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I. INTRODUCTION

A.N investigation of the influence of hydrostatic com-
pression on many physical properties of metals at low
temperatures, for example on quantum oscillation ef-
fects, galvanomagnetic phenomena, resonance effects,
polymorphic transformations and superconductivity,
is of great interest. Such investigations make it pos-
sible to determine the character of the variation of
the energy spectrum of metals when the parameters
of their crystal lattice change. Since the energy spec-
trum is one of the main characteristics determining
the electric and magnetic properties of metals, and
since the foregoing methods of investigating the en-
ergy spectrum require as an essential condition the
application of low temperatures, the problem of ob-
taining high and uniform pressures at low tempera-
tures has been attracting attention for a long time.

The main difficulty in obtaining high and uniform
pressures at low temperatures lies in the fact that the
plasticity of all substances usually employed to trans-
mit the pressure greatly decreases with decreasing
temperature. On the other hand, the use of liquefied
gases for this purpose is confined to the region of
rather low pressures (for helium up to 140 atm at
T = 4.2°K), above which the gases solidify. However,
recently it became possible to obtain sufficiently uni-
form pressures, reaching 30,000 atm, in the region
of helium and infralow temperatures.

In connection with the development of experimental
methods for obtaining high pressures at low tempera-
tures, interest has grown even more in the investiga-
tion of the influence of high pressure on different phys-
ical properties of elements, primarily the supercon-
ducting properties of metals. This increased interest
has been due to a considerable degree to the appear-
ance of the microscopic theory of superconductivity.

In this review we shall discuss essentially papers
on the investigation of superconducting properties of
elements at high pressures, published during the last
3—4 years, and also some earlier investigations per-
formed in recent years and not included in Swenson’s
review of 1960.*

*A translation of the review of C. Swenson['], edited by L. F.
Vereshchagin, was published with some additions in 1963.

II. METHODS OF OBTAINING HIGH PRESSURES AT
LOW TEMPERATURES

All the methods proposed to date for obtaining high
pressures at low temperatures can be divided into two
principal groups:

1. Methods of ‘“conservation’’ or ‘‘freezing’’ of the
pressure, in which the pressure is produced at high
temperature, after which the installation is cooled to
the temperature of liquid helium.

The advantage of this group of methods is, in par-
ticular, the possibility of investigating at low temper-
atures new crystalline modifications in the supercooled
state in those cases when the magnitude of the phase-
transition pressure increases strongly with decreas-
ing temperature, and also when the rate of the poly-
morphic transformations at low temperatures is very
small.

It is obvious that in this case the plasticity of the
medium transmitting the compression does not play an
appreciable role at low temperatures, since the pres-
sure is produced at a temperature when the plasticity
of the medium is high. If the initial pressure is suf-
ficiently uniform, then if the medium is isotropic and
the sample is isotropic, the ‘““frozen’’ pressure also
remains uniform, although its magnitude can change
as a result of thermal contraction of the high-pressure
chamber and of the sample. It must be borne in mind,
however, that cooling of an anisotropic sample com-
pressed by a low-plasticity isotropic medium can give
rise to a unilateral deformation the magnitude of which
is determined essentially by the degree of anisotropy
of the sample.

2. Methods in which the pressure is produced di-
rectly at low temperatures.

The main advantage of this group of methods is the
possibility of changing the pressure directly at the
temperature of the experiment. The nonuniformity of
the pressure is determined in this case by the condi-
tions under which the compression was realized, or by
the plasticity of the medium transmitting the pressure.

In both groups of methods, devices are used in
which the pressure is transmitted directly to the
sample, as well as devices in which an intermediate
medium surrounding the sample is used for pressure
transmission.

Let us stop to discuss briefly the main features and
parameters of devices of various types.
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FIG. 1. Dependence of the pressure in a bomb of constant

volume at liquid-helium temperature on the concentration of the
raw alcohol in an alcohol-water solution. The ordinate repre-
sents the change in temperature of the superconducting tran-
sition of tin ATc = (T¢)p=0 — Te(p); ATc = —4.5x 107 p
(where p is in atmospheres), so that AT¢ = 0.1°K corresponds
to p a» 2000 atm.
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1. Production of ‘‘Frozen’’ Pressures Using an Inter-
mediate Medium

Among such methods one should mention first of all
the ice bomb of Lazarev and Kan[?! (see also 1), in
which the pressure is produced by the anomalous
change in the volume of water as it is frozen in a bomb
of constant volume.

