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‘Introduction

TheAmeasﬁrementwof the resistance is one of the most accurate and
precise determinations that’can be made under ordiﬁary conditiens. It is
also one of the most frequent measurements‘made at very high pressures.
The special conditions‘required to obtain the.very high pressures reduce
the accuiecy of the meas#rements by_several powers of ten. A technique is
dascribed in a later section which might permit a precision approaching_}
that at. atmospheric pressure. Howe%er, the full potential of this technique

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

N . . . ' . Y
accuracy of resistance determinations as a fuaction of pressure’is no butter

. 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 tha£ the detailed change
of resistance with pressure is of little value for theoretical studies.,
Perhaps the .gréatest single use of resistance is the delineation of phaee
boundaries. . In'geﬁeral, a change in the crystailograﬁhic, electronic, or
magnetic structure will exhibit a discontinuity in the resistance. The
Tirst 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 performad either
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~ isobarically or isothermally. A second important use'of the resistance és_

the determinatibn of the gap of semiconductors as a function of pressure;
These experiments are performed isobaricelly. The resistance cén be used
to determine the pressure gradient in the system.

One possihle important kind of measurement has not as yet been perﬁ@fmed.

In prineciple, résistance measurements could be used to'determine the Debﬁé
temperature'of a solid as a function of pressure. At sufficiehtly low tem-
peratures, the resistance of a metal is proportional to the fifth péwer of
‘the temperature; wﬁile at temperatures near or above the Debye temperatufe,
the resistance is a linéar function of the temperature. vaconstants in
both temperature regions are determined, a good estimate of‘the Debye
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'future investigations.
Experimental Methods

The-te§hn{ques which are used are limited by the method of cbtaining
N .

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 soiid as the pressure
transmiésion medium brings about a pressure gfadient in the system. The
sample under study may be esseﬁtially under uniform pressure, or iﬁ may
exist under a nonéunifbrm pressure. If the latter is the situatién, the
gradient isﬂtaken§into*abﬁsidébation?énd;true-éressure-resistanéefdependence

can be obtained.




3- | | ~ UCRL-11030

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

of Bridgman anv1ls (2) or some supported modlflcatlon of the- anv1ls ”54

1

such as developed by Drickamer. (3) & (4) Pressures as hlgh as 400 kbars
%ﬁmés may.beﬁpbtained. ‘The exact values of the pressures are not '%
. ' known. It appears that the most reliabls pressure scale extends ohly Lo
about 125 kbars. (5) The total volume in which this pressure is geneﬁéted
1s of the order sf a few hundreths to tenths cm3. This limits tﬁe study
to veryAsmall samples. The pressure chamber is of circular cross sectionm,
and may be as gréat at 7/16 in. in diameter and 0.010 in. high. The
diameter can be decreased and the height increased. For pressures above
vabsut 150 kbars, the dimensions of the pressure measuring shamber ars less
than the above. |
.If the material under study is an insulator or semiconductor, it may
be mouﬁtsd directly betwsen the anvils. If the material-is a metal, then
insulation is necessary. Silver chloride or pyrophylite are the two most
coﬁmon insulating materials that are used. The forwmer has the adVantage
in that it Has\a lower pressure gradient than the pyrophylite. Iﬁ general,
the sample is mounted between two layers of the insulator, and electrical
lsads 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,
'f,>which are connected to the external'circuitry,_composes a simple electrical
systeﬁ. |
The resistance ﬁow can be measured'in the usual manner: by the use
Qf g Wheatstone bri@ge, or by passing a constant curfept through the system

'-  ' and measuring the'voltagé drop. Either of the above can be as simple or
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vas*sopﬁisticéégd as desired.

