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ABSTRACT 

The experimental procedure of measuring the electrical resistance 

of Bi, Yb, and. Dy is discussed. in detail. By using Brid.grnan anvils, 

0 we reached pressures as high as 100 kbars and temperatures between 77 

Above about 150°K, the temperature coefficient of resistance of 

bismuth is positive, as for a metal. Below 150°K in the region 15 to 

35 kbars, the coefficient becomes negative, as is characteristic of 

semiconductors. When the exponential resistance formula is applied to 

the region in which bismuth is a semiconductor, the energy gap is 

found to be 0.006 eV at 15 kbars, with a steady rise to 0.018 eV at 

35 kbars. At higher pressures, bismuth I transforms into a metallic 

modification with the normal temperature dependence of the resistance. 

The phase line for the large peak in the resistance-pressure 

isotherms of ytterbium has been determined from 77° to 633°K. The 

value of dT/dP is about -20 deg/kbar, and. the phase line extrapolates, 

close to the known 1 atmosphere ~-~transition. In the region 20 to 

45 kbars, ytterbium shows a negative temperature coefficient of re-

sistance. When the exponential resistance formula for semiconductors 

is used, ytterbium shows an energy gap of 0.015 eV at 20 kbars, an 
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increase to a maximum of 0. 080 eV at 37 kbars, and. then a decrease to 

0.05 eV at 45 kbars. 

Dysprosium was examined. at 20°C and in the region 77° to 200°K. 

The N~l temperature decreases with pressure; dTN/dP is -0.62 ± 0.04 

deg/kbar. 
/ 

The Neel transition d.isappears in the region 45 to 55 kbars. 

The transition affecting the Nlel line is visible as a shoulder in the 

resistance-pressure isotherms. Above the N~l line, dT/dP for this 

shoulder transition is very large and the sign of the slope is unknown. 

Below the Ne~l line, dT/dP is between -1 and. -4 deg/kbar. The nature 

of this transition is unknown. 

(! 

:-\ 
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I. INTRODUCTION 

Since radial distance is an obvious parameter in the wave functions 

of the electrons that bind solids together, it is natural to attempt to 

vary this parameter. The application of pressure is a direct way to 

change the interatomic distance. There are two types of high-pressure 

research: static and dynamic. Static work involves squeezing a material 

in a press; dynamic work compresses substances with shock waves from ex-

plosives. 

Static High-Pressure Technique 

In static high-pressure work, the compression is supplied. by a 

hydraulic or d.ead.-weight press. The material may be kept under compression 

for as long as the equipment holds together - hours or days. Isothermal 

experiments may be conducted since there is sufficient time for heat 

transfer between the compressed. material and a heat reservoir. Work is 

6 I 2 done easily only below 100 kilobars (1 bar equals 10 dynes em ) , although 

measurements have been reported to 600 kbars. 

There are two families of static high-pressure devices: the piston 

cylinder and the opposed anvils •1 In the simplest version of the piston 

cylinder, the sample is placed in a straight cylindrical container and 

squeezed with a straight cylindrical piston. The· cylinder walls may be 

precompressed by fitting tight steel bands around the outside. The 

shear forces from ~he piston pushing on the sample forces the cylinder 

walls outward.. The stress in the cylinder walls changes from compression 

to tension, all within the elastic limits of the cylinder material. These 

elastic limits would be more easily reached had uncompressed cylinder 
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walls been used. ;Even with this strengthening, however, the simple piston 

cylinder fails above 50 kbars, when the side walls give way under the 

shear forces. These shear forces are lessened by the use of a tapered 

piston, but this cannot easily move in the cylinder. Pressures as high 

as 100 kbars are achieved with a two-stage device. One piston cylinder 

is placed inside a second. The walls of each cylinder bear as much as 

50 kbars, and the over-all pressure is twice as great. The outside 

apparatus, however, is very large, and if three stages were to be used, 

the equipment would be gigantic. Only two stages have yet been used. 

Thus the piston cylinder may be used 1n the range 50 to 100 kbars only 

with great trouble and expense. 

The second. family of static high-pressure devices is the opposed 

anvil. In its simplest form, two faces come together with the sample in 

between. The sample is held in place by a gasket. Bridgman's "princ'iple 

of massive support" is best illustrated by the simple anvils. This refers 

to usirig only a small part of the cross-sectional area of the anvil for 

the pressure-transmitting faces.. The added. bulk outside the face area 
\ 

serves to prevent the anvils from breaking due to shear forces. This 

massive support is further aided by use of a steel binding ring that pre-

compresses the carbide anvils. Applied pressure changes the stress 

pattern in the carbide anvils from compression to tension, just as in the 

case of the precompressed cylinder walls. 

The opposed anvils can reach pressures of 100 kbars or more. Their 

appeal is being able to reach the highest static pressures and yet be 

simple in design. One derivation of the opposed anvils is·the belt 

apparatus, in which a retaining ring is also placed around the region 

!'· 

j\, 

• 



-3-

where the two anvils meet. This gives add.ed side support to the gasket 

that hold.s in the sample. This device is essentially a cylinder with a 

tapered. piston at each end.. More elaborate devices are the tetrahedral 

press with four pistons and the cubic press with six. The sample is held 

in these presses by a nonflowing pyrophyllite container of tetrahedral or 

cubic shape. These presses are very complicated and expensive. Moreover, 

the amount of massive support decreases with the number of pistons, since 

there is a limitation in the amount of solid angle that can be used with

out interference between adjacent pistons. None of these last three 

devices and their offshoots reach . pressures higher than those achieved 

with the simple opposed anvils, and they are much more trouble to construct 

and operate. 

The electrical resistance, which is measured exclusively in this 

work, is the easiest property to measure in static high-pressure work. 

It may be measured in any type of press as long as the sample is elec

trically insulated. from the metallic press parts. The change in volume 

with pressure is obtained from the piston displacement in piston cylinder 

equipment. Solid helium was compressed in such a device to 20 kbars.
2 

Be:fbre solidification, the helium was kept from leaking by a seal of 

metallic potassium that flowed between the piston and cylinder walls. 

Solid helium is the most compressible substance found to date, for at 4°K 

its volume at 20 kbars is only 0.373 times that at l atmosphere. An 

x-ray press capable of 150 kbars has recently been made. 3 It is essentially 

two opposed anvils with the sample held in between in a disk of amorphous 

boron. The fuzzy x-ray pattern of the boron is easily distinguished from 

the sharp pattern of the included samples. The 131-kbar transition in iron 
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was seen, with the structure changing from body-centered-cubic to a :possible 

hexagonal-close-packed. form. 

The highest :pressure reached. at liquid-helium temperatures is 44 kbars. 4 

The sample was squeezed between opposed. anvils. The anvils were then 

clamped together while under :pressure, removed from the :press, and, :placed 

in the liquid helium. This :procedure reduced the amount of metal that 

had. to be cooled to low temperatures. Bismuth was found to be su:percon-

ducting in this experiment. Synthetic d.iamonds have been created at 

:pressures of 65 to 120 kbars and temperatures of 1800° to 2500°K, with 

various transition metals u~ed as catalysts. 5 The.belt apparatus was 

used, with a cylindrical sam:J?le containing graphite in the center and 

heaters and insulating stone ·on the outside. The elastic constants of 

6 
metallic single crystals have been measured to 10 kbars. A quartz 

transducer is :placed next to the crystal and both are immersed in a 

:pressure-transmitting fluid inside a :piston cylinder device. The velocity 

of the shock waves is measured and the elastic constants are calculated. 

Nuclear magneti,c resonance 7 and nuclear quadrupole resonance 
8 

have 

been measured in metals 'up to 10 kbars. Small metal :particles are :put 

into a hydrocarbon suspension and. the mixture is· compressed 'in a 

beryllium-copper :piston cylinder. The electron-spin resonance (ESR) of 

a single crystal of NiSiF6·6H
2
o has been studied.9 The single crystal is 

embedded in :polystyrene that is fitted into a waveguide. Pistons fit 

through the walls and plastic to compress the crystal directly. The 

splitting of the ground-state triplet of the divalent nickel was measured 

to 10 kbars. A :press has been built to do optical work to an estimated 

10 200 kbars. Opposed. anvils with massive belt support are used. Sodium 

i 

chloride windows in the belt allow :passage o'f ultraviolet, visible, or 

,. 



-5-

infrared radiation. The sample sits on 3/32-inch diameter faces placed 

in the light path. The crystallographic transition in silver chloride at 

87 kbars was noted by an abrupt red shift of 870 cm-l 11 

Dynamic High~Pressure Methods 

The second field. of high-pressure technique is the dynamic. The shock 

wave generated by an explosive is used to compress the material to be 

stud.ied. ·.Shaped. charges that drive a steel plate into the sample cause 

( ) 12 
pressures as high as 4 to 5 megabars Mbar: , far beyond the static 

high-pressure range. However, the shock-wave measurements must be made 

a few microseconds before the plane wave crosses from one side of the 

sample to the other. Moreover, the sample temperature rises greatly with 

the shock, sometimes to several thousand degrees. The exact temperature 

reached for a given shock depends on the type of sample material used. 