In investigations of samples of small dimensions
(compared with the internal volume of the bomb) and
of suitably chosen shape, this method makes it possible
to obtain sufficiently uniform pressures. It must be
kept in mind, however, that when an anisotropic sample
surrounded by isotropic ice is cooled, nonuniform
stresses may arise in the sample. In addition, during
the process of freezing the water and heating the bomb,
plastic deformation can arise as a result of possible
displacements of the produced ice, which has very low
plasticity. This is connected with the fact that the
freezing of the water occurs in a non-equilibrium
fashion, and the degree of compression in the regions
that freeze earlier does not correspond to the pressure
which is produced after complete freezing of the water.
It is possible to obtain in this manner a fixed pressure
the magnitude of which at the temperature of liquid
helium is usually 1800—2000 atm. The use of aqueous
solutions of raw alcohol in place of water 03] increases
the uniformity of the pressure, owing to the sharp in-
crease in the plasticity of the medium, and also makes
it possible to obtain intermediate pressures between
0 and 2000 atm (Fig. 1).

It must be noted that such a sharp increase in plas-
ticity of the medium can lead, in the case of prolonged
conservation of the pressure, to a continuous decrease
of pressure in the bomb even at temperatures close to
100°K, as a result of the phase transition of ‘‘ice II”’
into ‘‘ice I'’ in the frozen solution of alcohol in water.
We note that this effect, which is not observed in pure
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ice, is stimulated by a small increase in temperature
after cooling. Account must be taken of the influence
of the rate and conditions of cooling on the magnitude
of the pressure which is conserved at low tempera-
tures. Reproducible results can apparently be obtained
only when working with one and the same device in an
identical cooling mode.

The influence of pressure near 1600 atm on the
superconducting properties of cadmium was investi-
gated at low temperatures for the first time in 1] with
the aid of an ice bomb.

Very uniform pressures, close to hydrostatic, were
obtained in [%], The medium transmitting the pressure
at ‘‘high’’ temperature was gaseous helium. The com-
pression was effected at a temperature close to the
boiling temperature of liquid hydrogen (20.4°K), after
which the apparatus was cooled to helium tempera-
tures. The initial pressure (approximately 3000 atm )
was chosen in such a way that the drop in pressure in
the bomb upon freezing of the helium could be neg-
lected. Owing to the smallness of the thermal contrac-
tion in this temperature range, and also owing to the
large plasticity of solid helium, the uniformity of the
pressure remained practically unchanged as the appa-
ratus was cooled.

If higher pressures are produced by this method,
the result will apparently be an increase in the inhomo-
geneity of the pressure, owing to the change in density
as the helium solidifies.

Considerably higher pressures can be obtained by
using silver chloride as the medium. To obtain high
pressures at low temperatures, silver chloride was
first used in (8] in an investigation of the dependence
of the critical temperature on the pressure in tantalum
at pressures up to 22,000 atm.

A sample of cylindrical form, approximately 5 mm
in diameter, pressed in a pellet of silver chloride, was
compressed between two pistons made of tungsten car-
bide in a matrix of beryllium bronze. The pressure
was produced at room temperature with the aid of a
hydraulic press, after which the device was cooled
in a cryostat. The correction for the change of pres-
sure upon cooling was determined by a tension gauge.
The total error in the determination of the pressure
did not exceed 10%.

Silver chloride was also used as a pressure-trans-
mitting medium in investigations of the influence of
pressure on the electric conductivity of bismuth. £7,8]
This procedure can be used successfully to investigate
the influence of pressure on the critical currents of
superconductors. The use of silver chloride unavoid-
ably leads to small plastic deformation of the samples,
and is convenient therefore only in investigations of
superconducting properties of polyecrystalline sam-
ples, when such a deformation is insignificant.

Very uniform pressures at low temperatures were
obtained using a mixture of oil with dehydrated kero-
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FIG. 2. High-pressure bomb.
1. Nut; 2 — rod transmitting the
force from the press; 3 — housing
of bomb; 4 — working piston with
“mushroom» packing; 5 — investi-
gated sample; 6 — sample holder;
7 — support nut of obturator; 8 —
obturator; 9 — medium transmitting
the pressure.
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sene in approximately equal volumes. 0] A high-
pressure bomb using a kerosene-oil mixture is shown
in Fig. 2. The pressure is produced in channel 9 at
room temperature by means of a hydraulic press, and
is fixed by the nut 1. The diameter of the working
chamber is 8 mm, and the height at maximum pressure
is approximately 20 mm, the outer diameter of the
housing being 30 mm. In the obturator 8 are placed
four conmical electric leads with insulation made of
organic glass.[m:J Sample 5 is mounted in holder 6
on obturator 8, All parts of the bomb were made of
heat treated beryllium bronze. The bomb withstood
at room temperature pressures up to 12,000 atm with~
out plastic deformation. Upon cooling the bomb, the
pressure decreased. The dependence of the ‘‘frozen”
pressure in the bomb on the initial pressure is shown
in Fig. 3. We see that a decrease in pressure upon
cooling occurs only above 77°K; below this tempera-
ture, the pressure remains practically constant. The
decrease in pressure resulting from the cooling is
approximately 4000 atm.,

