
Lawrence Berkeley National Laboratory
Recent Work

Title
RESISTANCE MEASUREMENTS AT HIGH PRESSURES

Permalink
https://escholarship.org/uc/item/0x49v8t6

Author
Jura, George.

Publication Date
1963-11-08

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/0x49v8t6
https://escholarship.org
http://www.cdlib.org/


/. 
(;,... ' 

~ • ... f{ 

UCRL-11030 

University of Cali'fornia 

Ernest 0~, Lawrence 
· Radiation laboratory 

TWO-WEEK LOAN COPY 

This is a library Circulating Copy 
which may be borrowed for two weeks. 
For a personal retention copy, call 

-, · Tech. Info. Division, Ext. 5545 
' ' 

,«'· , • I ~ ' ,. / . ' '' "' ~ ~· 

RESISTANCE MEASUREMENTS AT HIGH PRESSURES 

Berkeley, California 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



r-·-· 
j 

., 

Part of book: High Pressure Measurements 

Lawrence Radiation Laboratory 
Berkeley, California 

AEC Contract No. W- 7405-eng-48 

1 
rtUCRL-11030 
' <: 

J, 
\ 

RESISTANCE MEASUREMENTS AT HIGH PRESSURES 

George Jura 

November 8, 1963 



' ~· 

t' 

' il 

·,f 

."4; 
·' 

. ... -~~:::.~ 

I, 
"'· 

Res:i,stance Measurements at High Pressures 

George ,Jura 

·Inorganic Materials Research Division of' the 
Lawrence Radiation Laboratory and Department 

of Chemistry, University of California, 
Berkeley, California 

November 8, 1963 · 

Introduction 

UCRL-11030 

The measurement···of the resistance is one of the most accurate and 

precise determinations that can be ~de under ordinary conditions. It is 

also one of the most fre~uent measurements made at very high pressures. 

The special conditions re~uired to obtain the very high pressures reduce 

the accuracy of the measurements by several powers of' ten. A techni~ue is 

described in a later section which might permit a precision approaching 

that at atmospheric pressure. However) the full potential of' this techni~ue 

has not as yet been explored. At the present time~ it appears that the 

accuracy of 'resistance determinations as a f'u:r1ction of pressure· is no b~:.: tter 
• ~·~ :1 

than a few percent. The greater part of' this uncertainty is due to the 

inaccuracy in the measurement of pressure. 

The resistance is so complex a function that the detailed change 

of resistance ·with pressure is of little value for theoretical studies. ! 

Perhaps the .greatest single use of resistance is the delineation of' phase 

boundaries. In general, a change in the crystallographic) electronic, or 

magnetic structure will exhibit a discontinuity in the resistance. The 

first two of' these types of changes usually show a discontinuity of the 

resistance; while the magnetic changes usually involve only changes in the 

slope of' the resistance. The above experiments can be performed either 
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isobarically or isothermally. A second important use of' the resistance ~s. 
-~ . . 

·! the deter.mina;~ion of' the gap of semiconductors as a function of :pressure i. 

These experiments are :performed isobarically. The resistance can be used 

to deter.mine the :pressure gradient in the system. 

One :possigle important kind of' measurement has not as yet been :perLurmed • 
... / ,, 

In :principle, resistance measurements ·could be used to determine the Deb:f:e 

temperature of a solid as a function of :pressure. At sufficiently low tem-

:peraturea, the resistance of a metal is :proportional to the fif'th pm-rer of 

the_temperature,; while at temperatures near or above the Debye temperature, 
I 

the resistance is a linear f'unction of the tem:perature4 If constants in 

both temperature regions are determined, a good estimate of' the Depye 

temperature is :possible. (1) The above, by no means exhausts the useful 

aspects of resistance measurements, but they are certainly sufficient to 

warrant the :past and many f'uture investigations •. 

Ex-perimental Methods 

The techniques which are used are limited by the method of' obtaining 
' \. 

high :pressures. In this discussion the pressure region is above 30.kbars. 

Since there is no available fluid at these pressures, solids are used to 

transmit the pressure to the sample. The use of a solid as the pressure 

transmission medium brings about a :pressure gradient in the system. The 

sample under study may be e.asentially under uniform :pressure, or it may 

exist under a non~uniform :pressure. If the latter is the situation, the 

gradient is· taken:~j:nto '·consideration:· and .true pre:ssure-resistance dependence 

can be obtained. 