This added temperature varialillle is not present in static work. Alder13 

has predicted that pressures of hundreds of megabars will be achieved 

with nuclear explosives.13 The only limitation is that the sample will 

eventually be vaporized. by the energy imparted to it. 

The most connnonly measured property in dynamic work is the velocity 

14 of the shock wave. This is obtained by tuning pins in the sample itself, 

from photographs of the excited gas molecules around the sample surfaces, 

or from x-ray studies of the density changes. The sample is assumed to 

be fluid to these high-energy shocks and the data is considered hydro-

static, eveh though the front of the shock wave is plane. From the measured 

velocities, the maximum pressure and volume change is calculated. Various 

runs determine a pressure-volume (P-V) line starting from the same initial 

conditions. The temperature is not constant along this line (called a 
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Hugoniot), since higher pressure shocks produce higher temperatures. 

Several such P-V lines determine an equ~?-tion of state for the sample in 

the measured region. First-order transitions are easily seen by the 

volume discontimiiiy in the P-V line. The electrical resistance of some 

insulatorshas been measured under pressure and the energy gap determined. 15 

No other physical properties have yet been examined. 

The theory of high-pressure phenomena has not proceeded very far. 

16 TUe interactions of atoms in solids is a many-body problem. For a 

very low density of particles, a perfect gas treatment may be used. It 

is believed that under very high pressures (tens to hundreds of megaba;rs), 

all electron orbitals will overlap and the electrons will be "' pressure 

ionized" :from the atoms. The material could be treated statistically as 

a very d.enseelectron gas. Unfortunately solids under pressures now 

attainable lie between these limiting regions, and approximations are, 

therefore, used to estimate the forces in solids. General equations have 

been worked out for phase. transitions, but it is impossible to pred.ict 

under what conditions a given substance should transform. The calculation 

of band structure has been troublesome enough without varying the lattice 
·, 

parameters .. Sternheimer has tried to theoretically show the pressure 

effects on the band structure in cesium. 17 He attributes the volume 

discontinuity at 41 kbars to the shift of valence electrons from a 6s 

zone to the empty 5d zone. A more recent calculation predicts that the 

calculation should occur at 60 kbars.
18 

In general, however, the explana-
,. 

tions for high-pressure phenomena are qualitative. It is clear that 

solids are far too complicated to be adequately discussed with the 

present theoretical knowledge. 
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II. EXPERIMENTAL METHOD AND MATERIALS 

The Bridgman anvil technique is used to generate the pressures. A 

sample enclosed in a neutral matrix is inserted directly between two flat 

tungsten carbide faces, which are then pushed together by a hydraulic 

press. A ring encloses the sample to prevent it from extruding from be-

tween the faces as pressure is applied. The sample is constructed so 

that current may pass through the material to be studied by way of the 

anvils. The electrical resistance is measured across the anvils. The 

entire a
1
ssembly may be heated to 600°K or cooled to TtK. 

The Bridgman anvil consists of two pieces: a cylinder of tungsten 

carbide and a steel jacket with a cylindrical hole to receive the carbide 

cylinder. One end of the carbide cylinder tapers at an angle of 5° to a 

fl~t circular face, upon which the pressure is to be applied. The carbide 

cylinder is lubricated with MoS2 (Molycote) and is pushed into the steel 
. ~ :-

jacket. To prevent the pressure from pushing the ca:rbide insert out, a 

special block bac.ks up the anvil in the press. This backup block has a 

carbide insert to the depth of one-half inch and prevents the anvil 

carbide from digging into softer steel. The radius of anvils and backup 

blocks is 4 inches. The carbide cylinder is l-l/2 inches long and l inch 

in diameter. Backup blocks are l-l/2 inches thick. The anvil and backup 

bloc.k apparatus is schematically shown in Fig. l. 
• 

Four different carbide materials were used ·in the course of the re-

search. They are listed below in order of increasing hardness: 
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Trade Name Composition Binder 

Kennametal K-96 we 6% Co 

Carbaloy 999 we 3% Co 

Kennametal K-ll we 2-l/2% Co 

Kennametal K60l w, Ta carbide None 

In the first three, the carbide materials are cemented together by a 

cobalt binder. These carbides are plastic and deform under high pressures 

_rather than crack. The K60l is a binderless mixture of carbides and is 

very brittle •. It cracks easily under pressure and·is vastly inferior .to 

the first three for use in anvils. The steel used in the anvil jackets 

is Ferrovac 609. 

Face sizes of 1/2~, 3/8-, and 1/4-inch diameter have been used. With 

the ceme-nted carbides, pressures of 100, 150, and 200 kilobars respective-

ly may be obtained. with little difficulty. Above these limits, the re-

sults are somewhat uncertain since the face area begins to increa~e, thus ., 

changing the pressure readings. Measurements as high as 600 kilobars on 

the gauge have been made on 1/4-inch anvils, but the true pressure is 

probably much less. The 1/4-inch anvils are very troublesome, since it 

is hard to make a sample to fit this size, and also because the two small 

faces of the opposing anvils are easily misaligned. Flatness tolerances 

are about 0.0005 inch across the face of a 1/2-inch carbide ind 0.0002 

inch across a 1/4-inch anvil. 

The material to be studied is not inserted directly between the 

carbide faces, for it would be ground to pieces. The material rests 

instead in a soft matrix material that converts the unidirectional force 

of the press to an almost omnidirectional (i.e., hydrostatic) force 

,I 
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about the material. It is desired to reduce the complexity of the re

search by making the shear forces as small as possible and to measure only 

true compression. The material used to enclose material samples is silver 

chloride. The sample, which is shown schematically in Fig. 2,· is con

structed as follows. The metal to be studied is fashioned into the shape 

of a hoop. If the metal is soft, it may be extruded into a wire 0.003-inch 

in diameter and then bent into the hoop. Harder metals cannot be extruded 

into fine wire so the hoop-ma.king technique is more difficult; the tech

niques used with dysprosium are described in Sec. VL The hoop is 

necessary because the silver chloride medium is not truly hydrostatic. 

Since the face and sample are circular, all pressure gradiE'mts are 

radial. A hoop rides a contour of constant pressure, providing it is not 

so wide that a large pressure gradient exists across its own width. The 

calibration of the deviation from hydrostatic conditions will be d.:i,scussed 

later. 

The wire hoop is laid concentrically between two disks of silver 

chloride. Unless the hoop material is chemically inert, it is necessary 

to protect it from the silver chloride, which readily reacts with many 

metals to form the metallic chloride and free silver. Of metals mentioned 

in this work, gold and platinum do not react with silver chloride. Bismuth 

reacts only over a period. of several days, but the rare earths (Dy and Yb) 

react immeq.iately. When the silver chloride is covered with acrylate 

paint, such a reaction is prevented. In order to let ~lectric current 

through to the hoop, a hole is drilled in each silver chloride disk and 

a small bead of gold or platinum is inserted. The arrangement allows 

current to run from one anvil through a bead and into the hoop. The 

current leaves by way of the be13.d and anvil 'On the other side. The 



-10-

sandwich of silver chloride disks and hoop are glued together with 

acrylate and pressed flat. 

A plastic material such as silver chloride would surely run out from 

the carbide faces if it were not held in by a containing ring. The ring 

material is pyrophyllite, a fine-grained or amorphous silicate 

(Al2Si
4
o
12

H2 ) found in India. Crushing of these rings allows most of· 

the pressure to be transmitted to the sample inside. These rings are 

coated. with powdered iron oxide to increase the static friction between 

the ring and the anvil face. This also helps prevent a sideways blowout 

of the ring as the pressure mounts against its inner edge. Rings of 

wall width either 1/32 inch or 1/16 inch are used. The former commonly 

cracks in the process of preparing an experiment, but the latter is sturdy 

and rarely fails. 

The force in the press is provided by the compressed air in a 

Sprague pump (300 series), which acts on the oil in a small-bore tubing. 

The diameter of the air-oil piston is 0.346 inch. The oil line widens to 

a 6-inch piston diameter in the press, thus providing a three-hundred-fold 

multiplication of force in the oil. The maximum pressure in the oil is 

30,000 psi. The piston in the press pushes the anvils and blocks upward 

against the press frame. The press frame is nominally built for a total 

force of 400 tons, and it has a safety factor of about 3· The pressure 

is further increased. by funneling the total force developed by the pump 

through the small area of the anvil face. When the 6-inch press piston 

and. 1/2-inch anvils are used, the pressure is multiplied by 144; with 

1/4-inch anvils, the multiplication factor is 576. 

The pressure is most accurately measured by use of a load cell. This 

consists of a wire eoil whose resistance changes under pressure in a 

.. 
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.known and calibrated manner. The resistance of the load cell is measured 

with a bridge (Baldwin-Lima SR4). The measured load, i.e., the average 

pressure or tota~ force divided by face area can be measured accurately 

to within 1%, providing the load cell is periodically chec.ked against a 

reference device. :A Heise gauge is used in conjunction with the load 

cell. This gauge, which measures the pressure of the oil, is accurate 

to within a few percent. It must be calibrat.ed against the load cell 

since its behavior with increasing load will not be linear with respect 

to the load cell. 

