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THE MAG1~TIC MiD ELECTRICAL PROPERTIES 

OF SOME METALS AT HIGH PRESSL~S 

David B. Phillips 

Inorganic Materials Research Division, Lawrence Radiation Laboratory 
Department of Chemistry, University of California 

Berkeley, California 

August 1965 

.. ABSTRACT 

A device for measurL~g low field IT~gnetizat~on of high permeability 

materials as a function of temperature and pressure in Bridgman anvils 

has been developed. This device has been used to measure the Curie point 

·pressure. 

to 20 kbars pressure and the Neel point (T ) of Tb to 15 kbars n . 

For Gd dT /dP vras found to be -l.9±0.2°K/kbar, and dT /dP for 
c n 

Tb was measured as -l. 4±0. 2°K/kbar. The decrease in lm-1 field magnetiza-

tion with pressure was ~uite marked in both cases and this lDnited the max-

. i.vnum pressures obtainable. The decrease in magnetization is shown to be a 

result of elastic stresses and plastic deformation caused by compression. 

The basic system should be capable of pressures to 100 kbars &~d a tempera-

ture range of 65-600°K. Suggestions for reaching these conditions &~d ex-

tending the measurements.to higher pressures for Gd and'Tb are discussed. 

In an attempt to determine the effect of alloying on the high pressure 

iron phase transition, the Fe57 Mossbauer spectra in two types of stainless 

steel vrere studied at high pressures. No evidence for &~y sharp phase 

transitions was found. In both samples a broad absorption superposed on 

the single central line was noted at high pressures. This behavior •·ras 

reversible with pressure in one sample &~d irreversible in the second 
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- sample. A-'11nealing restored the original spectrum of the second sample. 

These changes are discussed as a transition from a paramagnetic to a 

partially ferromagnetic structure.under pressure. 

The electrical resistance of bismuth has been carefully,investi-

gated in the pressure region bet1.;een 30 and 90 ·kbars in an attempt to 

locate the transitions noted as volume discontinuities by Bridgman. 

No discontinuities were found in the electrical resistance in this 

region. This does not necessarily mean that the phase changes re

ported by Brid~an at 45 and 64 kbar do not exist. 

.. 
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MAGNETIC PROPERTIES OF GADOLINIDM 

Al'IJ'D TERBIUM AT HIGH PRESSURES 

I. I1\1TRODUCTION 

Elements with pa~tially filled d or f shells show some unique 

magnetic properties. As electrons fill the d or·f orbitals large, atomic 

magnetic moments are produced. At some temperature the magnetic dipole 

interaction between adjacent atoms should overcome the.thermal energy 

and the atomic moments should align. The dipole interaction energy 

for two iron atoms separated by the normal lattice distance is about 

( ) 8 -16 /o · ergs; Boltzmann's k constant is 1.3 XlO ergs K; at some 

temperature near l°K the thermal energy (kT) will-become so small that. 

ali~~ent of atomic moments in Fe metal should occur to produce a large 

bulk magnetic moment. Actually this orientation is ob~erved in iron . 
metal to a temperature of 1043 °K. An interaction 103 tL~es as laree as 

magnetic dipole interaction must be devised to explain this magnetic 

ordering. 

Determination of the radial dependence of the interaction responsible 

for this magnetic ordering has been of interest both theoretically ~~d 

experL~entally since Heisenberg1 first proposed a qual~tative quantum 

mechanical basis for this phenomenon. Bethe2 and others have made crude 

calculations of. the magnitude of a proposed ordering mechanism and have 

obtained a much reproduced curve showing the strength of this interaction 

as a function of interatomic distance. The magnetic (order-disorder) 

tr~~sition temperatures must be sL~ply relat~d to the strength of this 

interaction.3 Measurement of the volume dependence of the transition 

temperatures of a series of magnetically ordered, related elements will 

furnish an empirical interactiOJ1-deistance curve with which to compare 

any calculations. 
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The phenomenon of parallel alig~~ent of atomic magnetic moments to 

produce a bulk moment is termed ferromagnetism. The bulk moment of the 

sample is not always observable in the absence of a magnetic field. It 

has been shmm that the magnetic structure of a macroscopic. ·specimen is 

broken up into regions (called domains) with the atomic moments aligned 

parallel in each region but with the net moments of different domains 

. aligned in a ~znner to lower the bulk moment and, correspondingly, the 

4 
magnetic energy of the entire specimen. 

any 

Another type of magnetic ordering, which would not be expected from 

classical interaction, has been shown to exist. 5 Adjacent ato~ic. 

mo~ents can align antiparallel and in this case no bulk magnetic moment 

is produced. Such ordering is known as antiferromagnetism. 

There,are two series of magnetically ordered elements--the (3-d) 

transition and the _(4-f) rare earth metals. Of the 3 ':"d elements, Cr 

and Mn are antiferro~agnetic, and Fe, N~, and Co are ferromagnetic. The 

N~el (antiferromagnetic-paramagnetic transition) temperatures of Cr 

and a-Vm are 311° and 95°K respectively.
6

' 7 The Curie (ferromagnetic

paramagnetic transition) temperatures of Fe, Ni, and Co' are 1.043 o, 633 o, 

The spin arrangements of ordered Fe, Ni, and Co are 

8 
simple with all atomic moments in a single domain aligned parallel. 

Although the crystal structure of a-Vm is· quite complex, the ordered 

spin arrang.ement, as in Cr, has each atomic moment· aligned antiparallel 

" .. , .. 

,. 

. 6 
to those of the nearest neighbors. ,? In the remaining 3-d and in the 4 .J 

and 5-d .transition element~ no evidence for magnetic ordering has been 

f d 10-12 
oun . More than half of these remaining d-transition elements are 

superconducting at low temperatures which may preclude any magnetic 

ordering. 13 

,'.I .,. 
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In the 4-f elements Ce, Pr, Nd, Sm, and Eu &11 show antiferro

. 14 15 
magnetic ordering. ' The magnetic properties of Pm, ivhich has no 

stable isotopes, are unknown. Hm·rever, it is the last half of the series 

which is of intere,st as these elements (G~, Tb, Dy; Ho, Er,· ·and Tm) all 

crystallize in a hexagonal close packed structure at the temperatures 

of interest. Their lattice parameters are very similar, showing a slight 

d 'th . . . .... . b 16 Gd h C . . t ' 293 ":K ,· ecrease ·~a ~ncreas~ng a~,om~c num er. as a ur~e po~n aL. . 

. / 
Tb, Dy, Ho, Er, and Tm show more complex behavior w~th Neel temperatures 

of 229°, 179°,132°,85° and 51 °K and, in addition, ferromagnetic-antiferro-

magnetic transitions at temperatures of 221°, '85 °, 20 o, 20 o, and 22 ~ 

respectively.
14 (~nether this ferromagnetic-antiferromagnetic transition 

should be termed a Curie point is open to some question. These ·are 

transitions from one ordered phase to another and usually show a volume 

change, in contrast to a "real11 Curie point. Curie point in quotation 

marks will be used to denote such a transition.) The spin arrangement 

in Gd is that of a simple ferromagnet. 17 The antiferromagnetic spin 

14 
arrangements of the rare earths are complex. The simplest structure 

consists of atomic moments aligned parallel in the basal plane. The 

moments in each plane are rotated by some angle with respect to neighbor-

ing planes, and the moment vector describes a helix about the c-axis. 