}I 

.... 

' .. 

-3- UCRL-1103'10 

The most usual method of generating high pressures is by the use 

of Bridgman ;!anvils, (2) or some supported modification of the/anvils 

such as developed by Drickamer. (3) & (4) Pressures as high as 4oo kbars 

~~ :i' ~ 
ai;JrJ:os maybe obtained. ·The exact values of the pressures are not 

,l!:..: '·, ~ 

known. It appears that the most reliable pressure scale extends only '{:,~;: 

' 
about J25 kbars. (5) The total volume in which this pressure is generfated 

·is of the order of a few hundreths to tenths cm3• This limits the study 

to very small samples. The pressure chamqer is of circular cross section, 

and may be as great at 7/16 in. in diameter and 0.010 in. high. The 

diameter can be decreased and the, height increased. For pressures above 

about 150 kbars, the dimensions of the pressure measuring chamber are less 

than the above. 

If the material under study is an insulator or semiconductor, it may 

be mo:uilted directly between the anvils. If the material: is a metal, then 

insulation is necessary. Silver chloride or pyrophylite are the two most 

common insulating materials that are used. The former has the advantage 

in that it lias. a lower pressure gradient than the. p.Yrophyli te. In general, 
\ 

the sample iS mounted between two layers of the insulator, and electrical 

leads are run from the ends of the sample through each of the insulating 

layers. The contact of the leads through the insulators to the anvils, 

which are connected to the external circuitry, composes a simple electrical 

system. 

The resistance now can be measured in the usual manner: by the u.se 

of a Wheatstone bridge, or by passing a constant cu.rrep.t through the system 

and measuring the voltage drop. Either of the above can be as simple or 
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as sophisticat~d as desired. 
!1, 

Af3 normaJ+y used, and described above_, there are certain inherent , 
\ 
1 

difficulties in the measurements. The actual resistance values of the 
·j 

' ~ specimen can be very large. · It may be well above 10 ohms, or as low 

as .001 ohm, or even lower. The resistance may even vary by as much as 

1012 in a single experiment. Such a variation is seen in the 'conversion 

of red phosphorous to the metallic state at room temperature. (6) The 

appropriate electrical techniques for studying very high resistances 

have not as yet been developed for work under high pressures. The pre- · 

cautions that are necessary to insure the current flowing through the 

sample between the contacts simply have not been taken, and the values 

quoted for very high resistance m~terials are probably low because of 

the contribution of surface conductivity and other effects. 

With samples of very low resistance_, another problem is present, · 

namely that of,contact resistances. The contact resistance may be as 
. ·· ..... 

large or even larger than that of the sample. The contact resistance has 

been studied :for several geometries;.and· some of the problems are treated 

by Jeans. (7) None of the old clas.sical solutions apply to the geometries 

in use. A recent theoretical study by :Harris, (8) has indicated that 1vith 

certain·geometries~ the contact resistance can be 50 times that of a sample of 

c:dppe;r .• · · Attempts have been made to evaluate the contact resistance by direct 

experimentation;' however, the results appear to be uncertain. T'ne contact 

resistance can be avoided by the use of :four lead measurements. 

-~~- -· ·-· ~--~-:..-. ____ ---- _____ ..... _______ ,_ 
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'The tecJ:mique 'for :ina.king four lead measurements in Bridgman anvils 

has been developed. (9) The description is for 1/2 in anvil faces. 

The diameter of the anvil face can be varied as long as tl:ie pyrophylite 

ring width and height are maintained at the given dimensions. 

Fi'gure 1 shows in a schematic· manner the method of mounting a single 

sample. The·two silver chloride disksJ A, are punched 'from pre-rolled sheet 

of carefully controlled thickness to a diameter 0.010 inch less than the 

internal diameter of the pyrophylite ring~ Gold electrical contacts, B, 

are inserted in 0.020 inch holes drilled near the edge of the rings. These 

plugs .are of such a thickness that contact is made between the anvils and 

the wire, M, when the assembly is under load. The wire, M, is usually 0.003 

inch in diameter and is bent in a circular arc, 'flattened at the ends to 

about 0.002 inch and mounted concentric to the center of the anvil face; 