A great deal of work has been done in establishing a press11re scale 

that is independent of the type of measuring device. This pressure 

scale is based on the pressures of crystallographic tr13,nsitions in various 

substances at room temperatures. Such fixed points can then be used to 

calibrate the measuring devices. Such transitions should be readily 

visib.le as a volume discontinuity or as a change of slope in the resistance-

pressure curve. The most important fixed point is the bismuth I-II transi-

tion, which appears as a precipitous drop in the resistance at 25.5 .kbars 

and 25°C. This point was determined by means of a piston-cylinder device 

with a hydrostatic medium. Since there were no pressure gradients, the 
\ 

pressure was simply equal to the load, i.e., to the total force divided 

by the piston area. There has been some difficulty in extending the 

pressure scale beyond. the hydrostatic region, which ends at 30 .kbars. 

From volume measurements on materials in a piston-cylinder device, 

Bridgman found. a transition in barium at 58.6 .kbars and a higher one 

in bismuthcat 88.3 kbars.
2° From resistance work with opposed anvils, 

he found a transition in barium at 78 .kbars and none at all in bismuth 
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21 
up to 100 .kbars. Also using resistance measurements on opposed anvils, 

22 
Bundy found a bismuth transition at 125 kbars. Kennedy suggested that r 

the volume and resistance transitions were the same, although they occurred 

at different pressures when measured by the two different methods. He 

suggested. that the resistance work was wrong, presumably because his own 

work was of the volume type. 

The work of Montgomery et al, showed that the pressures measured 

when opposed anvils were used were indeed too high. 23 Under pressure, 

the anvil faces deform into saucers, with the greatest spread between the 

two faces occurring at the center. Since the silver chloride medium is 

not a true fluid, it does not flow into the extra space in the center 

enough to fill the gap. The center of the sample is under a lower 

pressure than the edges. In the center, one must, therefore, go to a 

higher load to achieve the same pressure. Since both Bridgman and Bundy 

mounted. their samples in the center, their load values were 30 percent 

higher than the true pressure. This discovery of the pressure gradient 

in anvil systems led to the· use of the hoop to maj.ntain the sample at 

constant pressure. 

Montgomery et al. also checked the value of the higher bismuth 

transition by using manganin wire. The resistance increase with load, 

R - R(L), is found experimentally. In terms of the load, this is 

L = L(R). When the bismuth I-II is assumed fixed at 25.5 kbars, the re-

lationship between pressure and load is also found experimentally. Of 

course, manganin and bismuth wires of the same hoop diameter are compared. 

The two samples may be run simultaneously in the same sample or simply 

compared. against load cell readings. It is assumed that the pressure is 



.. 
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proportional to the load at all pressures, i.e~, P = CL. The term C is 

a constant determined by the bismuth I-II transition for a given sample 

geometry. Substitution for the load in the last equation yields P = CL(R) • 

The pressure is now determined from the resistance of the manganin. The 

pressure of the bismuth VI-VIII was found to be 88 kbars, in agreement 

with the volume work, and. confirming it as the probable true-pressure 

value. This procedure was used. for four d.ifferent hoop d.iameters, and 

the value of C was found to .be the same, thus justifying the assumption 

of the proportionality of the pressure and the load. The work above 

completes the extension of a fairly good. pressure scale as high as 100 

kbars. 

Balchan and. Drickamer have recently extrapolated the resistance of 

lead, platinum, and indium to pressures as high as 500 kbars. 
24 

After 

making some corrections for anvil d.eformation, they propose some new 

transitions to be used. as fixed points for the pressure range 100 to 500 

kbars. The reliability of these new reference points is not yet known. 

Most of the work in this thesis was performed. at pressures below 

100 kbars. The bismuth I~II transition at 25.5 kbars and. the VI-VIII 

at 88 kbars were used. for determining the pressure gradient in the silver 

chloride sample. Bismuth hoops of d.ifferent d.iameters were put into 

samples and. the loads for the transitions found. Standard sample • sizes 

are: silver chloride sample thickness 0.0088 ± 0.0002 inch fitting 

snugly in a pyrophyllite ring l/2 X 1/16 X 0.0010 ± 0.0002 inch. If 

the experiment were conducted. with K-11 anvils at room temperature, such 

geometry shows a difference in load values, from the sample center to 

the edge of the silver chloride, of 32% at 20 kbars and. 42% at 100 kbars. 
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The highest load (lowest pressure) is at the sample center. The pressure 

is low in the retaining ring, since deformation of the anvil face occurs 

as soon as the shear strength of the pyrophyllite is exceeded .• 

The resistance measurements are straightforward. A power supply 

-4 
yield.s steady current between 5 X 10 and 2 amperes. This current passes 

through backup blocks, anvils, and sample. Wires connected to the anvils 

lead to a Keithley voltmeter. The potential is displayed on a Speedomax 

recorder. This equipment cannot d.isplay resistances greater than 20 ohms, 

as occur in semiconducting ytterbium. For this work, a voltage divider 

is added to the circuit and only a fraction of the voltage is examined. 

by the voltmeter. The resistance is obtained from Ohm's law, E = IR. 

Since the current passes through the anvils to the hoop, the circuit 

is closed only when the sample is firmly pressed. against the anvil faces. 

With this type of sample, therefore, resistance measurements cannot be 

taken below 10 kbars. The silver chloride is a dielectric and does not 

add. to the current passing through the sample. The contact resistance 

at the anvil faces is considered negligible, since a bismuth wire only 

0.0007 inch long shows the same resistance-pressure curve as a piece 

l/2-inch long. If contact resistance were large, it should form a sig-

nificant portion of the resistance of the very short wire. 

The temperature of the sample is measured by copper-constantan 

thermocouples attached to the anvil tops just outside the carbide inserts. 

The temperature of the sample is assumed to be the mean of the readings 

taken from the anvils above and below •. A thermocouple is not run directly 

into the sample because of the difficulty of running the two wires 

through the retaining ring. Because of the irreproducibility of high 
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pressure phenomena, the thermocouples were only crudely cal;i.brated by a 

single point at dry ice or liquid nitrogen temperatures. Temperatures 

measured by the copper-constantan thermocouples are referred to 0°C. 

Elevated temperatures are easily produced. by surrounding the anvils 

with furnaces. The temperature is then regulated by a Wheelco controller. 

The highest measurement was taken on ytterbium at 360°C. Above 200°C, 

all silver chloride samples blew out and the 360~C point was taken with 

pyrophyllite disks. The fixed temperatures of 77·4° and 194•7° are 

achieved by surrounding the anvils and backup blocks with an insulated 

stainless steel can and. then filling the can with either liquid. nitrogen 

or dry ice and isopropyl alcohol. 

For continuous temperature changes from room temperature to 140°K, 

Kanolt's No. 40 solution is used. 25 This nonflammable mixture has the 

following components: 

Ethyl bromide 

Methylene chloride 

Trichloroethylene 

Chloroform 

Dichloroethylene (isomeric 
mixture) 

Wt. % 

33·4 
\ 
25·3 

16.4 

10.4 

The can is replaced by a double boiler.. The cold.-bath solution is poured 

into the inner boil(:r around the anvils and liquid. nitrogen is poured. 
C) 

into the outer jacket to cool down the solution. Below l40°K, the solution 

becomes viscous and will stop the action of the motors used. to stir the 

bath. This cold. bath solution should. be stored over a d.esicca:htto 
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remove water obtained when frost drops from the cold-steel blocks into 

the solution. The presence of water may raise the minimum temperature 

of use to 170°K. 

Obtaining continuous temperatures down to 77.4 °K while under pressure 

has presented. many problems. The easiest method is to place a can around 

the anvils and. pour liquid nitrogen into it. The bottom anvil reaches 

liquid. nitrogen first and. the sample temperature suddenly drops the 

last 50 degrees as the liquid nitrogen covers the top thermocouple. Thus 

read.ings taken on cooling cannot be made below about 140°K with this 

method. -As the lrquid nitrogen evaporates, the anvils heat and readings 

may be taken over the entire temperature range. However, the bottom may 

be as much as 20° colder than the top, since it is closer to the cold 

source. Such a temperature gradient across the sample results in a thermal 

emf of up to 30% of the potential reading. The accepted voltage value is 

the mean of those taken with currents in opposite directions. 

In an effort to obtain conditions closer to equilibrium, heavy 

copper blocks are fitted snugly around the anvils and the backup blocks. 

All cracks between the blocks are plugged. with Duxseal and the entire 

system is surrounded by an insulated. can. Liquid. nitrogen in the can 

cannot d.irectly cool down the anvils but must first cool the massive 

copper blocks, thus slowing down the rate of temperature change. The 

blocks pass or take heat from both anvils equally and the trapped air 

between the blocks and the tapered anvil tops also helps to equalize the 

anvil temperatures. This method. reduces the temperature d.ifference 

between top and. bottom anvil to 1 to 6 degrees. The thermal emf decreases 

correspond.ingly. Mylar tape is placed on the blocks and. anvils so that 
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no short circuit can occur from one anvil to the other through the blocks. 

For the extremes of temperature occurring in these experiments, 

ordinary solder was considered. inadequate for attaching thermocouple 

and voltage wires to the anvils. Instead, stainless steel tabs were 

welded to the anvil and. the leads were silver-soldered to the tabs., 

The heat leaks in the liquid nitrogen equipment described above 

caused some trouble. The can around. the anvils is insulated. with an 

inch of polystyrene. To discourage a heat leak through the blocks from 

the press frame or piston, dozens of heat blocks were used; these con

sisted. of thin stainless steel disks with glass cloth between each disk. 

