H~ard, Phys. Rev. 141, 376 (1966) •· 

67. . Y. Kov, A. Tsuj imura and T. 1-U.hara, J. Phys. Soc. Japan 2:2_, 1493 

(1964). 

68. L. H. Bennettand R. L. Streever, Jr., J. Appl. Phys. ~ 10935 (1962)~ 

69. R. V. Hanks, Phys. Rev. 124, 1319 (1961). 

· . 70. · Malcon F. Nicol, University of California Radiation Laboratory Report_ 

UCRL-10899, August 1963. 

71. J. D. Lit·ster and G. B. Benedek, J. Appl. Phys. ~ 688 ( 1963). 

·72. Ronald Zane, University of California Radiation Laboratory Report 
; 

UCRL-16401, September 1965. 

73. J. G. Dash, R. D. Taylor, D. E. Nagle, D. P. Craig and W. M. Wisscher, 

Phys. Rev. 122, 11J.6 (1961). 

7h. Charles Kittel, Introduction t.o Solid State Phvsics (John Wiley and . 

Sons, Inc., New York, 1956). 

··: 

. 
! 
! 
I 

·I 
l 

' 

I 
I 

I 
i 
i 
I 

I 
! 
I 
l 

{ 

t 
r 
l 
I 

l 
l 

•· r 
i 
I. 
t 
i· 
i 

I 

1 
f• 
;· 



-99-

75. L. Patrick, Phys. Rev. ~ 384 (1954). 

76. Larry Kaufman, E. V. Clougherty and R. J. Weiss, Acta Met.~ 323 

77. D. Bancroft, E. L. Peterson and S. Minshall, J. Appl. Phys. g]J 557 

( J or-,()'; 
-..- ,r' 0 

78. P. C. Johnson, B. A. Stein and. R. S. Davis, J. Apply. Phys. 21,; 557 

(1962). 

79. H. G. Drickamer and A. I. Ealchan, Rev. Sci. Instr. 2_g, 308 (1961). 

80. \{. Stark and. G. Jura, University of California Radiation I.nboratory 

UCRL-11592 (1965). 

81. Walter F. Claussen, Rev. Sci. Instr. 2_l, 878 ( 1960). 

8~. L. Kaufman, A. Leyenaar and J. S. Harvey, in Pro~ress in Very High 

Pressure Research (John Wiley and Sons, Ne1.r York, 1961) p. 89. 

83. J. E. Hilliard, ASME Paper No. 60-WA-271, New York (1960). 

84. G. C. Kennedy and R. C •. Newton, in Solids Under Pressure (McGraw-Hill 

Book Co., New York, 1962) p. 163. 

85. J. C. Jamieson and A. W. Lawson, J. Appl. Phys. 0 776 (1962). 

86. R. L. Clendenen and H. G. Drickamer, J. Phys.- Chem. Solids 25, 

865 ( 1964 ). 

87.' A. M. Clogstron and V. Jaccarino, Bull. Am. Phys~ Soc.~ 249 (1963). :· 

88. G. K. Wertheim, J. Appl. Phys. ·~ 1105 (1961). 

89. V. I. Gol'danski, The ~ossbauer Effect and Its Applications in Chemistry, 

(Consultants Bureau, Nev York, 1::;01;.) p. 57. 

90. J. E. Hilliard and J. \{. Cahn, in Pr-ofSress in Very High Pressure 

.Research (.John vJ:i)ey and Sons, Nei'l York, 1961) p. 109. 

91. . P. H. Bridgman, Proc • .A.i·ner. Acacl. Arts Sci. 7..JJ 187 ( 1949). 

92. T. Nit sui_, in ?hvsics of ~:;olid.::; at IU.:::;h Pressures (Academic Press, 

New York, 196~.) p. 213. 



-JOO-

93. H. G. Dridw.mcr, R. 1. Ingalls and C. J~ Coston, in Physics of Solids 

at Hieh Pressures (Academic Press, N~\'l Yorl<, 196)_~) p. 313. 

94. 1. H. Bennett, ·J. Appl. Phys. 2.§., 9425 (1965). 

95. F. E. Obensh::dn ar,d H. H. F. Wegener, Rev. ·Mod. Phys. 2.§.; 408 (1964). 

96. G. K. Vlerthei:m, Phys. Rev. Letters!±,. 403 (1960). 
·~ 

97. V. Arp, D. Edmonds and R. Petersen, Phys. Rev. Letters~ 212 (1959). 

98. A. C. Gossard and A. M. Portis, Phys. Rev. Letters ~ 16l1- ( 1959). 

99. I,awrence H. Bennettand. Ralph L. Streever, Jr., J. Appl. Phys. L2; 

1093 ( 1962) . 

100. Ralph L. Streever~ Jr., Phys. Rev. Letters~ 232 (1963). 

101. A. J. F. Boyle, D. St. P. Bu.nbury, and C. Ed-vrards, Phys. Rev. Letters. 

2: 553 ( 1960) • 

102. T. Kushida, A. H. ·siever, V. Koi,and A. ·Tsuj:i.:mura, J. Appl. Phys •. 

Suppl. ~ 1079. ( 1962) . 

103. John C. Jam:i,eson, in Third Annual Report to ONR on High Pressure 

Research, Chicago (1959) p. 31. 

101+. D. Bloch and R. Pauthenet, J. Appl. Phys. ~ 1229 (1965). 

105. D. H. Anderson, Bull. Am. Phys. Soc. ~ 75 (1965). 

·. 



This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com­
m1ss1on, nor any person acting on behalf of the Commission: 

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

B. Assumes any liabilities with respect to the use of, 
or fo~ damages resultiqg from the use of any infor­
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on hehal f of the 
Commission" includes any employee or contractor of the Com­
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 