such 'mounting insures a minimum pressure gradient in the sample. The ends 

of the lead wires, L;, are also flattened at the ends where contact is made 

' . ' with the sample\:wire in order to reduce the tendency to pinch at the contact 

point. In order to 'facilitate mounting of the lead wires the containing 

pyrophlite gasket is made in two sectionsJ 0.010 ·inch thi~k and 3/22 inch 

wide. · On final assembly one gasket is placed on the anvil face, next the 

silyer chloride assembly containing the sample and the lead wires is placed 

within this ring, and then the second ring is placed over the leads• The 

top and side views of a completed setup are shown inFig. 2. The dimensions 

given are for 1/2 inch diameter anvil faces. For sm~ller anvil diameters 

the gasket thickness and sample clearances are used. 
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It is relatively easy to mount two separate samples in the same cap~Ule 

in the center disk to connect the two sample·wires in series. To obtain: 

more accurate ~oltage-drop data across each sample, separate leads are used 

This requires that f'our leads pass through the gasket f'or a double sampl~ 
! 

test. Several times we have att:empted to mount three separate samples in 

the same capsule but we have not as yet been able to mike a successful run 

because of' the complexity of the assembly. An electical sho;r-t or breaking 

of' the circuit occurred each tnne within the silver chloride cell~ 

It Yas found that metals with a high modulus of elasticity such as 

tungsten, molybdenum, and platinum make the most successf'ul lead-through 

Wires. Wires of' 0~005 inch diameter did not _undergo shear failure. Platinum 

is the most desirable since it can be easily soldered; however, it has the 

disadvan~age of lower shear strength than either tungsten or molybdenum and 

it fails about 125 kbar. Tungsten has the disadvantage of end fray· 

during the f'lat.tening process. Mechanically molybdenum is superior and has . \ 

been used f'or most of our tests despite its poor soldering q_ualities. A 

crimping procedUre has. been developed for connecting external lead wires 

to molybdenum and tungsten, which introduces relatively small contact 

errors. Both of' these metals will successfully resist shear breakage to 

pressures of' 200 kbar.., 

The electrical resistance of the samples is measured by passing a constant 

current through the entire sample stack connected in series. Current 

connections are made through the anvil f'aces-. The potential drop is measured 

•. ,..-·-~··· . : -·-·-~---~-.--...-·---.--. ···-· •• ··- •. l 
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., 
across the individual samples with separate leads that pass through the 

( 

~~ 

split pyrophy.hte rings. Ohm~s Lavr is then used to compute the resistanee 
,. 

of the sample .• · 

Figure 3 shows a typical determination by means of' this technique. 

Tnis ~as a two-sample assembly, one bismuth, the other manganin. The 

. bismuth l-2 and 6-8 transitions are .used as an internal pressure calibration. 
' 

at 25.5 kbar and that the pressure is proportional to the load. There is 

some evidence that this latter ~ssumption is not valid until pressures 

.of' about 30 to 35 kbar are reached. 

The f'our lead technique is certainly the best manner of obtaining the· 

resistance as a function of both the pressure and temperature. In principle, 

the results obtained by this method should be as accurate as ordinary 

resistance measurements. The ultimate limitation on the accuracy is the 

measurement of the pressure. 

' ' 
Resistance\measurements can also be used to determine the pressure 

gradient in the system. The gradient has been extensively studied for.anvi+s 

that are l/2 in diameter, and for a vrall thickness and height of l/32 

and l/10 in respectively. For this geo~etry, and_silver chloride as the 

pressure transmitting medium, the pressure p' is given by 

P = (0.725 + o.468R)L 

where R is the fractional displacement from the center of the anvil and 

L is the load in kbars per ~~it area over the entire anvil face. 

- . ...Y"'Y_._...,._.,....._ ___ :--~-,._ •. ________ ·~ -;--·- ··-k-· ~~·-· . , ,,-, .. , 
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Rererence (5) should be consulted ror the details or the manner in whic4 

these results were obtained. 

In Fig.. 3, the samples were mounted in the rorm or circular arcs so 

· that the gradient was reduced to a minimum. Tne most common geometry ror 

. the sample is in the rorm or a strip. The sample is not under unirorm 

:pressure, and the measured resistance is an average over the load. All, 

or Bridgmarits results above .30 kbars used this geometry. However, ir 

the :pressure gradient is blown, the results can be corrected to obtain 

the correct :pressure-resistance relationship. 