When new, these heat blocks have a temperature gradient of about 50 deg/in. 

A run to high pressures grinds the glass to pieces and lowers its insula

ting ability. The glass must be frequently replaced. 
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III. BISMUTH 

Bismuth (phase I) has been found experimentally to become a semi-

conductor under pressure. No theoretical justification of this has been 

worked out to date. Such a calculation would be very difficult, since 

the change from metal to semiconductor complicates the description of 

both forms. Finally, bismuth is a poor metal under normal conditions and 

a poor semiconductor under pressure. Hence, as will be seen, the usual 

models for metals and semiconductors hold only approximately in the case 

of bismuth. 

-2 9 
A semiconductor has a resistivity in the range of 10 to 10 

-4 26 
~-em, whereas the value for a metal is less than 10 ~-em. A semi-

conductor is easily distinguished from a metal by its electrical-resistance-

temperature behavior. The resistance of a metal decreases with decreasing 

temperature, since there is less thermal energy available for the 

lattice vibrations that scatter the electrons. The resistance of a semi-

conductor increases with decreasing temperature, since there is less 

thermal energy available to excite valence electrons into the conduction 

band. A brief review of the properties of metals and semiconductors 

follows for the purpose of elucidating the case of bismuth I. 

A metal has a geometrical arrangement of ion cores in a very high-

density electron gas. Electrons obey Fermi-Dirac statistics and the 

function describing the distribution of electrons in their energy states 

is J. 

f(E) = exp (E-EF)/kT+l 
1 

where E is the energy state being considered, and ~ is the Fermi energy. 
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Thermod.ynamically, the Fermi energy is the partial molal free energy of 

the electrons; statistically, it is the energy of the level that has the 

probability of being half full. A substance with an electron-gas density 

high enough to require the above distribution function is called. degenerate. 

The total number of electrons in a metal is found from the distribu-

tion function, f(E), and a function, g(E), which describes the density of 

states available at .all energies. The product of these two is integrated 

over all energies to the total number of electrons 

n = s: f(E) g(E) dE, 

where 

g(E) = _1_ ~ El 2 (2mj 3/2 I 
2rf h

2 

h is the Planck's constant, and m is the effective mass of the electron. 
e 

The g(E) has been derived by assuming free electrons, where the distribu-

tion of states is isotropic in momentum space and the Fermi level in three . 

dimensions is a sphere. The mass m of the electron has then been replaced 

by the effective mass of the electron m in the actual metal. Substituting 
e 

we obtain 

exp (E-~·)/kT )-tl 
l 

= 2II2 

The integral, called. a Fermi integral, must be integrated numerically. 

Since there is no thermal-energy gap in a metal, all the resistance 

(neglecting impurities and magnetic properties) is due to scattering from 

the thermally agitated. lattice. This resistance decreases as the tempera-

ture decreases and less thermal energy is available. 
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In semiconductors, the valence and conduction bands do not overlap 

and electrons must be excited across a thermal-energy gap before they 

contribute to the electrical conductivity. If the energy gap is wide 

enough so that the energies in the bottom of the conduction band are 

greater than the Fermi energy, i.e., if (E-~) >> kT, then 

The dilute electron gas of a semiconductor's conduction band may be repre-

sented. by Maxwell-Boltzmann statistics. The number (n) of electrons per 

unit volume in the conduction band is 

n = l [2m j3/2 f (E) g (E) dE = - 2- . 2e 
e e 2TI h 

l/2 
(E-Eg) exp ( -E/kT )dE 

n = 

where the zero of energy is at the top of the valence band. If electrons 

are promoted to the c.onduction band, then holes are left in the valence 

band. The concentration of the holes, p, is similarly determined to be 

exp ( -EF/kT), where gh = 1-g • 
e 

Multiplying n and p and assuming that there are no impurities so that 

n = p, we obtain 

3/2 
n=p={2~~ 3/4 

(me~) exp(-Eg/2kT). 

The conductivity is proportional to the number of carriers. When the 
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lattice resistance is disregarded, the resistance due to inability to cross 

t 
Eg/2kT 

th~ energy is proportiona~ o e • The usual exponential resistance 

formula for semiconductors is, therefore 

R ; A exp(Eg/2kT), 

in wnich A is a constant.. For an equal number of n- and p-type carriers, 

the Fermi level lies at the center of the energy gap, The requirement 

(E-Eg) >> kT is therefore E >> 2kT. 

A real semiconductor will have impurities with a valence different 

from that of the host material. The extra electrons or holes will occupy 

energy levels in the energy gap and will be excited. into a conducting band 

with an energy mucn less than Eg. Experimentally the energy gap will 

appear to be smaller than it is because of these extra carriers. 

At room temperature and. l atmosphere, bismuth has a resistivity of 

-6~ 27 123.2 X 10 ~ ~-em, very high for a metal. The highest resistivity 

-6 
found under pressure was 740 X 10 ~~em, very low for a semiconductor. 

Moreoever, as shown below, the energy gaps obtained by the use of the 

exponential semiconductor formula are of the order of kT. Consequently, 

bismuth I cannot be treated. by either the metal or the semiconductor 

mod.el, but by a mod.el in between. 

A bismuth I mod.el could be mad.e as a comprO!llise between a metal and 

a semiconductor. The presence of a small energy gap (kT or less) is 

assumed, and. the full distribution function used for metals is needed. 

We obtain 
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(-E)1/
2

exp(E-EF/kT) dE 

exp(E-~/kT) + 1 

and the resistance is R 

1 
= 2IT2 

Neither of these integrals 

are Fermi integrals and no attempt has yet been made to evaluate them. 

Moreover, with such a small energy gap, the resistance due to lattice 

vibrations cannot be ignored as with true semiconductors. These basic 

calculations on the carrier properties of bismuth I have not been 

attempted. It is impossible to expect more complicated. band calculations 

that would include the effect of pressure. 

The element bismuth is well known for its complex behavior. There 

22 
are eight different solid phases at various temperature up to 100 kbars. 

The low-pressure portion of the phase diagram is shown in Fig. 3· Bismuth 

I, the phase found under normal conditions, is bounded by the liquid 

phase at high temperatures and. by phase II at high pressures above 170°K. 

Below this temperature, phase II disappears and. bismuth I borders on 

4 0 28 
phase III. No transition has been found by cooling bismuth I to .2 K. 

It is poorly metallic and not superconducting. 29 By contrast, both 

bismuth II and. III are purely metallic and have low resistivity. Phase 

III and possibly a supercooled phase II are both superconducting. 30 

Bismuth I has a rhombohedral structure; 31 the structures of the high-

pressure phases have not yet been determined. 

Bismuth I (hereafter called. bismuth)'shows the positive temperature 

coefficient of resistance characteristic of a meta1. 32 However, bismuth 
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is usually considered. a semimetal. As mentioned. above, the resistivity 

-6 27 at room temperature and. o atmosphere is 123.2X10 [)-em, very high for 

a .metal. From a study of bismuth-tin alloysJ Jones suggested. that all 

five of bismuth's valence electrons lie in a single energy zone (valence 

band). 33 A slight overlap into a higher zone (conduction band.) gives the 

metallic conduction found. in pure bismuth. Since this hypothesis, many 

experiments (the deHaas-van Alphen effect, cyclotron resonance, galvano

, 34 
metric effects, and. the anomalous skin effect) have verified. the low 

-2 ' -5 number of conduction electrons -- somewhere between 10 and 10 per 

atom. For small energy gaps, the electrons that spill over a Brilloium 

zone boundary form ellipsoidal energy surfaces in the higher zone. 35 

The electrons and. holes in bismuth are ~epresented by ellipsoids, but 

the exact number and their disposition in k space is undecided. 

Some alloy work has suggested. that bismuth might become a semicon-

ductor upon a reduction of volume• Jain finds that the temperature co-

efficient of resistance becomes negative for bismuth alloys containing 

th % t . 36 more an 5 a an :unony. Using the exponential resistance formula for 

semiconductors, he finds a band. gap that rises to 0.012 eV at 12% antimony 

and. then drops at higher concentrations; becoming a metal again at 4o% 

antimony. Tanuma carried. out both conductivity and. Hall coefficient 

measurements on the full range of alloys. 37 He found. the lowest net 

carrier concentration at 15% antimony, with carrier mobilities decreased. 

slightly from the pure bismuth values. He also found. the lowest mobili-

ties at 88% antimony and. the highest carrier concentration in pure 

antimony. Since the minimum in mobility occurs ih an alloy with metallic 

properties, this suggests that the carrier concentration determines the 
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electrical properties of the alloys. Therefore, the minimum in carrier 

concentration at 12 to 15% antimony is equivalent to creating an energy 

gap and the alloy is semiconducting. Both Jain and Tanuma measured the 

lattice parameters and found them to decrease with increasing antimony. 