Asvnoﬁmaliy used, and described above, there are certain inherent
difficulties iq the measuremenfs; The actual resistance values of the
specimen can be very large. It may be well above 1012 ohms, or és low
as .OOl‘ohm,'or even lower. The resistance may even vary by‘as mu;h as
lO12 in a single experiment. .Such a variation is seen in thefconversion
of red phosphorous to the metallic state at room temperature.. (6) . The
appropriateveiectrical fechniques for studying very high resistances
have not as yet been developed for work under high pressures. The pre- -
céutiqns that are necessary to insure the current flowing through the
saméle between the contacts simply have not been taken, and the values
quotedvfor»very high resiétance materials are @robably low because of

. the contributibn of surface conducti#ity and other effects,

With.samples of very low resistance, another problem is present, -
nanmely that of\pontact resistances. The contact resistance may be as
large or even larger than that of the sample. The contact resistance has
been studied for severél geometries, and some of the problems are treated
by Jeéns. (7) None of the oid classical solutions apply to the geometries
in use. A recent theoretical study by Harris, (8) has indicated that with
cerﬁain'gecmetries, the éonﬁact résistance can be 50 times that of a sample of
cdpper,'?vAttempts have been made to evaluate the contact fesistance by direct

- expgrimentationj‘however?‘the'results appéar to be uncertain.. The contact

resistahce can be avolded by the use of four lead measurements.
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The technique for making four lead measurements in Bridgman anvils.vE
.haé been developed. (9) The description is for.l/z in gn#il faces.

The dismeter of the anvil face can be varied as long as the pyrophyiite
ring width and height are maintained at the given dimensions@

Figure 1 shows in a schematic manner the method of mounting a single}
sample. The'two_silver.chloride disks, A, are punched from pre-rolled sheet
of carefully controlled thickness to a diamster 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 dismeter and is bent in a circular arc, flattened at the ends to
ébout 0;002 inch énd'mounted concentric to the center of the anvil face;v
sﬁch mounting insures a minimum pressure gradient in the sample. The ends
of the lead wires, L, are aléo flattenasd at the ends where contact is made

'with'the sampié\wire in order to reduce the tendency to pinch at the contact
- point, In'order to facilitéte mounting of the lead wires the containing
éyrophlite,gasket is made in two sections, O.QlO-inch thick and 3/22 inch
‘wide., On final assembly one gasket is placed on the anvil face, next the
éilver chloride assembly containing ﬁhe sample and the lead wires 1s placed
»within this ring, and then the second ring is placed over the leads: The
 , top and side views 6f a completed setup‘afe shown in Fig. 2. The dimensions
given are for 1/2 inch diameter anvil‘f;ces. For smaller anvil diameters

the gasket thickness and sample clearances are used.
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It is relatlvely easy to mount two separate samples in the same capsule
by using three thinner silver chloride disks with an approprlate gold pluD
in the center disk to connect the two sample. wires in series. To obtalnﬁ

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

"This requires that four leads pass through the gasket for a double sampﬁg

test. Several times we have attempted to mount three separate samples in

the same capsule but we have not as yet been able to make a successful run
because of the'compleXity of the assembly; An electical short or breaking
of the circuit oceurred each time within the silver chloride cell.

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

tungsten, molybdenum, and platinum make the most successful lead-through

wires. Wires of 0.005 inch diameter did not undergo shear failure. Platinum

is the most desgirable since it can be easily soldered; however, it has the
disadvantage of lover ehear strength than either tungsten or molybdenuﬁ and
it fails about 125 kbar. Tungsten has the disadvantage of end fray’
during the\flht@eﬁing process. Mechanically molybdenum is Superior and has
been used for most of ocur fests despite its poor soidering qualities. A
crimping procedure has been developed for connecting external lead wires
to molybdenum and tﬁngsten, which intreduces relatively small confact
errofs. Both of these metals will suceessfully resist shear breakage to
pressures of 200 kbar, |

The eiectrical reeistance~of the samples is measured by passing a constant
current through the entire sample stack connected in series. Curreﬁt e

connections are made through the anvil faces. The potential drop is measured
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across the iﬁéividual samples with sepajate leads that passvthrough the é
split pyrophyﬁite rings; Ohmfs Law is then tsed to compute the resistanée_
of the sample. '
Figure 3'§hows e typlcal determination by means of this technique;

This was a two-sample assembly, one bismuth, the other'manganin. The

bismuth 1-2 and 6-8 transitioné are used as an internal pressure calibration.