The period of the turn of the moments is temperature dependent but is of 

the order of five atomic layers. Such an arrangement of atomic moments 

results, in a finite crystal, in no bulk magnetic moment. Tb, Dy, Ho, and 

Er show another important feature. The antiferromagnetic ordering is 

converted to ferromagnetic in low to moderate applied magnetic fields 

(about 300 oersteds for ~6). This phenomenon is called weak anti-· 

. 18 19 
ferromagnetism. ' 
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From measurements of the pressure dependence of magnetic transition 

temperatures and ap:l?rop,riate compressibilities, the volu..l'fle dependence 

of magnetic ordering can be derived. The apparatus described in this 

report is useful for measuring the pressure dependence of Curie points 

or Neel points of very weak antiferromagnets. . The temperature limitations 

of the system are discussed in the experimental section. Because of 

their particularly convenient transition temperatures, Gd and Tb were 

chosen for these initial studies. 

The free energy (F) must be continuous across any phase boundary 

as the free energies of any two phases coexisting in equilibriu..l'fl are 

equal. The mo·st familiar type of phase transition is· called first 

order because the derivatives of F, the volume (V) and the entropy (s), 

are discontinuous at the phase boundary. Using the continuity of F an 

equation describing the pressure (P) and temperature (T) equilibrium 

phase line can be derived. This is the' familiar Clapeyron equation: 

where 1 and 2 represent the two phases. In a number of important phase 

transitions the .volu..l'fle and the entropy are continuous across the phase 

·boundary. In this case the Clapeyron equation degenerates to:' 

dT 0 
dP = 0 

Assuming that dT/dP does exist 1 application of l'Hopital's rule (~nd 

differentation by T) yields: 

\ , 
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l a=:v 

1-rhere C is heat capacity at constant pressure and !Y:t is 'the volu."lle 
p 

thermal expansion coefficient, it is seen that: 

dT v (cx2 - cxl) . 

dP = 1/T( C 
2

-c 
1

) . p p 
= '(i) 

This class of transitions is known as second order because discontinuities 

arise in the second derivatives of the free energy. The higher tempera-

tur·e magnetic transitions in the heavy rare earths (i.e., the Curie 

point of Gd and the.Neel points of Tb, Dy, HO, Er, and Tm) show no volume 

· h 20' 25-27 · b . · d d d d Th h t or en~ropy c ange anQ may e cons~ ere secon or er. e .ea 

capacity ~nomaly (Dcp) going from high to low temperature is necessarily 

positive. Knowledge of the sign of the thermal expansion anomaly then 

gives the sign of (d'T/dP)P=O' The thermal expansion anomalies through 

the magnetic transitions i.1ave been measured for Gd, . Tb, and Dy and all 

21-23 . 
·are negative. Good values for .:0.etand !:::C could also furnish the 

p 

magnitude of (dT/dP)P=O' Some estimates of these quantities from 

published reports are given in Table I. It should be emphasized that 

the magnitudes of these quantities, particularly the thermal expansion 

anomalies, are approximate. Direct measurement of the transition 

tem;peratur<i!s as a f1anction of pressu;r-e is certain:j,y more accurate and 

also gives the pressure dependence of dT/dP. 

Curie points are defined as the temperature at which the spontaneous 

magnetization (the magnetization which exists in each domain in the 

absence of any applied magnetic field) vanishes. At the transition 

point anomalies arise in many physical properties (e.g. electrical 

resistivity). Electrical resistance is one of the easiest properties 
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to study at high pressures, and resistance anomalies have been used to 

study magnetic transitions as a f~~ction of pressure.
2
9, 30 . Such 

measurements are not always definitive as confusion with a high pressure 
,. 

phase is ali.;ays possible. The least ambigu.ous (but not necessarily easiest) 

method of determining a Curie point at high pressures is me~surement of 

the temperature dependence of magnetization since appearance of a large 

magnetization is a guarantee of the existence of magnetic ordering. 

(~his reasoning is probably also true for the order-disorder transition 

point of a weak antiferromagnet). The rest of this report describes 

an apparatus for making and the results of such measurements. 

Table I 

b.a, 1 be cal. v, cc dT OK 
"K" p' K-mole mole dP' koar 

Gd -40><10 -
6 ( 24) 6~6 (25) 19.88 (28) -1.02 

Tb -6 ) -35><10 (22 11.1 (26) 19.25 (28) -0.34 

Dy -60><10 -
61 

( 22) 8.6 (27) 19.03 (28) -0.58 

Note: one kilobar (kbar) equals l><L09 2 
dynes/em 

' 

,, 
• 
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II. EXPERDIENTAL 

A. General 

.High pressures in this laboratory are generated by Brid~nan anvils. 

These are truncated cones four· inches in dia.-rneter ,with l/2 'inch diameter 

faces. The anvils are made with a suitable outer ring ('in this case a 

high strength, low permeability stainless steel called Discalloy) vlhich 

supports a tungsten carbide rod; the top of the carbide rod serves as 

the load bearing face (see Fig. 1). Most tungsten carbides are cemc::nted 

with cobalt metal and have a high magnetic permeability so a special 

type (Kennametal 601) of binderless carbide was used,in this experiment. 

The samples used in these experiments were in the form of cylinders 

(0.370 in. diameter by 0.015 in. high). Both the Gd and Tb IV"ere· supplied 

by Research Chemicals, Phoenix, Arizona. Impurities of other rare earth 

and of transition metals were out·side the limits of detection by 

·Spectroscopic analysis. The Gd was· in ~od form; the rod was turned to 

size and sa.-rnples were parted off on a lathe. The Tb was in the form of 

irregular chunks; these were rolled to the proper thickness and samples 

were punched out. 

The samples were contained under pressure by a mineral ring 

(0.500 in. o.d., 0.375 in. i.d., and 0.018 in. high) of pyrophyllite 

(approximate composition Al2si4o12H2 ) coated with fine Fe2o
3

. 

Two Bridgman anvils face to face with the sample-containing ring 

bet'\lreen them forms the high pressure system. The anvils are placed under 

load in a large hydraulic press. The press construction is simple; a 

massive iron yoke contains a large piston-cylinder which rests on the 

inside bottom of the yoke. The space between the top of the piston and 

. the top of the yoke is filled 'IV"i th the Bridgman anvils and spacers. 
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Fig. l 

MU-33473 
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The .force is applied bet·w·een the top and bottom of the yoke. High 

pressures are obtained from the large loadings and the small faces of 

the anvils. 

Pressure calibration in this system is a problem. At higher pressures 

(from about 15 kbars) Bridgman anvil systems can be calibrated by known 

phase transitions (usually detected by electrical resistance dis- .. 

continuities). The electrical resistance samples used for calibration 

are not contained for a reasonable amount of time below 15 kbars. 