Thus addition of antimony to bismuth crudely approximates the compression 

of the lattice by pressure. The assumption is made that antimony, with 

the same crystal structure and the same number of valence electrons as 

bismuth, produces no effect in the alloy other than reducing the lattice 

parameters. By reducing the atomic volume of bismuth through alloying, 

therefore, a semiconductor is produced. In higher concentrations the· 

antimony contributes its own properties to the alloy. Since antimony 

itself .is a metal, the alloy must finally become a metal as the percentage 

of antimony is increased. 

The results from work on the direct compression of bismuth confirm 

that the application of pressure apparently decreases the metallic pro-

perties. At room temperature, the resistivity increases 50% with pressure 

up to 25.5 kbars, where the crystallographic transition to the metallic 

phase II occurs. l9 Experiments on bismuth up to 1. 7 kbars at 77.4 °K38 

and to 5 kbars at 4.2°K39 show that the same increase of resistance with 

pressure observed at room temperature. Work on the Hall effect at room 

temperature shows a uniform decrease in carrier concentration as the 

40 
pressure is raised from l atmosphere to the I-II transition. Magnetic 

susceptibility work to l kbar shows a decrease with pressure of the Fermi 

41 
energy, and also the overlap of valence and conduction bands. This 

decrease of the metallic properties .of bismuth has led to a prediction 

by Kan and Lasarev that somewhere in the bismuth I phase there will be 

• 

... 



semiconducting behavior. 38 It is not clear whether they actually found 

such semiconducting behavior. However, by cooling and compressing bis-

muth, we have found it to act like a semiconductor in that there is a 

reversal in the temperature coefficient of resistance at constant pressure. 

The bismuth was obtained from Central Research Laboratories, 

American Smelting and Refining Company, South Plainfield, New Jersey. 

It was supposedly 99·999% pure. Spectral analysis showed five parts per 

million each of copper, magnesium, and silicon. (The magnesium may have 

come from the spectrometer arc.) The smallest amount of material detected 

was 0.025% tantalum. 

The bismuth extruded into 0.003-in. diameter wire and mounted in the 

samples as described in Sec. II. The electrical resistance of bismuth 

was studied at pressures between 15 and 35 kbars over the temperature 

range 77.4° to 120°K. One series of heating runs was made with exposed 

anvils; two series df heating and cooling runs were made with the copper 

blocks around the anvils. 

Figure 4 shows the resistivity of bismuth as a function of temperature 

at a pressure of 15 kbars. From room temperature to 155°K, the resistivity 

drops with decreasing temperature, as is expected of a metal. But from 

155°K down to 77·4°K, the resistivity rises with decreasing temperature, 

as is characteristic of a semiconductor. The measured resistance of 

bismuth has been converted to resistivity by using the room temperature-

-6 27 
1 atmosphere value of 123.2 X 10 ~-em and Bridgman's pressure-resistance 

19 data for bismuthe This inversion of the temperature coefficient is 

found at all pressures between 15 and 35 kbars in bismuth I. 

Figure 5 shows the resistivity-pressure results obtained at 77·4°K 

between 15 and 60 kbars. From 15 kbars, the resistivity rises by a factor 
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of 6 with increasing pressure. At the I-II transition at 42 kbars, the 

resistivity reaches a value of 740 X 10-5rl-cm. The drop in resistivity 

at higher pressures shows the presence of the metallic bismuth III phase. 

Application of the exponential semiconductor formula yielded the 

energy gaps, which are shown in Fig. 6. The energy gap is 0.006 eV at 

15 kbars and it rises to 0.018 eV at 35 kbars. A linear extrapolation 

of the energy gap to 1 atmosphere yield.s a value of -0.004 eV. This 

negative value, if it were correct, would represent the overlap energy 

of the valence and conduction bands. other estimates of the 1-atmosphere 

overlap energy are much larger, however, ranging from -0.012 to 0.035 ev' 

42 
at low temperatures. 

As previously mentioned, the exponential semiconductor formula holds 

only if Eg >> 2kT for an intrinsic semiconductor. At 77.4°K, 2kT has the 

value of 0.014 eV, which is the same as the energy-gap measurements. 

Compressed bismuth is seen to fall short of the true semiconducting 

region. However, the smallness of the energy gap explains why work around 

room temperature fails to show the energy gap in bismuth. At room 

temperature, the gap is less than kT and bismuth appears to be a metal. 

To observe this energy gap, the temperature must be reduced to the point 

where thermal excitation no longer populates the conduction band. 

Resistivity is a function of the number of carriers and their mo-

bility. The hypothesis of semiconduction holds that resistivity decreases 

with pressure in bismuth. This has already been demonstrated at room 

40 
temperature in the Hall coefficient work. It is here suggested as the 

explanation of the negative temperature coefficient of resistance at 

low temperatures. An alternative hypothesis would suppose that at a 

• 
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given pressure) the reversal of the temperature coefficient is due to a 

decrease in carrier mobility with decreasing temperature. However) no 

such mechanism is .known in metals) although it has been seen in true 

semiconductors. 43 Moreover) no mechanism affecting mobility in metals 

has been found to 
-6 

cause a resistivity as large as 740 X 10 _{)_-em. While 

the carrier mobility may be temperature-dependent) it does not explain 

the observed phenomena satisfactorily • 

.. 
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IV. YTTERBIUM 

The behavior of ytterbium under pressure is so complicated that no 

less than three different mechanisms have been combined into the theory. 

The first is the creation of an energy gap under pressure, as was found 

in bismuth in Sec. III. The others are ~he crystallographic and the 

electronic transitions. 

The crystallographic transition is the most common phenomenon en-

countered in high-pressure work. Under pressure, a crystal lattice 

changes from .one structure to another. A variation occurs in cerium at 

7 .kbars and room temperature,' .under which conditions a face-centered 

cubic structure abruptly decreases in volume but retains the same structure.
44 

These transitions are first order, with discontinuities in the heat and 

volume. First-order transitions are described by the Clausius-Clapeyron 

equation: 45 

dT .. trans1t1on 
dP 

Ttransition D,V 
LR 

If the transition appears at 1 atmosphere, the quantities on the right 

may be experimentally determined and dT/dP calculated. Under pressure, 

the change in volume may be determined for transitions below 100 .kbars 

but latent heat measurements have not been made. It is easier to measure 

dT/dP directly. Between two phases, the value of dT/dP is usually, but 

not always, constant at all temperatures and pressures. 

A crystallographic transition is often seen as a discontinuity in 

the electrical-resistance-~ressure curve. This is due to the different 

conductive properties in the two crystal structures. In fact, so many 

crystallographic transitions have been found that any new irregularity 

.• 
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in the resistance is first classified as a change of crystal structure. 

Of course, the actual presence of the crystallographic transition cannot 

be proved until the lattice-parameter discontinuity is shown either in-

volume measurements or x-ray wor.k. 

The electronic transition refers to the squeezing of an electron 

from one band. (or shell) to another under pressure. Often the valence 

of the ion cores is changed by such a transition and the electronic 

transition could be observed directly if one could perform magnetic-

susceptibility measurements under pressure. The electronic transition, 

however, is not a proved . phenomenon, but it is often included when no 

other explanation is available. It will be seen that this transition 

provides a very convenient stopgap in the theory of ytterbium. 

Ytterbium, along with europi1.llll·, is considered an anomalous rare 

earth. Magnetic susceptibility measurements show that ytterbium possesses 

a zero magnetic moment. 46 This shows that the ion cores are divalent, 

whereas other rare-earth cores are generally trivalent. The absence of 

a magnetic moment confirms that ytterbium has the closed-shell electronic 

configuration of 4f145s25p66s2
. Compared with the other rare earths, 

ytterbium has a high compressibility and coefficient of linear expansion, 

large atomic volume, and low melting and boiling points. In its proper-

ties, ytterbium has been compared with the alkaline earths, rather than 

47 . the other members of the rare-earth family. Under normal conditions, 

48 
ytterbium has a face-centered cubic structure. At l atmosphere, 

ytterbium shows a positive temperature coefficient of resistance at all 

temperatures and has a moderately low room-temperature resistivity of 

49 29 IJ()-cm. The Hall coefficient is +3·77 X l0-12 V-ern/amp Oe and is 
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temperature independent over the range So to 300°K. 50 Since the Hall 

coefficient increases with increasing temperature in a metal and decreases 

in a semiconductor, this behavior suggests that ytterbium lies in between 

even at l atmosphere. 

The most interesting behavior in ytterbium occurs under pressure. 

Bridgman found that at room temperature and l atmosphere the resistance 

of ytterbium had increased eleven-fold by a pressure of 40 kbars 

(corrected from his pressure value of 50), and then rapidly decreased to 

a value that was 79% of that at l atmosphere. 51 This value remained con-

stant to about So kbars. Vereshchagin et al. obtained similar results 

and found that the resistance beyond the peak remained level at least 

to 200 kbars. 52 Our own work indicates a shallow minimum at about So 

kbars. Both Bridgman and Vereshchagin suggested that the resistance 

peak represented a crystallographic transition. Recently Hall and co-

workers verified that such a phase change occurs and that the crystal 

structure changes from face-centered cubic to body-centered cubic. 53 

Such a change is known to occur at l atmosphere at 79S°C. In order to 

explain why ytterbium should go from a close-packed to a non-close-packed 

structure under pressure, Hall invoked the electronic transition. If a 

4f electron shifted. to the 5d shell, the ytterbium-ion cores would become 

trivalent and the atomic volume would decrease, as they do under pressure. 