If there is a :pressure gradient over the sample, the measured resistance 

R is 

R = 

where R(P) is the resistance at 

fpe 

R(P)-dr 
p 

c 
a :pressure P, P and P the :pressures at 

e c 

the center and the edge or the sample, and r the rractional distance rrom 

the center or the sample. A graphical dirrerentiation or the measured 

data will gi-ve the correct runctional relationship. An excellent method 
'\ 

graphical dirrerentiation ror this data is the chord area method. If 

Bridgman's data are treated in this manner,. the discrepancies between 

the_ resistance results and piston-cylinder measurements disappear. A 

:prime test or this is in the determination or the :pressure at which :phase 

transitions occur. Table 1 shows the efrect of the consideration of the 

:pressure gradient in the determination or some :phaSe boundaries. Berore 

the correction is made there is violent disagreementbetween those obtained 

by resistance measurements, and those values that are well fixed by more 
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',, 

')'; 
.: . Table L 

. Effect of Considering Pressure Gradient on Some Fixed Pressure Pointi 

Solid Bridgman 

Rg 40 

Tl 45' 

Cs 55 

. Se 56 

Ba 80 

Bridgman 
Corrected 

34 

36 

43 

. 44 

63 

Best. , . 
,Accepted Value 

35 

37 

42 

60 
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standard technig_ues • 

. One la~t point of technig_ue must be mentioned. When the system .,.: 

is at other ~hah roam temperatureJ a pressure gradient can be develope4 
. ~,:'· 

in the direc~ion of axis of the anvil system. When this occurs, re.sist$,nce 
" 

readings must·be taken with the current flowingin both directions thrqugh 
I ; 

' 
'i~. 

the system. Tpe average of the two values is the correct value. The 

sign of the thermal EMF does give the sign of the majority carrier when 

the sample is a semiconductor. 

Some .Results 

A.s indicated in the introduction, the resistance itself is too 

complex a·function to consider theoretically at the present time. One of 

the important uses is its ability to determine phase boundaries, almost 

universal~ to the present time, crystallographic changes. 
.I 

The change in 

crystal structure usual~ brings about a finite discontinuity in the 

resistance •. ,An example of its use in this manner is shmm in Fig. 4 whr·-:-e 
. ' ) 

\ 

part of the bismuth phase diagram is shown. (11) Many such re~ults are 
··I 

available ranging from temperatures above 1000°K to temperatures below 

lig_uid nitrogen temperatures, and to pressures well above 100 kbars. Large 

samples are not necessary for these determinations. Figure 5 shows the 
I .. 

a.-!3 phase boundary as determined on a 4oo microgram sample of plutonium. (11) 

Several other boundaries have b~en determined, but are not shown in this 

illustration. A tew materials undergo a change in structure, but do not 

exhibit a change in the resistance. An example of t!lis is lanthanum at 

. . . 
-·--:- -:,._.,;~-·,-·••••-•- ·-,7'---:r'''":'C'r--r--~' •·---•·•·-•-·- ·-••-
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~t 

roam temperature.(ll) At elevated temperatures, there is a discontinuitV 
'· ~: 

in the resistance. The discontinuity becomes smaller as the temperature} 

is decreased~ and diminishes to the point that it is not detectable at 

A purely electronic transition in a solid can also be detected by 

changes in electrical resistivity. ~~e three definitely known examples, 

.caesium, (2) cerium, (2) and ytterbium (12, 13) all exhibit very larg~- .. 

discontinuities at roam temperatures. ~ne magnitude of the change decreases 

as the temperature is increased. 

Changes in the electrical resistance have shown a large number of 

semiconductors or insulators to go metallic. Theoretically it has been 

long predicted that all matter would reach the metallic state at a sufficiently 

high pressure. Bridgma.n.(2) found tellurium and silver sulfide to go 

metallic, Jura and co-workers (5) pho~sphorous and silver oxide, and 

Drickamer (14, 15) the group IV and 3-5 semiconductors. The pressures for 

this transit;i.on range upward from about 50 kbars for tellurium. In same .. 
\'· 

of these transitions there is a detectable crystallographic change, in o J:lers 

not. Apparently, some times a higher band intersects the valence band, 

and at others, there is an approach or overlap the valence and conduction 

bands. Presumably, if there. is a discontinuity, the bands must cross, 

while if there is a gradual approach to the metallic state, the bands ovler-

lap .. 