Pressure for these experiments was calculated from the known force and 

an area corrected for the portion of the containing ring whi~~ is load 

bearing. 

Temperature was regulated by placing the anvils and magnetic 

measuring apparatus in a large) stirred liquid bath .. The bath was 

heated by immersion resistance heaters and was cooled by the flm-1 of a 

suitable fluid (liquid nitrogen boil-off or.methyl alcohol cooled to 

195o Kin an outside bath) through a heat transfer coil. The resistance 

heaters were pmvered by a variable autotransformer and the flow of 

cooling fluid >vas controlled by a valve. A temperature change rate of 

O.l°K/min could be maintained easily on either heating or cooling in the 

temperature range 150-320°K. The bath f~uid used for the Gd experiments 

i-ras either toluene (m.p. 178°K and b.p. 383°K) or isopropyl alcohol 

(m.p. 184°K and b.p. 355°K). The fluid used in the terbium experiments 

'il'as methyl butane (m .p. 113 °K and b .p. 301 °K). Because of the lm·r 

boiling point methyl butane presents serious fire hazards. For safety 

reasons the entire press was covered >vith a tight shield. The system 

was vented to the outside atmosphere and a flow of dry nitrogen gas 

swept out vapors. This had the dual advantage of reducing fire hazard 
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and .eliminating frost buildup. Water in these bath fluids greatly 

increases viscosity near the melting point and in polar fluids can 

cause noise problems from conduction bet"'veen stirrers, heaters, and the 

measuring .apparatus. 

The maximum temperature obtainable (about 350°K) was limited by the 

breakdmm of the Formvar insulation on magnet wire used to vlind the 

coils described in the next section. Terr.peratures of 600 0::< have been 

obtained in Bridgman anvils. Modification of the method of heating or 

use of different insulation on the coil 1.;ires could reach such tempera

tures. The minimum te.'l1peratL:.re (about 120 °K) is near the l01.;er limit 

of melting points for bath fluids VThich boil above room temperature. 

The heat lea.'~< through the anvils and support blocks is very lar.ge, and 

a fluid bath surrounding the anvils helps maintain a uniform, easily 

controllable temperature at the sample. 

An alternative approach is use of·a large,quantity of small lead 

pellets surrounding the anvils to provide a heat sink. By reducing the 

pressure above liquid nitrogen, temperatures of 65°K have been reached 

in large Bridgman anvils. Suitable combinations of these techniques 

could extend the lower temperature range. 

The temperature was measured by copper-constantan thermocouples 

soldered to the shoulders of the anvils. The voltage of the thermo

couples •·ras read from a Keithley 149 milli-microvoltmeter. The actual 

tempe:r·ature measured was that of the anvil faces, but, as the 'lvhole system 

vras immersed in a large stirred bath and the sa..'l1ple 'l'>'as in intimate· 

contact VTith the massive anvils, little error was introduced. 
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B. Nagnetic Measurements 

A voltage (E) is induced in a coil placed in a changing magnetic 

field. The voltage is proportionc:.l to the time rate of change of the 

magnetic induction (B), i.e.: 

E = c dB/dt 

;·rhere E is in volts, B in gauss, t in seconds, and c is a constant. 

The integral of Edt is proportional to the total change in induction in 

a specified time: 

B -B =.6B= 2 1 

Such an integration can be performed electronically using a resistance

capacitance circuit of proper time constant. 31 The magnetic induction 

is a function of magnetic field strength (H) and the magnetization (Jvl) 

of the medium: 

B = H + 47T M 

If two solenoids, one containing a ferromagnetic material, are 

. placed in a large volwne, uniform magnetic field in vacuum, any change 

in the magnetic field strength induces voltages in the solenoids. The 

difference behreen the time-integrated voltages of the solenoids is 

proportional to the magnetization of the ferroma&netic material since the 

field is assumed to be uniform and the magnetization of the vacuuJn is 

zero. These 'trere the guiding principles for the magnetic measurements. 

Tvm different devices for making these measurements ·Here built. 

The original apparatus, in which some of the measurements on Gd 

\.Jere made, consisted of a pair of electromagnets mounted on the press 

yoke; the pole tips Here 2. 5 in. diameter with an air gap of 4. 5 in. 

(see Fig. 2). An iron bar resting on top of the hydraulic piston 

and fitting c~osely to the sides of the yoke eliminated the hardened 

., ... -' 
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Fig. 2 

Jv\U-36535 
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tool steel piston-cylinder from the magnetic fl~x path. The field at 

the center of the gap, vrith 4 amp current in the electromagnets, vras 

· 800 oe uniform to 1?~ over the volume of the sample. A 300 turn coil, 

'lvedge shaped to fit the taper of the anvils, was. placed in line Hith 

the field about 1/4 in. from the sa.rnple to serve as a signal coil; 

perpendicular to the line of the field and about one inch from the sample 

vras a flat wound bucking coil. The output of the bucking coil vras 
c.. 

voltage divided and the output of the voltage divider was connected 

series opposed to the output of the signal. coil. The voltage divider 'lvas 

set to give a null integrated signal on field reversal with a para-

magnetic sample in place. There are tvm ·differences bet>veen the ideal 

magnetization measurement described before and this apparatus. The 

signal coil does not surround the apparatus but only 11 samples" the 

induction at a point some distance avray. The surrounding medium in this 

case is not vacuum but stainless steel and tungsten carbide. For these 

reasons this apparatus was of marginal sensitivity. Sensitivity was 

improved slightly by decreasing the air gap and the spatial extent of the 

magnetic field. This was done by attaching pole tip extensions tapered 

to fit between the anvil faces. The signal coil was placed between the 

end of the pole tip and the sa.~ple. The evolution of this apparatus 

indicated a design that would greatly increase sensitivity. 

The second apparatus is pictured in Fig. 3. A block figure-eight 

shaped frame was fashioned of 0.25 in. soft iron .. One inch sections 

were cut from the center of both ends. These ends vrere tape,red to fit 

betvreen the anvil faces. The frame >vas then split on the center arm 

and a 1000 turn field coil was fitted. The frame vras rejoined by· a 

strap of soft iron. A 1000 turn signal coil i'Tas fitted on either end of 
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Fig. 3 
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the 'fra.'rf!e .. The series opposed output of the two signal coils was 

balanced (by a v'oltage divider) to give a null integrated voltage on 
I 

field reversal lvith a para:magnetic sample in place. In operation the 

sw~ple to be studied was placed in one of the gaps; a brass spacer 

placed in the other gap prevented springing of the arms on field reversal. 

The field at the center of the gap ·vras about 100 oe with 0. 4 amp field 

coil current. · 

This apparatus again measures the difference in induction behreen 

hro points. The induction in this case is largely due to the. iron 

fr~~e. Introduction of a ferromagnetic sa."llple in.one of the gaps 

increases the induction in that portion 'of the fra."lle and results, on 

field reversal, in a time integrated voltage difference bet1veen- the 

·t\vo coils ·which is proportional to the magnetization of the sample. 

lYieasurements were made at constant pressure as a function of 

temperature. At each temperature the l)1agnetic field vras reversed about 

15 times. A 'fe>v field reversals were necessary to put the iron frame 

and the sa"llple in a cyclic magnetic state. The last ten field reversals 
(~ ! 

constituted.the measurement. The resulting voltage outputs of the 

integrator were displayed on a Leeds and Northrup recorder. The ten 

voltage readings >vere averaged and plotted against temperature. A 

background curve >vas obtained by similar measurements on a para-

magnetic material. This background curve "\vas ·subtracted from the' read-

ings taken on the magnetic specimens to give the final form of the 

curve. 