The calibration shown in Fig. 3 is correct if the
volume of the sample is small compared with the vol-
ume of the high-pressure chamber.

Recently oil-kerosene solutions were used at liquid-
helium temperature to produce pressures up to 20,000
atm with sufficiently high degree of uniformity.m

2. Production of ‘‘Frozen-in’’ Pressures Without
the Use of a Transmitting Medium

The first investigation carried out by this method
was reported in (117 where the pressure was produced
by compressing at room temperature thin discs (ap-
proximately 50 u thick) between two agate plungers,
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FIG. 3. Dependence of the pressure in the bomb at temper-
atures below 77°K on the pressure at room temperature, x —
20.4°K; A — 77°K (beryllium-bronze bomb); © — 77°K (steel
bomb):

followed by cooling of the apparatus to liquid-helium
temperature. This method was used to investigate the
effect of pressure on the temperature of the supercon-
ducting transitions of lead, tin, thallium, and to dis-
close the superconductivity of the crystalline modifi-
cation of bismuth Billl. In spite of the fact that the
maximum pressure obtained with the aid of this method
is approximately 45,000 atm, the pressure itself turned
out to be quite nonuniform, varying practically from 0
on the periphery of the sample to a maximum value at
the center. The great nonuniformity of the pressure
greatly limits the possibility of employing this method,
being apparently the main reason why it has not found
extensive use.

This method was subsequently improved.[”:| Retain-
ing the basic idea of the method, the authors have
changed over to investigations of bulky cylindrical
samples with diameter of approximately 5 mm and
length 4 mm, compressed in a cylindrical channel of
a matrix by two pistons. Liners of neoprene rubber,
used as packing, were placed between the pistons and
the sample. The transition of the metals to the super-
conducting state was manifest in the change of the mu-
tual induction between coils and detected by a radio-
engineering method. The pressure was determined
at room temperature from the load on the pistons. The
change in pressure upon cooling of the apparatus was
corrected for with the aid of a calibrated tension gauge.
The degree of uniformity of the pressure was suffi-
ciently high, but the maximum attainable pressure did
not exceed 10,000 atm.

Higher pressures with a higher degree of uniformity
were attained in [13-15], The pressure was produced
with the aid of a multiplicator, shown in Fig. 4. The
cylindrical sample, with diameter of approximately
2.5—3 mm and length 3—4 mm, surrounded by a thin
layer of graphite lubricant (approximately 50 u), was
compressed by means of a piston in the lower channel
of a frame 2. The graphite lubricant was a layer of
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7 FIG. 4. Multiplicator. 1, 2 — Housing;
Z 3 — upper stopper; 4 — “mushroom?; 5 —
9 gaskets; 6 — holders; 7 — lower stopper;

8 — piston; 9 — piston cap; 10, 11 — lead
and copper linings.

thin cigaret paper, impregnated with pure graphite
powder. All the parts of the multiplicator were made
of heat-treated beryllium bronze containing 3% beryl-
lium. The internal walls of the channel of the frame 2
were packed by pre-compression at pressures on the
order of 35,000—40,000 atm. The pressure of the
upper channel of the multiplicator was produced by
freezing water 2] or aqueous solutions of raw alco-
hol, (3] having an anomalous coefficient of volume ex-
pansion upon freezing. The use of alcohol-water so-
Jutions makes it possible to obtain in the upper channel
a prescribed pressure (ranging from 1 to 2,000 atm)
and ensures the transmission of the compression
through pistons 8 and 9 to the sample, owing to the
sufficiently high plasticity which the alcohol solutions
retained in the solid phase approximately down to — 80
and —100°C.