The electronic transition v1ould occur simultaneously with the crystallo-

graphic transition. 

The large increase in the resistance of ytterbium was such that 

Bridgman investigated the temperature coefficient of resistance from 

o ·o 
0 to 200 C at pressures from l atmosphere to 7 kbars. From l atmosphere 

.,: 
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to 6 kbars, the temperature coefficient of resistance was positive, as 

expected for a metal. At 7 kbars there was a decrease in resistance as 

the temperature increased from 0° to 100°C, and then the resistance in

creased again over as the temperature rose to 200°C. Bridgman suggested 

that ytterbium was being squeezed into a semiconducting state. Our work 

showed definitely that ytterbium becomes semiconducting under pressure. 

The ytterbium was obtained from Research Chemicals in Phoenix, 

Arizona. It was supposedly 99·9% pure. Spectral analysis showed the 

following percentages of impurities: Al, 0.015; Ca, 0.03; Fe, 0.025; and 

Mg, 0.01. The ytterbium was extruded into 0.003-inch diameter wire and 

the samples were constructed as described in Sec. II. The ytterbium hoops 

were annealed in an argon atmosphere for 15 minutes at 400°C. Pressure 

runs were made from 77·4°K to 633°K. Baths of liquid nitrogen and carbon 

dioxide-isopropyl alcohol were used for the lower temperatures; heaters 

were used for the higher temperatures. Isobars were constructed between 

20 and 45 kbars at temperatures between room temperature and 140°K. (The 

Kanolt cold-bath solution was used at the low temperatures.) 

Figure 7 shows an isothermal determination of the resistance of 

ytterbium as a function of pressure at 20°C. There is a sharp break in 

the resistance at 40 kbars, the ~-~transition. To obtain this sharp drop, 

it is necessary to wait about 2 hours from the time the resistance starts 

to decrease until it becomes approximately constant. This is an exceedingly 

slow transition rate. As shown in Fig. 6, the metal remains in the 

high-pressure phase as the pressure is reduced to 1 atmosphere. An 

attempt was made to x-ray the high-pressure form after removal of the 

pressure, but handling the wire triggered the return to the low-pressure 

form. Figure 8 shows some of the measured. isotherms from 77.4°K to 473~K. 

/ 
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The 1-atmosphere resistivities are those of Curry.
49 

Our resistance was 

fit to these 1-atmosphere resistivities by using Bridgman's data for 

ytterbium to 20 kbars. 51 At liquid-nitrogen temperatures, the resistivity 

rises to 0.013{;L-cm at 53 kbars. This value is much too high for any 

metal and is characteristic of a very heavily doped sample of germanium. 

The transition was extremely slow at lower temperatures. To wait for the 

resistance to decrease from the peak to its lowest values would have taken 

years at the rate at which the resistance was decreasing. The pressure 

was simply overdriven to complete the transition. Such behavior is con

sistent with the crystallographic transition. A certain amount of acti va

tion energy is needed to change the crystal structure. At low temperatures 

this energy is not supplied thermally and one must go to higher pressures. 

The phase diagram fl0r these isotherms is shown in Fig. 9, where 

temperature is plotted against the pressure at which the peak in the re

sistance occurred. The resulting phase line extrapolates fairly closely 

to the 1-atmosphere point. This suggests that the pressure data are close 

to being equilibrium data, despite the sluggishness of the transition. 

From 20 to 45 kbars, the temperature coefficient of resistance was 

negative and the energy gap was determined with the exponential semicon

ductor formula. Some resistance-temperature isobars used in obtaining 

the energy gaps are shown in Fig. 10. The energy gap itself is plotted 

as a function of pressure in Fig. 11. The energy gap rises from 0.015 eV 

at 20 kbars to 0.08 eV at 40 .kbars and decreases at higher pressures. 

Most of these energy-gap values are larger than kT and the exponential 

semiconductor formula works satisfactorily. 

For data taken at -100°C, the resistance peak occurs at 44 kbars. We 

have the surprising result that the band gap decreases before the transition 
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occurs. This does not agree with the results of Stager and Drickamer, who 

find. that the energy gap widens continuously up to the transition. 55 These 

differences may be due to different impurity behavior in the two ytterbium 

samples. An accurate measurement of the gap must await a much purer sample 

of ytterbium. 

The behavior of ytterbium und.er pressure is very complex. It has 

been shown that there is a crystallographic transition. A simultaneous 

electronic transition has been postulated with ytterbium changing to a 

trivalent form. 53 ·The work described here adds semiconducting behavior 

in the original phase before the transition occurs. This new phenomenon 

is accounted for by the band scheme shown in Fig. 12. In analogy with 

the alkaline earths, ytterbium is a metal at 1-atmosphere only because 

the empty 6p band overlaps the full 6s. The 4f shell is full and does not 

contribute to the conductivity. As the pressure increases, the 6s and 6p 

bands unlap and the semiconducting energy gap is formed. According to the 

results of Stager and Drickamer, this gap continued to widen until the 

transition to the metallic high-pressure phase is r-eached. If the energy 

gap drops before the transition is reached, as .with our results, the 

behavior is harded. to explain. A possible explanation is that the 5d 

rrand overlaps the 6s and. reestablishes metallic behavior before the cry-

stallographic-electronic transition. 

An apparent problem with the simple picture that has been presented 

is that the resistivity continues to rise after the gap begins to decrease. 

This can be accounted. for in the following manner. The multiplicity in 

the d. band. is higher than in the p band.. The density of states in k space 

is higher for the d. than for p band. The defining formula for effective 

mass is 56 
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A high density of states yields a high effective mass. Using Seitz' 

formula for the mobility of semiconductors, 57 we obtain 

The mobility is. seen to be decreased by a high effective mass. Thus, 

a change of carrier mobility during a 6s to 5d electronic transition 

is invoked to explain the observed results. The semiconducting behavior 

and this postulated relapping of energy bands occur in the a, phase of 

ytterbium. They are independent of the crystallographic-electronic 

transition that creates the i3 phase. The onset of the metallic i3 phase 

eliminates the high resistivity phenomena of the a, phase. 
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V. DYSPROSIUM 

During our experiments, we have observed two phenomena in 

dysprosium. The first is a second-order magnetic transition between 

antiferromagnetic and paramagnetic states. The properties of such a 

transition will be discussed below. The second transition, which is 

observed at about 50 kbars, is of unknown type but may well be a first

order crystallographic transition. 

Let us consider three types of spin ordering in materials composed 

of a single type of atom: ferromagnetic, antiferromagnetic, and para

magnetic. In a ferromagnetic sample, all atomic moments are aligned 

in the same direction and the sample possesses a bulk magnetic moment. 

In an antiferromagnetic material, the atomic moments have a definite 

alignment but the sample has no bulk moment. The arrangement of spins 

must be such that for every spin up in a crystal there must be a 

corresponding spin down. In a paramagnetic substance, there is no 

spin ordering at all, and hence no bulk magnetic moment. The first 

two states are most stable at low temperatures, since the addition of 

thermal energy disrupts the spin ordering. At high enough temperatures, 

the magnetically ordered states give way to the random paramagnetic 

state. In iron there are just the ferromagnetic and paramagnetic 

states; the temperature at which the change occurs is the Curie tempera

ture. Dysprosium and all the heavy rare earths (except gadolinium) 

follow a more complicated pattern. At low temperatures they are ferro

magnetic; at intermediate temperatures they are antiferromagnetic; at 

high temperatures, they are paramagnetic. The transition temperature 
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separating the first two states is the antiferromagnetic Curie point; 

the transition temperature separating the last two states is the Neel 

point. 

The crystallographic transition was mentioned as being first order. 

The antiferromagnetic Curie point in the heavy rare earths may also be 

first order. 58 However, most magnetic transitions, including ones 

occurring at the Curie and N~el points mentioned above, are considered 

second order. In a first-order transition, the volume and entropy are 

discontinuous. These are continuous for a second-order type but their 

first-order derivitives are discontinuous with respect to temperature 

. and pressure. 59 At the N~el transition 

6.V = O, 6S = 0 
. ' 

6.(~) + 
dP 6.r~)T = 0, and dT p 

6.(~) + 
dP 6. ccs) o. 
dT ~T p 

The first equation yields 

where !:::a and 6.13 are the discontinuities at the Ne'el point in the co-

efficient of linear expansion and compressibility, respectively. 

Substitution of 

in the second equation yields 

l:Cp 

T 
= 

dP 
dT 6.(~' = o. 

oT{ 



-37-

dT TV.!::a 
dP = ---;;z- ' 

p 

where lCP is the discontinuity in the heat capacity at constant 

pressure at the Ne~l point. In the first-order transition, both the 

phases coexist in equilibrium at the transition point. A second-order 

transition is an instantaneous change from one phase to another. In 

the antiferromagnetic state, increasing thermal energy disrupts spins 

into random directions. When the antiferromagnetic order is broken 

between the last two spins in the solid, the state is by definition 

paramagnetic, and it is, therefore, impossible for the two phases to 

coexist. 