C. Experimental Errors 

The electronic· integrator acts as a very high gain voltage amplifier. 

All solder joints in the input circuit >·rere placed outside the cooled 
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resion to prevent amplification of thermal EMF's. The integrator and 

its associated circuits have an inherent noise level which is seen as 

a randomly drifting output. Another form of noise in the circuit is ~~ 

i!n.balance in magnetic transients caused by dissi.lJlilarities ·~n: the two 

ends of the iron frruae. These magnetic transients are seen as oscillations 

at the end of the voltage change on field reversal. At the gain used 

for these experliaents the uncertainty, introduced by baseline drift and 

transients, in the integrated voltage signal is estimated to be ±0.2 

millivolts. For comparison a 0.370 in. diameter by 0.010 in. high disc 

of cold-rolled iron gives a signal of about 6 mv. 

The temperatures were read to about ±0.2°K from the milli-

microvoltmeter. 

A Bourdon tube gauge, calibrated by a strain gauge, was used to 

measure the fluid pressure (acting on the piston) and thus the press 

load. The estimated uncertainty in loaa is equivalent to ±0.2 kbar on 

a 0.5 in. diameter circular surface.- The uncertainty in pressure is 

another matter. There is no reason to suppose that the reproducibility 

in actual pressure suffers from. more than the uncertainty in load. The 

accuracy, though, may be in error by 10%. This is a systematic error 

vrhich may be eli.rninated if a proper calibration is devised. 

A magnetized specimen gives rise to a magnetic field (the demag-

netizing field) opposite the applied field. To obtain the actual effec-
~I 

tive field acting on the specimen requires a complex correction or demag-

netizing factor dependent on the geometrical shape of the specimen. As 

the shape of the samples in these experiments changed in an un..~nmm w:..y 

with pressure, no demagnetizi.~g correction was attempted. Only the re-

lative magnetization as a function of temperature -vras of interest here so 
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e::--.-perimental curves contained herein list a "signal" of arbitrary scale 

representing the magnetization at an applied field strength of 100 oe. 
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III. RESULTS AND DISCUSSION • 

Curie points are classically determined by iso~hermal plots of M.
2 

against H/M (where M is the magnetization and H is the magnetic field 

strength). The temperature of the isotherm lvhich goes through the origin 

gives the Curie.point. Because of the limited range of field strengths 

available here and the signal to noise ratio of our circuit, suchu 

measurements i'lere not possible. The measurements actually made were of 

magnetization at a constant field strength (H 1 . d = 100 oe). The app J.e 

Curie point of Gd was first reported as 289°K.32 The magnetic anomaly 

in the heat ·capacity of Gd occurs at 291.8°K. 25 Later measurements have 

0 33 set the Curie point at 293.2 K. Short range order is seen to persist 

' 0 
up to 305 K though, and any magnetization measurements made in finite 

34 
magnetic fields will yield a higher Curie point. The value of 297.4°K 

at one atmosphere obtained here is not unreasonable in view of the 

expe,rimental method. 

Figure 4 shows a representative series of magnetization-temperature 

curves (each taken at constant pressure) for Gd. The steepest portions 

of the curves were extrapolated to zero magnetization to obtain the 

CUrie temperatures .. No significant thermal hysteresis was observed at 

any pressure. The results are gathered in Fig. 5 together with a line 

The change .in Curie point of Gd had been measured before under 

hydrostatic pressures. The earliest determination >vas -1.2 '1<.:/kbar at 

pressures to 8 kbar; 35 a later result gave -1.53 ~/kbar to 6 kbar. 36 

In both cases the variation of the Curie temperature (T ) was found to 
. c 

be linear with pres sure. While this work was being carried out ti-ro 

other reports gave dT /OP as -1.60°K/kbar37 and -1.72°K/kbar. 38 Again c 

,., 
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.rr i·:as a linear function of pressure. 'I'he value .of dT /dP ( -J".9±(j,2 0:;'{/ -c · c 

kb::J.r) obt:1ined here agrees 11ith the later determinations l·rithin combined 

eX?erL~ental error. 

As Fig. 3 sl1ows, the pe:1k signeJ. decreased rapicl:Ly Hith :pressure 
.r•·" 

' 
until_, at 20-25 kbar, no measurement was possible. This clecreg.se ir. 

signal makes determination of the Curie temperature increasing:l.y diffj.cuJ.t 
'7.,7 7Q 

and also prevents detection of a reported phase change at 25 l::bar." -_~_, 

Two reasons for the decrease in signal can be discussed. 

Magnetization at field strengths lovrer than tha.t necessary to 

Sa~u~a+e (all·~n a;l momon~~ l'n the dl'rect·.J..'on of +be fl'el_d) is de~endent v ~ .., · 5 -~ ..... ~ J.u ::> ~ - _ 

on the domain structure of t~1e magnetic material. It ba~ been f01md. 

in single crystals that the ma.gnetization ha.s certain preferred crystaJ. 

o:cientations (the so-called easy directio11s). On cooling through the 

Gm·ie point in zero applie:l field, a ferromagnet expands or contracts 

along these easy directions. vr.nen a ::na;gnetic field is applied, the 

du:~alns oriented favo:cably vd.th respect to the field grow at the expense 

of ot::1ers. At field strengths near saturation, domain growth is not A.bvays, 

p:~ssible and the magnetization rotates along "hard direetionsn to line 

up '' ,+.h the field. 'I'he result of all these processes is a change j_n 

dimens:~ons of the crystal (but only a slight volu.rne change) as j_t is 

"11agnetize:d. 'I'he phenomenon is known as linear magnetostriction.
40 

(l'-:a.gnetostriction is positive if the .material expands in the directioG 

' of ·>ne field.) Inverse magnetostriction occurs when a ferromagnetic 

mater~al is elastically stressed. Then,, even ::.n the absence of an e;i?:?lied 

field, ~-he domain magnetizations are ori.ented. (1-.rith respect to the 

stres~ ax1"s) - ' . Te.ble II gives the effect of magnet:tza-tion at constant 

field s+.re·ngth (bu·t bela'·· satu~a+-.L·o~) o~ ·t· d t· · ~ - v- N - v '-' I posl,lVe an nega,lve magne~o-

stric:tive materials measured. parallel or perpendicular to t.he st:~ess axis. 
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Table II 

+ 
positive 

.... . wenslon 

Ivl > JVT 
s u 

rvr < M 
s u 

compression 

:M < M s u 

M > M 
s u 

negative 

tension 

M < M s u 

M > M 
s u 

compression 

M > ::vr 
s u 

Ivi < M s u 

Here 1 is the length· of the specimen, M is the magnetization, and s and 

£ represent stressed and unstressed material. 