Recently, (12, 13) there has been the demonstration, that a metal can 

became a non-metal under pressure. The investigations of ytterbium show 
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that the metal becomes a semiconductor under pressure. The gap measure'd 
t 

,l ~ 
·:-: 

on an impur-~", sample, 99.8% ytterbium indicates that the gap reaches a v~lue 
~-

of 0.085 ev."(l3) The possibility that ytterbium was a semiconductor .. , 

was first suggested by Bridgman.. (14) Just recently, P. C. Souers and 
I 

this author h~ve found that bismuth in phase 1 is a semiconductor. 

Investigation at liquid nitrogen temperatures.:-sho'WS.:.:that at 25 kbars the 

gap is 0.012 ev. This is low compared to kT at room temperaturej 

consequently, bismuth appears to be metal. 

The change$ in magnetic properties under pressure have not been 

extensively studied. However, it is k~own that at 1 atmosphere there 
'i 

are discontinuities in the derivative of the temperature-resistance curves 

at both the Neel and Curie temperatures~ Preliminary measurements of the 

Neel temperatures of europium and dysprosium have been made in this 
I 

laboratory. The behavior of the temperature-resistance curves at constant 

pressure is analagous to those determined at one atmosphere. 

From the preceeding, it is evident that resistance can be used to ', 
\ 

characterize quite completely the different phase regions in the P-T diagram. 
I 

It is tru•e, that on rare occasions, a change may be missed due to the f~ct 

that there is no detectable change in the resistance. 

The other major use to which resistance measurements have been put 

is the determination of the gaps of semiconductors as a function of pressure. 

This kind of determination is best done at constant pressure and noting 

the resistance as a function of temperature. The relationship between 

the res.istance, R and gap;, Eg :_iS~J?;iven ~t>Y 

E~/2WJ: 
R=R .£<. co . 

·. ~ . '' ~. -. ..,. ·-- ';,... ., 
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where R
00

is ~he first term of an expansion~ This formula is valid when\ 

the gap is large compared to kT. It is apparent that if the log E is ~ 

plotted against 1/T, a straight line results, and the slope yields the gap • 

. Figure 6 showa such a plot for ytterbium, and Fig. 7 shows the gap as a; 

function of the pressure. 

The work on ytterbium had to be done at low temperatures because of 

the magnitude of the gap. For the more normal semiconductors, the 

measurements are made at high temperatures.:;;·,·The results.>of•.such 

determinations for a number of these, both organic and inorganic, are 
) 

presented in Ref. ·. ( 6) • ·" 

Of particular interest is iodine. Here, the smallness of the gap, 

O.o8 ev., is of less interest than the change and magnitude of the pre-

exponential term. Usually this term is practically independent of the pressure. 

For iodine, it decreases by three powers of teno Since R~ has the ! 

product of the mobility and the number of carriers in the denominator, it 
'\ 

is necessary that the mobility, or the number of carriers or both increase 

very rapidly with pressure. A similar effect is found in naphthalene. 

Several explanations are possible, but the ancilliary experiments which 

would··;pe~±:t-the choice of the correct explanation have not as yet been 

performed. 

At the present time, it does not appear that these experiments can be 

performed with sufficient p~ecision to determine the variation of gap vdth 

temperatured Also, the necessary volume data are lacking to test the 

few general theories of conduction in semiconductors~ Despite some short-

earnings, it is evident that a large mass of useful information has, and can 

be obtained from resistance determinations .. 
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Figure 1. Schematic sketch o~ setup with leads through gasket. 

Figure 2. ''TPJ? and side views o~ .as.sembly :for multilead measurements. --

Figure J. Resistances o~ bismuth and manganin as determined simultane,ously 

' 

Figure 4. i 
Bismuth P.hase Diagr~~. 

Figure 5. Plutonium Phase Di.agra.m in the region of the ct-13 transitio~': 

Figure 6. · Resistance-temperature determinations for ytterbium at seYer:al 

' 
pressures. Circles refer to heating runs ~d triangles to _.boling 

runs. 

Figure 7. Energy gap of' ytterbium as a function of pressure. 

I 
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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. 
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