The pressureismbassaubﬁfthesassumptioﬁimhatﬂthé»laeatranéitionfdccurs

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

' some evidence that this latter assumption is not valid until pressures

.,of'aboﬁt 30 to 35 kbar are reached.

The four 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 megsurements. The ultimate limitation on the accuracy is the
measurement of the pressure.

N . . !
Resistance measurements can also be used to determine the pressure

gradient in the system. The gradient has been extensively studied for anvils

that are 1/2 in dlameter, and for a wall thickness and height of 1/32
and 1/10 in respectively. For this geometry, and silver chloride as the

pressure transmitting medium, the pressure P’is given by'

P = (0.725 + 0.468R)L

w

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

'L is the load in kbars per uait area over the entire anvil face.
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$ ... . . Reference (5) should be consulted for thé details of the manner in'ﬁhic£ 

"~ these resulfsvweréfobiained. |

JESinfi   v“>'ff'--V In Fig. 3, the samples ﬁé:e mounfed in the fofﬁ of circular arcs'sd

' that fhe:gradient was reduced to a mihimﬁm. The most cbmmon geometry'forf

-;the saﬁélévis in the form of & strip. The sémple is not under.un;férm5' 
pressure, éﬁd the méasufed:resist#nce is aﬁ avérage over the load;  All;
of Bridgman’s results.abOVel30‘kbars used this geometry. HQWevér3 if A

© the pféésure gfadient is known, the results can be corrected to oﬁtain
.the correc¢t pressure-resistance relationship. |

If there is a pressuie gradient over the sample, the measured resistance

R = J R(P)-ar

P
e .

where R(P) is the resistance at a pressure P, P_ and P_ the pressures at

R 1s

the centefvand the edge of_the sample, and r the fractional distanée from
i the center of the sgmple; A graphicél differentiation of the measured
data will giv§ the correct functional relationship. An excellent.methqd
graﬁhical'différentiafion'for this data is the chord area method. If
Bridgman's data are treated iﬁ this manner, the discrepancies befweén'
the reéistance results and piston-cylinder measurements disappeaf. A
Cprime test ofvthis is in the determination éf the pressure'at‘whichlphase-
' transiinns occur. Table 1 shows the effect of the consideratibn of the
pressure gradient in the_determination of some phase bﬁundaries. ,Béfore
tﬁe corfectionvis made there is violent disagreemeht'bgtweeﬁ‘those~o§£aiﬁed-

”by»resistance‘measurements,‘and those values that are well fixed by more
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' standard techniques.
One last point of technique must be mentioned. When the System

is at other than room temperature, a pressure gradient can be developed

in the dlrectlon of axis of the anvil system¢ When this occurs, reslstance‘

Il

readlngs must be taken with the current flow1ng in both dlrections thrqugh :
‘the system. The average of the two valuss is the correct value. The J
~sign of the thermal EMF does give»the sign of the majority carrier when

the sample is a semiconductor.

Some.Results

As indicated in the introduction, the resistance 1tself 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
-universallybto the present time, crystallographic changes. The changelin
erystal structure usually brings about & finite discontinuity invthe
resistance.ixﬁn example of its use in this manner is.shown in Flg.:M wht;e
‘part of the bismuth phase diagram is shown.'(ll) Many such results are !
avallable ranging from temperatures above 1000°K to temperatures below
liquid nitrogen temperatures, and‘to pressures well above 100 kbars. Large
-samples are not necessary for these determinations. Figure 5 shows the '
a—B phase boundary as determined on a 400 mlcrogram sample of plutonium. (11)v
| Several other boundaries have been determined, but are not shown in this
1illustration. tA_few materials undergo avchange in structure, but do not

exhibit a change in the resistance. An example of this is lanthanum at

B T T N o S U TSV
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roém temperatufe.éiij At elevated temperatures, there is a discontinui£§
in the resiétanée. The discontinuity becomes'smaller as the teiperature%
.is décreased, and dimiﬁishes to the point that'it is not detectable at
afout Loo°K. | |
E;v B ‘A purely éiectronié transition in a solid can also be detected by :