In these experiments the compressions are nearly uniaxial (along 
. . 

the axis of the ~~vils) and the magnetization is measured perpendicular 

to ·the stress axis. The magnetostriction of polycrystalline Gd is a 

complex function of temperature. It is/negative at low temperatures and 

41 goes to zero in the vicinity of the Curle point. The effect of the 

elastic compressive stress and the negative magne;tostriction is to lower 

the magnetization at a given field strength. This limitation cannot be 

overcome until a much more sophisticated system, capable of measuring 

saturation and spontaneous magnetization under pressure, can be built. 

The second effect causing a decrease in signal is that of plastic de-

formation brought about by the pressure gradient .which exists ·in Bridgman 

. 42 
anvlls. As described briefly earlier, the process of magnetization 

of a macroscopic specimen involves first the growth of domains oriented 

favorably with respect to an applied field and secondly the rotation 

toward the field direction of the rnagnetization within other domains. 

The magnetization rotation requires considerably.more energy than does 

domain grovrth if the anisotropy responsible for easy and hard directions 

c:.' 

•ti 
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·of t" · · · . · "f" t 40 
magne·lza~lon ls slgnl lean . In Gd this anisotropy is large and 

there is only one easy direction (the _£-axis),. If domain grovrth is 

somehovr limited in Gd, -much higher fields will be necessary to reach 

saturation magnetization. In polycrystalline Gd the grain·'boundaries 

limit domain growth and saturation can be reached only by magnetization 

rotation in those grains whose £-axis does not coincide with the applied 

field. In this experiment polycrystalline specimens are the -1- .L-. s..,arvlng 

material so the effect of the initial grain boundaries is ahrays present. 

Hmv-ever, any plastic flow induced by the pressure gradient would· introduce 

areas of material which, while. not necessarily forming nevr grain boundaries, 

might well act as barriers to magnetic domain growth because of the loss 

of normal lattice periodicity. The result is a decrease in the· buD<;: 

magnetization at constant, low field strengths. Some progress has been 

made in annealing sa~ples w~der pressure by heating for a short time with 

43 large current pulses. Such annealing might minimize the effect of 

plastic deformation on magnetization. 

No quantitative separation of these two effects was attempted. From 

comparison of annealed and cold-worked samples it is estimated that plastic 

de:foJ:ma:tion and elastic stresses rna~ qontribute about equally to the decrease 

in signal in Gd. 

A final experimental note on Gd should be added here. The volume 

magnetostriction (change in volume on magnetization) is not zero. After 

saturation magnetization is reached, and changes in dimensions due to 

domain alignment are no longer possible, the vol~~e of ferromagnetic 

material is found to depend on the applied magnetic field. The fractional 

volume change is linear 1-lith field strength. The volume magnetostriction 

has b,een measured for both polycrystalline 41' 44 and singl~ crystal 
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hl· 45 
Gel.''+' n1e volume magnetostriction is related, on the assumption that 

the magnetization (M) is a function of T/T , by thermodynamics to the 
. c 

change of C~rie point 

1 
dT c 

(T ) -vrith pressure 
c 

{om) 
dH ----= 

T l ~) ;T2:T\ T dP c 12) 

(P): . 

rom) 
{~ 

(2) 

ov 
"'-111ere m = V , the fractional volume~ change? and the other symbols 

. 46 
have the meaning used throughout. This equation does not depend 

explicitly on the Curie point being thermodyna.,"llically second order. 

These qu~~tities are evaluated in Ref. 45, and dT /dP is calculated to . c 

be -1.26 k/kbar. This gives another indication that both sign and 

magnitude are nearly correct. 

The magnetic properties of terbiu..'Tl 1vere apparently first investigated 

in 1937. 47 The sample must have been very impure as no magnetic ordering 

vras observed at temoeratures well below 200 "K. The. first measurements 
~ . 

on magnetically ordered Tb were made in relatively high fields (about 

15,000 oe). Tb was reported to be ferromagnetic with a Curie temperature 

of 230 °K. 
48 

Later magnetic studies showed a Neel point of 230 °K and a 

ferromagnetic-antiferromagnetic transition at 218°K. 18 Recent magnetic 

and resistivity, 49 x~ray diffraction, 
20 

and neutron diffraction5° 

studies on Tb single crystals fix the N~el point at 229 "K and the 11 Curie 

point 11 at 221 °K. Heat capacity anomalies were observed at 227.7 °K and 

221°K. 27 ~ 

Terbium,. as note~ before, is a 1veak antiferromagnet betl-reen 221 o 

and 229 °K. 
49 

l-1easurements on• polycrystalline samples made in fields of 

50-150 oe sho'tr a rapid drop in magnetization as the temperature is 

raised to about 220 °K. The magnetization then rises to a pea_~ a.t 229 °K 

and drops off rapidly above that temperature. In fields of 800 oe and 
~; 
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higher the magnetization curve appear.s to be that of a normal ferro-

18 
magnet >vith a Curie temperature of 230 '1<.:. This behavior arises from 

14 
alignment .of the helical spin structure into the structure of a 

ferromagnet. 

Figure 6 illustrates the behavior of ~o in this eA~erimental 

apparatus with a field strength of 100 oe. As the· temperature approaches 

220°K the signal drops rapidly, much as in Gd. The signal then rises to 

a peak at 228 °K and drops to zero above.. Extrapolation of the lovrer 

temperature portion .of .the curve yields a 1'Curie pointrr of 224 °K. The 

Neel point is talcen as 228 °K) the position of the pealc.maximum. Figure 5 

also illustrates the pressure dependence of the magnetization. In the 

curves taken at 5 and 10 kbar a maximum) after a slow drop, in -a S
4

ignal 

is seen. Assigning the N~el points (T ) to the positions of the peak 
n 

:maxima yields: 

dT /dP = -1.4±0,2°K/kbar. 
n . 

After this work '\vas carried out, two reports of the change in Neel 

point of Tb vrith pressure were published. Lm-1 field (about 1 oe) 

magnetization measurements gave dT /dP as -1.07°K/kbar
38 

in good agree-· . n . 

ment with this work. A series of compression measurements at various 

temperatures showed .dTn/dP to be 0.7°K/kbar. 51 This is particularly 

disturbing as even the sign of the effect is oppos~te to that obtained 

here. From thermal expansion and heat capacity anomalies, Eq. 1 

l'redicts that d.Tn/dl? will be -n'egati ve. It can always be argued that the 

transition is not strictly second order, even though no volume change 

at the transition point has been measured, and so Eq. 1 is not applicable. 