Thermal energy destroys the spin order but the forces that create 

this order are not so easily explained. A quick summary of the work 

on magnetism in solids follows. The first magnetic materials studied 

were ferromagnetic, which have a bulk magnetic moment below the Curie 

temperature. Weiss suggested that there exists in such materials an 

internal magnetic field, which is overcome by thermal energy only at 

6o 
high temperatures. Heisenberg looked to the interaction between 

l . l t . h l d . hb . t 61 H over applng e ec ronlc-c arge c ou s on nelg orlng a oms. e 

stated that this interaction produced an electrostatic ("exchange") 

energy large enough to support the internal magnetic field. Pure 

magnetic interactions between atoms are not large enough in themselves 

to stabilize such a field., 
., 

Neel proposed that an exchange energy of 

opposite sign to the ferromagnetic case could cause antiparallel spin 

l . t . l"d 62 T a lgnmen ln so l s. his phenomenon was discovered and called 

t "f t• 63 an l erromagne lsm. 
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In 1951, Zener proposed a new type of interaction: the indirect 

64 
type. In this case, electrons on neighboring atoms do not interact 

by directly overlapping their orbitals. Instead the interaction is 

transmitted through a conduction electron between the atoms. Zener 

suggested that direct exchange was antiferromagnetic and indirect is 

ferromagnetic. The more powerful interaction thendetermines the mag-

netic behavior of the solid. 

The indirect interaction quickly became popular with the rare-

earth metals, for the 4f magnetic orbitals are believed to be too small 

for orbitals on adjacent atoms to overlap directly. That the rare 

earth 4f orbitals are less likely to overlap than the transition metals 

3d shell is suggested. by three observations. First, the rare earths 

have a 30% smaller ratio of the ionic radii to metallic radii than 

do the transition metals. 65 Second, the absorption spectra for rare

earth ions are narrow, whereas those of transition-metal ions are broad. 66 

The rare-earth lines are attributed to interband 4f transitions. The 

lines are narrow because the 4f levels of adjacent atoms have a very 

small overlap. The broad spectra of the transition metals indicate 

that the 3d magnetic electrons are greatly affected by forces from 

other atoms. Finally, the magnetic moments of the rare-earth-metal 

ions are unaffected by the presence of complexing agents; 67 the 

moments of the transition-metal ions are greatly affected. 

In 1959, Yoshimori found he could account for the neutron diffrac-

tion data on Mn02 (polianite) if it had an antiferromagnetic spiral-spin 

68 
structure. This behavior was soon found in the rare earths below 

certain temperatures. Terbium69 and dysprosium70 show the simple 
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helical arrangement of spins, with the axes of spins in each hexagonal 

layer pointing parallel and the net moment of each layer turning with 

distance along the hexagonal axis. Erbium has a longitudinal sinusoidal-

spin variation that changes into a cone-shaped arrangement at lower 

71 temperatures. Thulium has a sinusoidal structure that changes to 

antiferromagnetic domains of ferromagnetic sheets as the temperature 

72 is lowered. 

A few theoretical papers contain information on ferromagnetism 

in solids. Both direct73 and indirect74 exchange have been applied to 

the rare earths. Elliott suggested that the indirect-exchange force 

must have a long-range oscillatory behavior to account for the spiral 

structures. 75 He assumed that the crystal fields would adjust the 

spiral structure with respect to the crystal axes. Yosida and Watabe 

claim that their calculations show that indirect exchange can produce a 

76 stable screw structure along the c axis of a hexagonal rare earth. 

Their period. is seven c layers, in agreement with the observed results. 

At present, however, magnetic theory cannot describe even ferromagnetic 

or simple antiferromagnetic structures. It cannot be expected, there-

fore, to describe the many new spiral structures of the rare earths. 

No current theory can predict the temperature at which a Curie or Ne'el 
J 

point should occur. There is no hope, therefore, of predicting at present 

what effect pressure will have on these magnetic transitions. 

Dysprosium is a typical heavy-rare-earth metal. It has a hexagonal 

close-packed structure at all temperatures studied and consists of 

tripositive ion cores in a sea of electrons. Its unfilled 4f shell 

gives it magnetic properties. Below 85°K and 1-atmosphere, it is 

ferromagnetic; between 85° and 178.5°, it is antiferromagnetic; above 
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178.5°K it is paramagnetic. 77 Neutron diffraction shows the anti-

ferromagnetic structure consists of ferromagnetic sheets perpendicular 

to the c axis. 70 The moments of these sheets spiral as one moves along 

the c axis. The turn angle between one plane and the next is 26.5° 

at the N{el point and 43.2° at the Curie point. 

Single-crystal work shows that there are no discontinuities in 

the lattice parameters of dysprosium at the N{el point, in agreement 

with its second-order classification. 78 In the paramagnetic state, both 

lattice parameters, a and c, decrease as expected with decreasing 

temperature. Below the N/e1 point, a continues to decrease, but c 

increases as a result of the magnetic forces coming into play in the 

antiferromagnetic state. 

The Neel and C~rie points of dysprosium are easily seen in a resis-

tivity-temperature graph. A 1-atmosphere graph for polycrystalline 

dysprosium is shown in Fig. 13. 79 The Neel point is particularly 

well-marked by the change in slope of the resistivity-temperature curve 

at that point along with a small resistivity peak. The change in slope 

is due to the saturation of spin-disorder scattering.
80 

The interaction 

of a conduction electron with a disordered lattice of spins scatters 

the electron just as does a vibrating lattice. This gives rise to a 

resistivity that increases with temperature, since thermal energy dis-

rupts the spin order to a greater extent as the temperature rises. In 

the paramagnetic state, all spins are randomly oriented and the spin-

disorder resistivity becomes essentially co~stant. Extrapolating the 

paramagnetic resistivity of dysprosium to 0°K yields a maximum spin-

disorder resistivity of 72 )J.[);-cm. Thus spin-disorder resistivity 

makes up the bulk of the observed resistivity in dysprosium. The 
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saturation of the spin-disorder resistivity, therefore, produces the 

change in slo!ie of the resistiZrit·y.;.temperature·· graph.·. The re.sistivity 

peak at the· N{el point, as well as the· r'ise at the Curie point, are 

caused. by a small additional amount of resistivity possessed. by the 

antiferromagnetic state. Single-crystal work indicates that this anti-

ferromagnetic resistivity is maximum for current mov.ing along the c-

. axis and. vanishes along the a axis. 
81 

The added resistivity is due to 

· the spin structure, which spirals periodically about· the c axis. 
82 

This period.idty superimposes its own Brilluoin sur.faces upon those 

d.escribed by the lattice sites. The electrons scatter from the addition-

al energy surfaces provided. by this spin periodicity • 

. At the Ne'el point, the heat capacity83 and the coefficient of 

linear expansion
84 

have discontinuities, as expected with a second-

order transition. The Ne'el point is also visible in the magnetic 

susceptibility, 
85 Hall coef:fident, 

86 
thermoelectric power, 87 and 

Young 's modulus and. internal friction. 
88 

The high-pressure transition in dysprosium is visible as a shoulder 

in the resistivity-pressure curve. The resistivity drops by about 7% 

at this shoulder. At room temperature, Bridgman found. the transition 

at about 70 kbars. 51 A correction of his pressure scale yields a true 

value in the range 52 to 55 kbars. Stephens ahd. Stromberg obtain a 

room-temperature value of 52±1 kbars.
89 A room-temperature resistivity-

pressure curve obtained. in this work is shown in Fig. 14. Although the 

transition occurs at 51 kbars, there is reason to believe the actual 

value should. be around 46 kbars. ·This will be d.iscussed below. In 

Fig. 14 and. all succeeding graphs, the measured. electrical resistance 
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77 has been converted to resistivity by using 92~-cm as the room-

temperature'- 1-atmosphere resistivity of polycrystalline dysprosium. 

Bridgman's room-temperature resistances at 1-atmosphere and 15 kbars 

1 d 51 were a so ~se .. 

The antiferromagnetic Curie point of dysprosium examined. had a 

value of d.T /dP of -1 deg/kbar.9° The highest pressure attained. is not 
c 

known with certainty but could not have been more than a few kbars. 

The dysprosium was American Potash and Chemical's Trona brand. 

It was kindly given to us as a foil 3·5-ml thick by D. Stephens and 

H. D. Stromherg~~ Spectral analysis showed. 0~1% Al, 0.1% Ca, and 0.04% 

Mg. The aluminum and. magnesium were probably present as impurities in 

the hydrochloric acid. 

The d.ysp;rosium was too hard and. brittle to be extruded. into a wire. 

The foil was, therefore, cut with a razor into strips 0.5 by 0.004 

inch. Each strip was bent into a hoop and then pressed to about 1. 5 

mils thick. The edges of the hoop were then pared. with a knife until 

t~e width was about 8 mils. These hoops were then annealed. by heating 

to 800°C in a high vacuum with slow cooling. The hard oxide film was 

scraped. off to provide adequate electrical contact. 

Dysprosium is very reactive with silver chloride so special pre-

cautions had. to be taken. Three coats of acrylate paint on the silver 

chloride were carefully dried under a heat lamp for a half-hour. The 

silver chloride disks were loosely bound together so that they would 

not make strong contact with the enclosed. hoop until the actual experi-

ment had. begun. The sample was assembled in a dry atmosphere so that 

deliquescent dysprosium chloride could. not attract moisture and speed 
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up its reaction. The sample was sealed all around the edges with 

acrylate paint to maintain dry air near the hoop until compressed. 