At a multiplication coefficient of approximately 17,
it is possible to obtain in the lower channel, with good
reproducibility, a pressure up to 30,000 atm. The
pressure was determined with the aid of a tin manom-
eter placed alongside the sample. The superconduct-
ing transitions of the samples and of the manometer
were registered by an induction method. The maximum
value of the nonuniformity of the pressure, estimated
from the width of the superconducting transition of the
lead, did not exceed 2—3% (Fig. 5). This procedure
was used to observe the superconductivity of the modi-
fication Bill, and to investigate the superconducting
properties of the modifications Bill and Bi 1ir, [14-16]

The use of the multiplicator has made it possible
to develop a procedure for the investigation of the in-
fluence of high pressure on the superconducting prop-
erties of metals at low temperatures.[17-121 A diagram
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FIG. 5. Curves of superconducting transition of a tin mano-
meter at different pressures. p (atmospheres): 1 ~ 0, 2 ~
19,750; 3 — 22,000; 4 — 25,000; 5 — 28,400; 6 — pressure re-
moved. The ordinates represent the relative change in the
signal at the output of the radio apparatus.

of the apparatus is shown in Fig. 6. The multiplicator
1 was connected with the aid of a cold duct 2, 3 mm in
diameter and approximately 200 mm long, to a pellet
of iron-ammonia alum 4. The multiplicator was sus-
pended on a stabrite wire 5 with 0.2 mm diameter in-
side a glass ampoule 6, connected with the aid of valve
13 to a carbon pump 14. The ampoule was insulated
against radiation by means of a removable copper
screen 16, to which measuring coils 17—18 (used to

FIG. 6. Diagram of instrument
for the investigation of super-
conducting properties of metals
at high pressures at infralow
temperatures. 1 — Multiplicator;
2 — cold duct; 3 — connecting
sleeve; 4 — salt pellet; 5 —
stabrite suspension; 6 — 9 —
ampoule with cover; 10, 11 —
plexiglas cap with tube; 12 —
diaphragm; 13 — valve of car-
bon pump; 15 — tube; 16 — cop-
per screen; 17 — 20 — measuring
coils; 21 — 23 — Helmholtz coils.
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register the superconducting transition), as well as
coils 19—20 (used to determine the temperature of
the salt) were rigidly secured. The salt was heated
from 0.08 to 0.6°K in a time 8—10 hours, making it
possible to carry out the measurements at practically
constant temperature. The temperature was deter-
mined from the value of the magnetic susceptibility
of the salt by a ballistic method. Inasmuch as the
pistons were made from cemented tungsten carbide
VK-3 and acquired a weak constant ferromagnetic
moment after demagnetization, the influence of the
latter on the sample was reduced by placing between
the piston and the sample, in the channel of the multi-
plicator, and in a graphite lubricant, an insert made
of brass or copper, 8—10 mm long. This method was
used to investigate the influence of pressure up to
27,000 atm on the superconducting properties of cad-
mium, zirconium, and titanium.

3. Production of Pressures Directly at Low Temper-
atures Using an Intermediate Medium

Installations operating on this principle consist usu-
ally of a cylindrical high-pressure chamber located in
a cryostat, and a mechanical system which transmits
the force to the chamber from an external hydraulic
press. The chamber is filled with liquefied gas through
a capillary tube soldered into its upper part. When the
pressure is produced, the piston moves downward,
covers the opening, compresses the liquid, and solidi-
fies it. As was shown in [20‘233, the pressure-trans-
mitting medium can be solid hydrogen or solid helium.
The first experiment on the investigation of the influ-
ence of pressure on superconductivity, using solid hy-
drogen at pressures up to 5000 atm, was reported in
(24,251 A similar procedure was used in (%] to inves-
tigate the influence of pressures up to 10,000 atm on
the superconducting properties of thallium, tin, indium,
tantalum, and mercury. Data on the use of solid he-
lium as a pressure-transmitting medium are found
in "], where attainment of a pressure of 20,000 atm
was reported. However, all the investigations in these
experiments were limited to measurements of the
compressibility of solid gases.

In experiments using solidified hydrogen and he-
lium, the pressure was usually calculated from the
magnitude of the applied force and from the cross-
section area of the high-pressure cylinder. The de-
gree of uniformity of the resultant pressure depends
to a considerable degree on the rate of compression
and on the magnitude of the pressure. Unfortunately,
there are no data at present on the possible use of
these methods for investigations of the physical prop-
erties in the region of pressures above 10,000 atm.