Equation 2, however, is based on different assumptions. Magnetostriction 

in weak antiferromagnets is similar to that in ferromagnets. The volume 
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magnetostriction of Tb has recently been measured. 52 Although all.the 

q_uantities in Eq. · (2) r ... ::cve not been evaluated, the volume magnetostriction 

at the Neel point is found to be positive. · One of the relations used 

. 46 in deriving Eq_. ~ ls: 

(em) 1 (eM ) · 
~ =-'M "'SD en p 11 o.~.. H 

A positive volume magnetostriction then predicts a decrease in magnetiza-

tion (at constant field strength) '..rith increasing pressure. Strong 

arg-u."r.ents can be given that this decrease in magnetization is caused by 

a decrease in transition temperature. Both Eqq, l and 2 seem to predict 

a negative dT /dP and cast some doubt on the positive value. 
n 

The decrease in signal with pressure for To is quite marked w·ith 

meaningf'D.l signals disappearing bet1-reen 10 and 15 kbars. No "Curie 

point" could be obtained from the higher pressure curves. Figure 7 

shm-rs the drastic effect of plastic defo'rmation on the magnetic properties 

of To. The magnetization curve of an annealed sample at one atmosphere 

is compared to magnetization curves for samples compressed to 5, 10, and 

15 kbar.s and then decompressed to one atmosphere. .fuo..nealing the com-

pressed samples for 15 minutes at l200°K restored the original behavior. 

Discussion of the effects of plastic deformation on Tb is complicated by 

.the fact that it is a w·eak antiferromagnet and not a ferromagnet. Appax·ent-

ly the antiferromagnetic ordering is made even weaker by these defor-

mations although the presence of a maximum or a change in slope in each 
. . 

curve at 228°K. indicates·the retention of some antiferromagnetism in the 

compressed samples. The effects of linear magnetostriction and elastic 

stresses on the antiferromagnetic ordering .are not well kno1-rn and are 

"obviously outweighed by the effects of plastic deformation. :Measurement 



0 
c: 
0""· 

(/) 

'! 

~80 

-26-

200 

Fig. 7 

Tb 
Curves token at 1 atm 
after compression i·o:. 

o - l a tm 
!::::. - 5 kbars 
o - 10 I·\ bars 
\1 - 15 !<bars 

240 260 

MU-36"69 



-29-

of dT /02 and extension of the measurements of dT /02 for Tb must e..'.·rait c .. n . 

further development of the technique for annealing under pressure. 

In early quantum mech~~ical calculations' on the hydrogen molecule 

it l·ras found that. the total energy had a component called exchange 

energy (E ) ivhich 1vas dependent on the relative orientations ,of the X . 

spins of electrons in the molecule. The exchange energy for a t-vro 

electron molecule is often i>rritten as: 

ivhere s
1 

and s
2 

are the spins of the two electrons and. J is known 

as the exchange integral. For a positive J parallel spin orientation 

(triplet state) corresponds to minUffiL~ total energy. It was proposed 

that this simple treatment could be extended to solids, and t~zt with 

iron group atoms in a solid direct exchange interaction would lead to 

.a positive J and parallel alignment of electron spins as the ground 

l state of the entire crystal. This was the earliest quantum mechanical 

explanation of ferromagnetism. The possibility. of direct exchange 

interaction in ,solids yielding a negative J and antiparallel alignment 

of electron spins seems to have been neglected, although by analogy 

this i·TOuld lead to antiferromagnetic ordering. Recent calculations 

on iron group sol~ds using appropriate -vmve functions yield excha.'1.ge 

integrals much too small in magnitude and of the wrong sign to explain 

ferromagnetism in ~e 1 Ni 1 and Co. 53 Direct.exchange interactions can at 

best give only a qualitative understanding of the mechanisms of magnetic 

ordering .. 

The need for other explanations of magnetic ordering was wsde very 

plain 'i·rhen compounds such as MilO were found to be antiferromagnetic. 

P.ny direct exchange interaction between Mn +2 
ions 1-rould be< of very small 
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magnitude 
+2 2 as the ~m ions are separated by normaily diamagnetic 0-

ions. An interaction Hhich involves :polarization 

+2 
maintain a particular spin alig..."'1l!lent between M."1 

- tb o-2 . " or ~ 1ons co 
) 

5h 
ions has been :proposed; · 

this theory is adequate to explain the antiferrmnagnetism of· Iv'mO. 

Interatomic exchange interactions bet~Veen the tightly bound ~--f 
. . 55 

electrons in rare earth metals are certainly very small. The mechanisrr£ 

proposed for alig~ment of atomic 4-f electron spins in rare earth metals 

usually involve interactions between these electrons and the conduction 

electrons;56 the latter are not localized but extend throughout a crystalJ 

and may be capable of carrying long range interactions. The exchange 

interaction in these proposed mechanisms is between the rare earth ion 

core and the conduction electrons. The 4-f electronic structure and 

the atomic magnetic moment of the rare earth metals are considered to 

be volume independent for moderate compression. With these ap:proxima-

tions the volume dependence of the energy of magnetic ordering and 

· correspondingly the volume dependence of the magnetic transition 

temperatures can be written as: 57 · 

dlnT 
= dlnN(F) dlnlrl

2 
-----+. ' ' 

d.lnV. dlnV dlnV 

where N(EF) is the density of states at the Fermi surface for the con-

duction electrons and I is the strength of the exchange interaction 

betl?een the ion core and the conduction electrons·. From the measurements 

of dTc/dP for Gd and dTn/dP for Tb and compressibility measurements) the 

dlnT 
quantity dlnP can be calculated. Table III gives these quantities for 

Gd and Tb and also for Dy and Ho from other reports. 
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TABLE III 

Gd Tb Dy Ho 

dT -1.9 -1.4 -0.66 (38) ~0.48 (33) 
d.P (°K/kbar) -0.62 (29) 

1 dV (kbar)-l -3 -3 6. -3 
I 

-2.6X.l0-3 v d.?· 
-2.3Xl0 -2.5Xl0 . -2. XlO l 

(53) (51) (59) I (59) 
I 

dlnT 
2.9 2.4 1.4 (38) I 1.4 

dlnV 1.3 (29) I 

Here T · represents the Curie temperature of Gd and the Neel temperatures 

ofT~, Dy, and Ho. 

The q_uantity dlnN(7) b dlnV can e derived from careful measurements· at 

lmr temperatures of specific heat in a magnetic field and of thermal 

. f"' . t 57 B th dL>U~(e:F) d dln I ld b d . d 
expans~on coe I~c~en s. o dlnV an dlnV cou e er~ve 

· from electron paramagnetic resonance. measurements as a function of 

pressure. 57 If these measurements are made, comparison of derived and 

experimental values for ~~~ will provide. a good test of these theories. 
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:tv10Sf-3AUER SPECTRUN OF Fe57 

IN STAINLESS STEEL AT HIGH PRESSURES 

I. I~'TRODUCTION 

Recoilless emission and absorption of grulli~a rays (the Mossb~uer 

effect) has proved to be a valuable tool for atomic scale solid state ·· 

studies. 60 Recent Mossbauer measurements at high pressures are an in-

d . t. ~ •t l . t• . 61,62 
~ca ~on OI ~ s va ue ~n n~s area. The first Ivlossbauer effect 

reported at high pressures 1.,ras of Fe 57 in iron metal. 
62 A high pressure 

' > 

.. 63 
phase of iron has been known to exist for some tLme. The Mossbauer 

experiment .shm.,red the phase transition by t~e collapse of the normal 

hy}Jerfine splitt'ing into a single line. To study the effect of alloying 

on the iron high pressure phase transition, it was desired to observe 

the Mossbauer effect at high pressures in stainless steels. 