(The dysprosium metal reacts slowly with atmospheric water and oxygen 
... 

and may be handled in the open air at room temperature for only short 

periods of time.) It was kept stored in a high vacuum or under dry 

benzene. 

The temperature-pressure region between 77° and 200°K and between 

15 and 120 kbars contained manh isobars and isotherms. The isobars 

were measured when the copper blocks described in Sec. II were in use. 

In both heating and. cooling, the temperature was changed at a slow 

rate of about 0.3 oeg/min. These measurements were made slowly in order 

/ 
to obtain the resistivity peak at the Neel point, which does not appear 

if the temperature is changed too quickly. The temperature difference 

between the thermocouples above and below the sample was 2° or less. 

At each pressure on a given sample, the heating and cooling measure-

ments gave the same value of the Neel point to within 1°. Two week-long 

sets of isobars were taken with different samples. 

Several isotherms were constructed. Bare anvils were used at 

room temperature, 195°, and 77°K, with the appropriate baths being 

employed. A single experiment at 125°K was conducted with the copper 

blocks. These experiments were shorter than those in which the isobar 

measurements were made, for the range from 1 atm to 100 kbars was 

covered. in only a few hours • 

Several of the resistivity-temperature curves from the isobaric 

experiments are shown in Figs. 15 and 16. Figure 15 shows the entire 

temperature range from 77° to .200°K. Figure 16 shows a narrow 
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temperature range about the N~l points. Three regions of behavior are 

represented. in these figures. From 15 to 45 kbars, the resistivity 

peak at the Ne"el point, although small, is readily visible. "At 50 and 

55 kbars, the Neel point is poorly defined. Although the change of 

slope is still present, the resistivity peak has disappeared. Six 

degrees are added to the change-of-slope temperature to give the true 

N/e1 temperature at the top of the resistivity peak. In the range 60 

to 120 kbars, the Nlel transition has d.isappeared. No magnetic transi

tions were seen down to 77°K in this pressure range, and the resistivity 

is nearly linear with temperature. The high-pressure transition does 

not appear in these isobars. 

The results of the isobaric measurements may be plotted so as to 

yield isotherms. These derived isotherms, some of which are shown in 

Fig. 17, yield. phase lines for. the high-pressure transition. All the 

results are shown in the temperature-pressure phase diagram in Fig. 18. 

The NEfel temperature drops with increasing pressure. The value of 

dTN/dP is the most accurate found in our dysprosium work;· it is 

-0.62±0.04 deg/kbar. The phase lines for the high-pressure transition, 

however, are very uncertain. Figure 18 shows that at a given tempera

ture, the isothermal-transition-pressure values are higher than the 

isobaric values. Phase lines have been drawn through both sets of 

data. Above the N{el line, dT/dP for the high-pressure transition 

is very large, although neither an exact figure nor the sign of the 

slope can be told.. Below the Nfel line, the value of dT/dP is in the 

range -1 to -4 deg/kbar, depending on whether isothermal or isobaric 

data is exa,mined. Both phase lines for the high-pressure transition 

.. 
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/ extrapolate into the region where the Neel line disappears. 

The pressure values obtained from the high..;pressure transition agree 

for the type of method used. The room-temperature transition values 

given by the isothermal experiments lasting a few hours are 51 and 53 

kbars, in agreement with those of Stephens and Stromberg. 89 The room-

temperature values obtained in.both of the 2-week isobaric experiments 

seem to cluster near 46 kbars. Probably the isobaric value is closer 

to the thermodynamic~transition-pressure value, since the dysprosium 

was presumably better equilibrated in the longer run. The thermodynamic-

transition pressure may be much lower thari 46 kbars. 

An attempt was made to equilibrate the dysprosium by pulsing a 

2-A current through it for a fraction of a second, thus heating and 

annealing the sample. One such experiment yields a room-temperature 

transition pressure of 43 kbars. However, this technique is not 

developed enough to yield reliable values. 

The 15- and 20-kbar isobars were carefully measured in the 

temperature region above 77°K, but the Curie point was not found. This 

confirms Swenson's results that the antiferromagnetic Curie temperature 

decreases with pressure.9° 

Two new properties of dysprosium may now be calculated by means 

/ of the second-order equations derived above. The values at the Neel 

point of -0.62 deg/kbar and 8.5 cal/deg-mole
8

3 for dTN/dP and L:Cp' 

respectively, are used. Values of ~ and ~ are calculated to be 

(-64Xlo-
6

)(°C)-l and (4.0Xlo-14 )(cm2/dyne), respectively. In comparison, 

a is (8.5Xl0-6 )(°C)-l near the N~el point9l and ~ is (2.44Xl0-12 )(cm2/dyne) 

at room temperature. 92 The same magnetic forces that cause the lattice 
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parameter c 
/ to increase below the Neel temperature are probably related 

to the very large change in the coefficient of linear expansion. 

Xt is not possible to state the nature of the high-pressure transi

tion. Jamieson93 has recently studied dysprosium and. his pressure-

volume work above 50 kbars does not extrapolate to Bridgman's work below 

38 kbars (uncorrected). Jamieson's work indicates that there may be a 

10% decrease in volume in the region 40 to 50 kbars. However J his 

x-ray work shows the same hexagonal close-packed structure above 50 

kbars. This transition might be a first-order one resembling that in 

ceriumJ 44 in which there is a volume discontinuity but both the high-

and. low-pressure phases have the same type of structure. In ceriumJ 

it is thought that a 4f electron is pushed into a 5d stateJ thereby 

reducing the volume of the cerium-ion core·and allowing shrinkage to'.a 

smaller volume. The situation in dysprosium may be similarJ with partial 

or total removal of an electron from one state to another. It is also 

possible that such an electronic shift may occurJ but that the volume 

decreases rapidly but continuously in the region 40 to 50 kbars. Such 

a transition would be second order. It is not possible) howeverJ to 

guess the magnetic properties of the high-pressure phase of dys~rosium. 

It may be paramagnetic with a magnetic transition below 77°K. It may 

/ 
also be magnetically ordered with a Neel or Curie point above 200°K. 

Since at 1-atmosphere the volume is reduced upon cooling and. magnetic 

ordering occursJ a reduction in volume by application of pressure 

might produce a similar result. 

It would. be interesting to measure dTN/dP for all the heavy rare 

earths. / 
The Neel points of these elements) as well as the Curie point 
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of gadolinium, seem to be similar in nature. Their 1-atmosphere 

transition temperatures appear to be proportional to (g-1)
2 

J(J+l),94 

where g is the g factor and. J is the total angular momentum of the 

magnetic-ion cores. The spin-d.isorder resistivity seems also to be 

proportional to the angular momentum. 95 These elements also appear to 

possess the large change in the coefficient of linear expansion at the 

magnetic-transition point,9l although these have not been carefully 

measured.. Gadolinium alone has been examined under pressure and. yields 

. 96 
a value for d.T /dP of -1.2 deg/kbar .. 

c 
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Figure Captions 

Schematic side view pf anvils, backup blocks, and sample. 

Schematic top and side views of silver chloride metal sample, 

and pyrophyllite gasket. 

22 
Temperature-pressure phase diagram for bismuth. After Bundy. 

Resistivity-temperature curve for bismuth at 15 kbars 

pressure. 

Resistivity-pressure curve for bismuth at 77.4° K. 

Energy gap of bismuth as a function of pressure. Triangles 

refer to measurements without copper blocks; squares and 

circles refer to two sets of measurements with copper blocks. 

Resistance-pressure curve for ytterbium at 20° c. 

Resistivity-pressure curves for ytterbium at several 

temperatures between 77° and 473° K. 

Temperature-pressure phase diagram for ytterbium showing the 

phase line of the a, - f3 transit ion. 

Fib. 10. Resistance-temperature determinations for ytterbium at 

several pressures. Circles refer to heating runs and 

triangles to cooling runs. 

Fig. ll. Energy gap of ytterbium as a function of pressure. 

Fig. 12. Postulated band structure of ytterbium. The energy gap 

causing the semiconducting behavior is the triangle bounded 

by the 6s, 6p, and 5d bands. 

Fib. 13. Resistivity-temperature curve for dysprosium at l atmosphere. 

After Colvin. 79 

Fig. 14. Resistivity-pressure curve for dysprosium at room temperature. 

• 
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Fig. 15. Some resistivity-temperature isobars for dysprosium between 

77° and 200° K, the entire temperature range measured, 

Fig. 16. Some resistivity-temperature isobars for dysprosium in a 

/ • narrow temperature range about the Neel points. 

Fig. 17. Some resistivity-pressure isotherms for dysprosium, which 

have been derived from the isobaric measurements. The 

circles and triangles refer to the two isobaric experiments. 

Fig. 18. Temperature-pressure phase diagram for dysprosium. The 

circles and triangles refer to the two isobaric experiments. 

The squares refer to the isothermal measurements and·the 

diamond to the l• atmosphere value.77 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com• 
mission, 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 for damages resulting from the use of any infor
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf 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. 