Technical details regarding the use of solid hydro-
gen and helium as a transmitting medium are de-
scribed in [1:28],

N. B. BRANDT and N. I.
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FIG. 7. Diagram of low temper-
ature press. 1 — piston; 2 — frame;
3 — handle; 4 — stabrite tube with

4
rod to transmit the rotation; 5 —
reduction mechanism; 6 — cover of Jpp—
Dewar; 7, 8 — nitrogen and helium Fr’ r
Dewars; 9 — holder with sample. ' J
- 5

4. Production of Pressures Directly at Low Tempera-
tures Without an Intermediate Medium

The first construction of apparatus intended for the
investigation of the influence of plastic deformation on
superconductivity and making it possible to produce the
pressure directly at liquid-helium temperature was
described in [#] (see also %), The apparatus com-

prised a low-temperature press, in which the pressure
was produced with the aid of a reduction mechanism
between two movable vertical steel planes. The maxi-
mum force in the press was approximately 4 tons.
Later on a press of somewhat modified construction
was used to obtain high quasihydrostatic pressures at
low temperatures.[1:18] A diagram of the press is
shown in Fig. 7. The pressure is produced in the
press by moving piston 1 in frame 2 with the aid of
reduction mechanism 5, controlled by handle 3, lo-
cated on the cover 6 of the Dewar 7. The parts of the
press were made of aluminum bronze, phosphor
bronze, and heat treated beryllium bronze. The maxi-
mum force developed by the press was 2.5—3 tons.
The lubricant for the press was powdered graphite.
The pressure was produced in the internal channel of
the matrix 9 with the aid of two pistons made of ce-
mented tungsten carbide containing 3% cobalt. The
matrix 9 was made of heat treated beryllium bronze.
The internal channel of the matrix was self-set at a
pressure of approximately 35,000 atm and then pol-
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FIG. 8. a) Adjustable low-temperature clamp: 1 — housing;
2 — movable lever; 3 — wedge; b) high-pressure chamber: 4 —
piston; 5 — bronze liner; 6 — sample holder; 7 — sample; 8 —
upper and lower steatite washers; 9 — mica liners; 10, 11 —
support liner; 12 — carbon thermometer.

ished. The sample investigated was cylindrical in
form, 2.5—3 mm in diameter and 3—4 mm long; it was
covered by a thin layer of graphite lubricant and placed
in the center of the internal channel of the matrix. The
pressure nonuniformity produced with such a method
of compression was governed by the degree of deviation
of the lubricant from ideal, which leads to the appear-
ance of tangential components of pressure between the
samples and the walls of the matrix channel. To deter-
mine the pressure, a tin sample is placed in the chan-
nel of the matrix, and the magnitude of the pressure is
determined from the shift in the temperature of the
superconducting transition of the tin.

In all the experiments in which the tin manometer
was used, the pressure was determined in accordance
with an arbitrary ‘‘tin’’ pressure scale. It was as-
sumed that the formula for tin

To(p)=3.133—4.95-10"3p - 3.9. 10 10p?, a)
obtained in (26 for pressured up to 10,000 atmospheres,
holds true at pressures up to 30,000 atm. Some evi-
dence in favor of the admissibility of such an extrapo-
lation is the good agreement between the shift of T,
determined by formula (1), and the experimental data
which unfortunately are not sufficiently accurate.

Another method of determining the pressure was to
measure the deformation of the frame of the press 2 or
of the matrix 9 (see Fig. 7) with the aid of tension
pickups, calibrated at low temperatures against the
value of the shift T for tin, and calibrated at high
pressures against reference points of the phase tran-
sitions of cerium and bismuth.

The transition of the sample into the superconduct-
ing state 114,151 was detected by a radio method [¥1] in-
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volving the measurement of the mutual induction of two
coils at a frequency of 20 cps.

Another low-temperature press construction is de-
scribed in 321, The apparatus was intended for the
measurement of the electric resistivity of metals at
pressures up to 35,000 atm at low temperatures. An
over-all view of the instrument is shown in Fig. 8.

Samples of thickness 0.03, width 0.2, and length 2 mm
were compressed between two steatite washers with
the aid of a special device, the operation of which is
clear from the figure. Displacement of the wedge
makes it possible to change the force in a range up

to 2000 kg directly at the temperature of the experi-
ment. Details of the mounting of the sample are shown
in Fig. 8b. The electrodes made of platinum strips
0.03—0.05 mm? in area were inserted through openings
0.15 mm in diameter in the lower steatite washer, and
insulated with the aid of mica liners. The parts of the
clamp were made of austenitic weakly-magnetic steel,
while the parts of the high-pressure chamber were
made of heat-treated beryllium bronze containing
2—4% beryllium. The beryllium bronze withstood a
pressure up to 24,000 atm without noticeable plastic
deformation at room temperature, and up to 35,000 atm
at the temperature of liquid helium. The piston 4 was
made of a hard alloy. The pressure was measured
with the aid of tension gauges glued on the lever 2.
The tension gauges were calibrated at low tempera-
tures against the known pressure dependence of the
temperature of the superconducting transition of in-
dium. The accuracy with which the pressure was de-
termined is, in the opinion of the authors, approxi-
mately 10% in the pressure region up to 10,000 atm,
and about 20% at higher pressures, although an inves-
tigation of the dependence of the critical temperature
of indium on the pressure points to a higher accuracy.