II. EXPERIMEJ\'TAL 

Tvro commercial stainless steels (hereinafter called SS), numbers 

304 and 310, were machined into rings 0.184 in. outside diameter, 0.162 

in. inside diameter, a~d 0.007 in. high. The SS 304 was analyzed and 

found to \contain '{0.3% Fe, 18.8% Cr, 9.a;0:Ni, and 0.8% Mn; the SS 310 

on analysis showed 53-3% Fe; 23.2% Cr, 19.7% Ni, and l.8c;'o Mn. The 

remainders were presumably largely Si with some C, P, and 8 :present. 

The SS rings were electroplated with Co57 on one third of the surface 

and heated at l200°K for several hours to diffuse the radioactive 

w~terial into the body of the steel. Aluminum discs 0.160 in. diameter 

i-lere placed ins ide these rings to fill the remaining volume in the . 

pressure cell. . This assembiy was p~aced within a pyrophylit~ ring \·lith 
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the d:L'nensions 0. 250 in. outside dia.'neter, 0.187 in. inside dia.rr.eter, 

and. 0.010 in. high. The pressures 1vere generated in,0.250 in. diarrieter 

face Bridgman anvils. 

' 6' •• b . d t ., , .J:o 
4 

The £.1ossbauer spectrometer has been descri ed ln. e a2..1 .. oe.Lore 

and w·ill only be review·ed briefly here., The co57 decays by electron 

capture to the 137-keV state of Fe57; the excited state Fe5Tca.'Y1 decay 

. directly to the ground state or can decay by emission of 123-keV and 

then 14.4 keV gamma rays. The 14.4-keV state is,the Mossbauer nucleus 

57 65 and 91% of the Co decays through this state. The 14.4-keV radiation 

is detected by a Nai(Tl) scintillation crystal moUBted on the face of a 

phototube. The radioactive .source, being under pressure, was held 

stationary while the absorber (a 0.007 in. thick stainless steel foil . . . r 

enriched to 91% ground state Fe57) 1·ras !T'.oved to provide a Doppler velo-

city to trace out the resonance line. Square pulses representing de-

tected 14. 4-keV radiation are amplitude modulated -vrith the sine wave 

velocity of the absorber. The amplitude of a square pulse is proportional 

·to the velocity ~f the absorber at the moment of detection of the radia-

tion. The series of modulated pulses is fed to a multichannel analyzer for 

accumulation.and storage. The contents of the analyzer were punched onto 
. 

paper tape and data reduction 1vas done on the. Chemistry: Department's 

SDS 920·computer. As the velocity of the absorber is not a perfect sine 

vrave, normalization of the spectra by an experimental curve is necessary.· 

The e~perimental norrnalization is obtained by placing the detector so 

that no resonant absorption is possible. The velocity s1·reep covered. 350 

channels on the 4oo channel analyzer; the velocity sHeep -vras large enough 

so that the spectra covered only about 300 .channels. The velocity scale 

. Has calib:cated Hith the Mossbauer spectraum of Fe57 in iron metal. The 

hyperfine splitting of this spectrum is known accurately.65 
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The fraction of recoilless events should increase .lvith pressure as 

the Debye temperature of the solid increases. The increase is not 

measurable in this system as the 14-.4-keV radiation is severely ettenu-

ated by the containing ring but the higher energy radiation is not. 'I'he 

counting system does not have perfect ·resolution but counts high energy 

radietion incompletely absorbed by the detector and scettered high energy 

rediation as 14.4-keV. The. ratio of 14.4-keV to higher energy radietion 

eppearing outside the e.nvtls decreases -vrith increasing pressD.re end so 

does the.apparent recoil free fraction. 

) 

\j .,. 



-35- . 

III. RESULTS A1~ DISCUSSION· 

The initial spectra of both SS 304 and SS 310 samples vere similar 

a.11d cons j_sted of a s inc;le broad line C8ntered at zero velocity ~·rith 

respect to the .stainless steel absorber. Figure 8 sho",rs the spectrum 

of SS 304 at 1 atmosphere pressure and 300°K with the sample placed 

outside the anvils. Figure 9a shows the same spectru~ with the s~nple 

placed in the· anvils .. The Mossbauer spectrum of SS 304 at a pressure 

of 60 kbars in sho"~ in Fig.ll. The central line is still present 

but a broad absorption extending over a velocity range of about 10 mm/sec 

is to be noted. All spectra above 40 kbars for both SS 304 and SS 310 

showed the same features. Spectra were taken to pressures of 130 kbars 

.for SS 304 and 150 kbars for SS 310. At these pressures the apparent 

recoil free fraction 'lvas less than the statistical error (0.5%). The 

main difference bet~oreen SS 304 and SS 310 was to be seen on decompress ion. 

Figures 9b and 10 shmr the Mossbauer spectrum of SS 304 at 1 atmosphere 

pressure after compression to 130 kbars ~ '.i'he spectrum shmrn in Fig. 10 

is taken with the sample outside the ·anvils and clearly sh01vs the broad 

absorption superposed on the central line. Annealing for several hours 

at 1200°K restored the original single line spectrum of the SS 301+. At 

1 atmosphere pressure after compression to 150 kbars the SS 310 spectrum 

was unchanged from the spectruru before compression. 

In summary J none of these results sho~..r any indication of a sharp 

phase change in the stainless steels. The broad absorption is attri

buted to a change from a par~nagnetic state to a l)artially ferromagnetic 

state. There seem to be several ty-pes of sites .:vrhich display the ·h:-,rper

fine splitting and this prevents resolution of the splittings. The 

11 phase cha..'1ge 11 in SS 310 is apparently reversible -vrith pressure but 
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the ':phase change" in SS 304 is irreversible; the latter rfl..a.teria.l must 

· be heated to restore the original para~gnetic state. 

I 
I 

~ .• 
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THE ELECTRICAL RESISTA~CE 

OF BISMUTH FROM 25 TO 80 KILOBARS 

I. I1~RODUCTION 

When Bridgman determined the volu..-rne-pressure relationships of 

pismuth to 100 kbar, he found bra small volume discontinuities at 45 

and 64 kbar. 67 Probably every investigator in pigh pressures has deter- . 

mined the electrical resistivity of bismuth in this pressure range. Until 

' 68 
Zeitlin and Braym~~ reported discontinuities in the resis~ance of 

bismuth at these pressures, no one had found resistance discontinuities 

that corresponded to the volume discontinuities at 45 and 64 kbars. 

Because of this report, a more careful determination of the resistance 

of bismuth as a function of pressure 1-.ras undert~lten. · The results indicate 

that there is no discontinuity in the resistance that is greater than 

This is much smaller. than the discontinuity reported by Zeitlin 

and Brayman. 