%

chénges in electrical resistivity. The three.definitely known eXamples,
. caesium, (2) cerium, (2) end ytterbium (12, 13) all exhibit very largg!»k
'Adisconfinuities.at room temperatures. The magnitude of the change de§reases
'as,the'température is increased.
Changes in the electrical resistance have shown a large number of
E semiconductors or insulators to go metallic. Theoretically it has been
4loné predicted that all mafter would reach the metallic state ét a sufficiently
high pressure. Bridgman (2) found tellurium and silver sulfide to go
metallic, Jura and co-workers (5) phoéphorous and silver oxide, .and | '
'Drickamer'(lh, 15) the gfoup IV and 3-5 semiconductors. The pressures for
_vthis transitigg fange upward from about 50 kbars for #ellurium.' In some}
of these ﬁransitions there is & detectable:crystallographic chéﬁge, in ouhers
not. Apparently, some times a higher band intersects the valence band,
“and a# others, there is an approach or overlap the valence and cbnduction
bands. Presumably, 1f there is a disqontinuity, the bands must cross,
while if there is a gradual approach to the metallic state, the bandé‘oﬁér-
lap. - |

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

become a non-metal under pressure. 'The investigations of ytterbium show

P 3
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that the metal becomes a'semicbnductor'under pressure. The gap measured

on an 1mpure sample, 99 8% ytterbium indicates that the gap reaches a malue

’x
it

3 ._:; | of 0.085 ev. (13) The possibility that ytterbium was a semiconductor
. wes flrst suggested by Brldgman - (14) Just recently,vP.'C4 Souers an@ :

- this author have found that bismuth in phase 1 is a semlconductor. T
Investigation at liquid nitrogen temperaturesﬂﬂwyﬁgthat at 25 kbars the.
gap is 0.012 ev. This is low compared to kT at room temperature} |
consequently, bismuth aupears‘to be metal.

The charg 8 in magnetlc propertles under pressure have not been
extensively studied. However, it is known that at 1 atmosphere there
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 .
~ laboratory. The behavior of the temperature-resistance curves at constaut
- pressure is analagous to those determined at one atmosphere.

From the preceedlng, it 1s evident that resistance can be used to
characterlze qulte completely the different phase regions in the P—T diagram.
It 1is true, that on rare occasions, a change may be missed due to the féct
that'therelis 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.ueting

the resistance as a function of temperature. The relationship between

the re51stance, R and gaD) Eg is: given by
. Eg/2KT
R=R_ 27 =

i)

Pt rm e -



the gap is large compared to kT. It is gpparent that if the log R-is *.

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

presented in Ref. (6), ' ' ’ o

. -13- . UCRL-11030

¢

where R 1s the first term of an expansion. Tais formula is valid when

3

plotted against 1/T, a straight line results, and the slope yields the éa?Q

- Figure 6 shows such a plot for ytterbium, and Fig. T shows the gap as az

.k

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 - P

measurements are made at high temperatures.:i+The results~of such

Of particular interest is iodine. Here, the smallness of the'gap,
0.08 ev., is of less interest than the change and magnitude of the pre-
exponentlial term. Usually this term is practically indépendeht of the pressure.

1

For iodine, it decreases by three powers of ten. Since Ree has the |

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

is necessarf\%hat 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 experimenﬁs wnich
would" permit- 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 precision to determine the variation of gap with

temperature. Also, the necessary volume data are lacking to test the
few general theories of conduction in semiconductors, Despite some short-
comings, it is evident that a large mass of useful information has; and’ can

be obtained from resistance determinations.

ST ——— e e e w s e eae ey mam s
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Figure L.
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Bismuth Phase Diagram. ' ‘ S
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1

Schematic sketch of setup with leads through gasket. | {

?EQP and side views of assembly for multilead measurements.

Resistances of bismuth and manganin as determined simultanéously

-epd independently’ #ith four-1éad measurements .,

5
|

Plutonium PhasenDiagram in the region of the a-B transitioﬂi

ReSistance-temperature'determinations for ytterbium at:several
: i

 pressures. Circles refer to heating runs and triéﬁgles tovuooling
runs.

. Energy gap of ytterbium as a function of pressure.
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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.