Inasmuch as the superconducting transition was de-
tected by noting the change in the electric resistivity,
the width of the superconducting-transition curve -can-
not be used to estimate the nonuniformity of the pres-
sure.

To produce high pressure at low temperatures, ap-
paratus was also used in which the pressure from a
hydraulic compressor, located outside the cryostat,
was transmitted to the low-temperature part of the
apparatus with the aid of pole rods supporting a base
plate, and a broad hollow cylinder (333 (see also [1’283).
The construction of the press was such that a force up
to 10 tons could be transmitted through the cryostat.

In comparing the methods for producing pressure
directly at low temperatures with the methods of ‘“con-
serving’’ the pressure, the following must be noted.
The state of the sample compressed directly at low
temperatures differs from the state of a sample which
is at the same pressure produced by conservation
methods. This difference is connected, on the one hand,
with the decreased plasticity of the sample upon cool-
ing and, on the other hand, with the change in the con-



208 N. B. BRANDT and N, I. GINZBURG
Table I
oH &
aT c oH 1 (60 i ov

Super- T. © o ZS q0s, vl -108,) (€ .103,] 01In(Tc/8) |5 (5-) -108,) _L.9% 44 v-104,

conguctor e X Ho 0 8, °K afK t ( o )T=Tc ( or )T=0 T @9lnv o (ap)pzo v 6p_1 cal/deg’
/atm Oe/atm QOe/atm atm™ atm mole
Non-transition metals
Al 1.19 99 418 —4.84-0.4 —3.04-0.4 20 3.55 1.34 2,59
Bill 3.916 - 320 —3,216 —4. 518
BiIll 7 N 016
Ga 1.09 51 240 —1.840.3 10.3 0,8—1.5
Ga Il 6.38 200 —3,032
In 3.407 283 109 —4.3640.1 —6.84.0.3 —3,64-0.2 8.0 6,0 2.55 3.5—3.6
Pb 7.19 803 105 —4,540.5 —9,3340.15 —17.940.,2169 5.3 6.15 2,37 7.4
Hga 4,153 411 69 3.628 —5.740.5 —7,240.3%7 5 8.8 4.0 3,75—4.5
HgB 3.95 340 93 —4,426 —8.7+0.3 —7,040.337 7.5
Tl 3.39 162 100 1.540.4 3.140.15 2.740.5 0 7.56 2.77 2.8—3.4
Sn 3.733 306 195 —4,440.3 —6.4840.14 —5,041.0 9.1 4.0 1.87 3.45—3,95
Zn 0.91 53 235 —1.840.5 —1.440.2 12 3.4 1.7 1.36
cd 0.54 28 188 —1.840.117| —2.344.0.478| —1.040.1117 19 4.82 2.2 1.7
Transition metals
Laf 5.95 1600 142 —1.842.5 —5.54-0.5 6.7 2.81 3.51 15.282
Nb 9,22 1944 252 —1.24-0.3 —1,21.0.187 1.5 19,679
Rb 1,70 201 417 —0,1740,09 0.440.2 ) 5.8 6.079
Ru 0.49 66 400 0.840.4 —16 7.679
Ta 4,46 830 255 —0.26 0.940,338 1,054-0.336 3 0.865 0.48 12.279
Th 1,33 — 142 —1.740.2 8.3 1,82 1.82 7.181
Ti 0.40 100 429 0.55% 18 1,4% 19 1,08 880
\ 5.30 1310 400 2.040.2 1.340,167 —0.6 0.79 0.88 22.380
Zr 0.56 47 270 0,9: 1,4** 18 | 2.6: 2,0 *#* 18 1.09 1.04 6.979
Mo 0,95 425 0.14-0.1 4 0.36 0.36 5.07
*Values determined in the region of high pressures (see Fig. 28).
**Values are presented for non-annealed and annealed samples, determined in the region of high pressures (see Fig. 27).

ditions on the boundary of the sample and of the high-
pressure chamber. In practice this causes at pres-
sures above ~ 15,000 atm the uniformity of the pres-
sure to be much higher in the ‘‘conservation’’ method
than the uniformity of the pressure obtained at low
temperatures.