II. EXPERI.ti1ENTAL 

Electrical resistance samples for Bridgman anvils are constructed 

as sho1m in Fig. 12. Bismuth wire, 0. 003 in. · diame.ter, is bent into a 

circle and placed concentrically between two 0.370 in. diameter by 

0.0035 in. high AgCl discs. Placing a circular sample concentric with 

the. anvil faces minimizes the effect of the radial pressure gradient 

h . h . t . B . "1 42 2 w lC exls s ln rldgman anvl s. Gold plugs 0.0 0 in. diameter and 

0.005 in. high are inserted in the AgCl discs to provide electrical 

.contact between the anvil faces and the sampie. Tpe sample is placed 

in a pyrophyllite ring (0.500 in. outside diameter, 0.375 in. inside 

dia.-rneter, and 0.010 in. high) and the whole. assembly is placed between 
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·o. 500 in. diameter face Bridgman anvils. Electrical resistance is 

usually determined by passing a constant current through the anvils 

(as shovm in Fig. 1) and measuring the potential drop across the 

anvil faces. In this experiment, resistance was measured across 

anvils by a Leeds and Northrup Mueller bridge. The measured resistance 

included resistance of the leads and anvils and contact resistances as 

vrell as the sample resistance. The resistance of the .leads a..'1d anvils 

Has less than l% of the total resistance. 

The room was air conditioned, and the maximum variation in room 

temperature (about 3°C) was so small that it was not necessary to 

consider the resistance change in the bridge leads. The anvils were 

kept in an'oil bath lvhich 1vas thermostated to 30l0 ±0.l°K. The press 

has a large dia.-rneter ram and lmr pressure oil system. A strain gauge 

in conjunction w.ith a Baldwin-Lima-Hamilton SR-4 bridge was used ·for 

the determination of the load. The sensitivity of· the load measur.e-

ment was 25 bars. The stability of the press is such that in a period 

of 12 hours the load would decrease by no more than 0. 5%. During the 

day, the load was monitored and kept within 0.1% of the assigned value. 

III. RESULTS AND DISCUSSION 

The resistance of the sample (see Fig.l3) through phase II and in 

phase 'VIII" were determined in the usual fashion, about two minutes 

after each pressure increment~ In the intermediate region, the region 

of interest, the sample was permitted to stand until a resistance 

reading was obtained that v.ras constant in the fourth decimal, a part 

in 20,000. This took several hours after a compress ion c•f. 2 kbars . 

The resistance came to 0. 2% in about two minutes and then drifted dmm-

wa:cd at a very slov :cate for t1-ro or three hours after1vards . w'hen all 
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factors are considered,.the relative accuracy of the various resistances 

in a given experiment should be less.than 0.1%. 

Three complete experiments 1.,rere performed. Iri. each case the be-

havior before and after the region of interest agreed closely 1-ri th our 
.I 

previous 'IWrk and that of other investigators. He found no indication 

of a resistance discontinuity in the 40 or 60 kbar region. We c&~ 

only conclude that Zeitlin and Braym&~ obtained spurious results for 

' some· reason that 'lve are not in a position to determine. 

He f:;,und that the most satisfactory method of sho'I·Ting our results 

'I·Tas to fit a least sq_uares q_uadratic expression to our data, and then 

show the deviation from this fit. 'I'his is shown in Fig. l. This re-

presentation is purely empirical and is not meant to imply that this 

is the correct representation of the resistance of. bismuth as a function 

of pressure. The average deviation of a single and all three deter-

minations is 0.06%, a figure that is reasonable with our expected error. 

\•r.o.at is more important, there appears- to be no systematic deviation. 

The lack of discontinuity in the resistance cannot be taken as 

absolute proof that the 'phases reported by Bridgman do not exist. There 

are systems which do not exhibit a discontinuity· in the resistance 

accompanying a phase change. LanthanUm is such a case. 5 

... 
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FIGURE CAPTIONS 

A schematic diagra~ of Bridgman anvils. For ~he ~~gnetic 

studies the anvils 11ere rr!ade f1·om Discalloy stainless steel 

and Kennan:etal· 601 tu.11gsten ce,rbide. Also picttu·ed is the 

nor111..al procedu1.·e for n:o.ldng electrical resistance measurer;:ents • 

. A ho:dzontal cross-sectional vie\·T of the original apparatus 

for making magnetic r~easu.rements. A Bridgman anvil •..rith t1-:o 

sea1·ch coils in place i.s shown between the iron core electro-

magnets. The pole tip extensions mentioned in the text are 

shmm by the dashed lines. 

A scherr.a.tic diagram of the second device for r.".agnetic. measure-

ments. The il·on fra.11e 'lrith sample and dUJmny sides is shm·m 

with the field and signal coils in place. 

Isobaric rr.agnetization-temperatu.re curves for gadolinium. 

The pressur~ for each curve and the Curie point at one atmosphere 

are listed on the graph. 

The Curie temperature of c~ as a function of pressure. . n1e 

line is a least squares linear fit of the·experilYlental points. 

Isobaric magnetization~temperatu.re curves of terbi~'11. The 
,. 

pressure for each curve and the "Curie" and Neel points at 

.one atmosphere are listed on the graph. 

Magnetization curves of Tb. The filled circles represent the 

magnetization-temperature behavior of freshly annealed Tb. 

The other curves represent the magnetization-temperature 

behavio1· at one at!:'.Osnhere of To compressed to the pressures 

listed and then deconwressed. 

~::: 
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FIGUT'.E CAPTIONS 

Fig.S-·11:. Note the changes of sc:?.le on spectra taken ,.,rith sam}?les 

Fig. 8 · 

Fig.9a 

Fig.lO 

Fig.ll 

placed inside or outside the a~vils. 

Mossbauer spectrum of Fe57 in stainless steel 304- measured 

relative to a st:?.inless steel absorber. This _spectrmn •..ras 

taken a.t 1 atmosphere pressure a"ld room temperature ,.,ith 

the sar11ple placed outside the anvils. 

The top spectrQ~ is the sa~e as Fig. 8 but the sample is 

placed in the anvils. 

The bottom curve is the Mossba.uer spectrum of Fe57. in 

stainless steel 304 measured relative to a stainless steel 

absorber. This spectrui'll. ·Has tal<:en at 1 atmosphere ar..d room 

temperature after compression.to 130 kbars. The sample was 

placed in the anvils. 

This spectrmn is the same as Fig. 9b but the sa~ple was 

placed outside the anvils. 

The Mossb~uer spectr~m of Fe 57 in stainless steel measured 

relative to a stainless steel absorber. This spectrum was 

ta~en at 60 kbars pressure and room temperature. 
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FIGURE CP.PTIONS 

Fig. 12 Schematic diagram of electrical resistance sa~ple. 

H'iCY 
... -t:;l• 13 Res istc.nce -pre~su:re beh~vior of Bi at 301°1\:. 

., . 
.t' lg. 14 Devie.tion of expel'irr:.ental resistance points from an assumed 

quadratic curve for the resistance from 32 to 85 kbars. 

The results of three independent determinations are shmm. 

Three points in "1\'hich the deviation vas greater than 0.25% 

are not shmm. There is no indication of any t:ransitions 

in the regions at 45 and 60 kbars. 
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