III. EFFECT OF PRESSURE ON THE PROPERTIES
OF SUPERCONDUCTORS

In most work devoted to the influence of pressure
on superconductivity published to date, no appreciable
relative changes in temperature of the superconduct-
ing transition under the influence of pressure were at-
tained. The purpose of the greater part of the investi-
gations was principally to determine the sign and the
magnitude of the derivatives 8T¢/8p and 8Hg/dp
(Te —critical temperature, He —critical field) in the
region of low pressures. The parameters obtained in
these investigations for pure metals are listed in
Table I, while analogous data for alloys are given in
Table II.*

*The values of T, and Hy were taken from["’). The values of 6,
(T c/0p)Te, dHe/dp, and Jln(Tc/0)/Jdln v, in the case when there is
no reference, have been taken from the reviews[**: ** "']. The deriva-
tives 3 §/Jdp were calculated by the Gruneisen formula (3). The values
of y for nontransition metals were borrowed from([®*’], and the values
of the compressibilities (1/v)(dv/dp) were taken from[®*].

A characteristic feature of the data presented is
that the temperature of the superconducting transition
decreases in most elements upon compression. An in-
crease in the critical temperature is observed in zir-
conium, titanium, and a small number of binary alloys:
Bi,K, BijRh, Bi3Ni, and Nby;Zrjs, and also for thallium
in the initial section of the T¢(p) curve.

Particular interest is attached at the present time
to investigations of the functional dependence of the
critical temperature on the pressure, to which princi-
pal attention is paid in the present review.

Such data were obtained for tin, indium, thallium,
cadmium, tantalum, aluminum, zirconium, titanium,

a and B mercury, and a few alloys.

Table II
o T¢ 105 o y X 107
Alloy Te °K ¥ -105, °K/atm cal-deg™
mole™
Bi,K 3.58 5.131
AuBi 1.75 3w
BiLi 2.47 —3.581
BisNi 4.06 5.431
Bi,Rh 2.9: 3.4 2 781
NbsSn 18.3 —1444 15073
NbqsZrags 1.1 2,243 —~3073
V3Ga 14.6 —2.444 24473
V4Si 14.6 —2,144 18673
InSb I1 1.88 —0.0183
a-BiyPd 1,70 —2.578
B-BipPd 4,25 —5.676
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FIG. 9. Change of the temperature of the superconducting

transition of tin upon compression. The solid curve is a plot
of formula (1), while the dashed curve represents only its first
linear term.

Tin and Indium

The first investigation in which the nonlinear char-
acter of the dependence of the critical temperature of
tin on the pressure was observed was ful, However,
owing to the large nonuniformity of the resultant pres-
sure and to inaccuracy in the determination of the mag-
nitudes of the pressure, these results are qualitative in
character. The most exact data for tin in the pressure
region up to 10,000 atm, obtained in (261 are given in
Fig. 9. As indicated there, extrapolation of curve 1 in
accordance with formula (1) in the region of large
pressures is in satisfactory agreement with the re-
sults of [113, Analogous data for indium are given in
Fig. 10. Measurements of the critical fields in com-
pressed samples of tin are limited in 2] {6 a small
temperature interval (3.73—2.6°K), as a result of
which these data cannot be used to determine the value

T °K
240k, _ -
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N
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N
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FIG. 10. Change of the temperature of the superconducting
transition of indium upon compression. The solid curve is a
plot of the formula given in the figure, while the dashed curve
is a plot of only the first linear term.
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FIG. 11. Curves of critical fields for tin at different pres-
sures. p (atmospheres); 1 — 0; 2 — 7850; 3 — 11,400; 4 —
14,350; 5 — 16,100; 6 — 17,200; 7 — 27,500.

of Hy (critical field H, at T = 0) with a sufficient
degree of accuracy. Investigations of the curves of the
critical field of tin and indium in a wider temperature
and pressure interval were made in %Y, Figure 11

and 12 show the plots of the critical fields for different
samples of tin and indium at various pressures, plotted
in coordinates Hg and T?. The nearly linear charac-
ter of this dependence enables us to determine in first
approximation the pressure dependence of the critical
fields H,.

The dependence of the critical field on the pressure
for tin and indium is shown in Figs. 13 and 14. It must
be noted that in the region of low pressures one ob-
serves for tin(%J an irregular Tq(p) dependence
(Fig. 15), which can explain the discrepancies in the
values of 8T /9p obtained by different authors for

”m Oe
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FIG. 12. Curves of critical fields for indium at different

pressures. p (atmospheres): 1 — 0; 2 — 7850; 3 — 11,400;
4 — 14,350; 5 - 16,100; 6 — 17,200.
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FIG. 13. Dependence of the critical field of tin on the pressure,
1— 15 K2 —1.7°K; 3—1.9°K; 4 — 2.1° K: 5 — 2.3° K;
6 —2.46°K; 7 —265°K; 8§ —28°K; 9— 295K;

10 —3.01° K; 11 — 31°K; 12 —3.22°K; 13 — 3.38° K

different pressures. Inasmuch as the anomaly in the
Te(p) dependence for tin is not the consequence of a
polymorphic transformation, it possibly reflects
changes which occur in the energy spectrum of tin
upon compression.

Tantalum

The dependence of the critical temperature of tan-
talum on the pressure was investigated in the region
of pressures up to 22,000 atm[®], The measurements
were made with a sample made of tantalum 99.9% pure
with a critical temperature 4.410°K. The decrease in
T with pressure was linear, with 8Tq /8p
= —(2.4+0.5) x 108 °K/atm. The value of the irre-
versible shift of T, which is apparently connected
with the plastic deformation of the sample, was about
0.007°K. More accurate measurements in the range
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FIG. 14. Dependence of the critical field of indium on the pressure.

1—15°K;2 —1.7°K; 3 —1.9°K; 4—-21°K5—23°K,
6 —2.5°K; 7—-274°K 8§ —2.79°K; 9 —2.9°K; 10— 2.96° K
11 —'31° K.
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FIG. 15. Dependence of AT on p for indium (solid curve)
and tin (dashed curve) A and 0 — different samples of tin.

of pressures up to 10,000 atm were reported in [%6],

In spite of the fact that the investigated tantalum was

of higher purity (99.98%, T = 4.384°K), and the meas-
urements were made by a different method, the data
obtained were in splendid agreement with the results

of [!1, The measurements were repeated somewhat
later by the same method using a sample of tantalum

of very high purity, prepared by electronic melting in

a vacuum exceeding 10~° mm Hg.[%8] The temperature
of the superconducting transition of the tantalum sam-
ple was 4.482°K. The pressure dependence of the criti-
cal temperature is shown in Fig. 16. The value of
9T¢/9p as obtained in [%6:36] jg _ (2.6 + 0.1)

x 107% °K/atm. All the investigations point to the inde-
pendence of 8Tq/8p in tantalum of the degree of purity
of the samples. In 136) there was also investigated the
infiuence of a pressure up to 2000 atm on the curves

of the critical fields of tantalum. The temperature
dependence of 8Hg/8p in this region of pressures,

for different tantalum samples, is shown in Fig. 17.

Mercury

The dependence of the temperature of the supercon-
ducting transition on the pressure for two modifica-

T.= 43010 - 026 07p

4280

4{3” L L L J. 1 L
g 2000 <4000 6000 BO00 10000 12000
P, atm
FIG. 16. Dependence of the temperature of the supercon-
ducting transition on the pressure for a tantalum sample
annealed at 2300°C.
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FIG. 18. Dependence of the critical temperature on the pres-
sure for two modifications of mercury. ® — Hga; + and 0 — two
samples of Hg .

tions of mercury was investigated in (%], This de-
pendence is shown in Fig. 18.

The effect of pressure on the critical field of the
modifications of mercury in the range of pressures
up to 3000 atm was investigated in 0l Samples of
8 mercury were obtained at 77°K by extrusion through
an opening 0.4 mm in diameter at a pressure of 7000
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FIG. 19. Dependence of dH./dp on the reduced tempera-
ture for the a and S modifications of mercury.
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FIG. 20. Dependence of the temperature of the supercon-
ducting transition of thallium on the pressure according to
data by various authots. Data of: + —1*°]; 0 —[**]; o —["’].

atm. The temperature dependence for the a and B
modifications of mercury is shown in Fig. 19.

Thallium

Thallium displays an unusual dependence of the
critical temperature on the pressure. The critical
temperature of thallium increases at low pressures,
passes through a maximum, and then decreases. The
maximum increase in T amounts to 0.8%. Data by
different workers who measured the change of the
superconducting-transition temperature of thallium
under the influence of pressure are shown in Fig. 20.
At pressures exceeding 2000 atm, the critical temper-
ature decreases, with 8T /8p increasing with rising
pressure. In the range of pressures from 20,000 to
28,000 atm, the value of 9Tq/dp of thallium is
~1.4 x 107°°K/atm. It was observed recently that the
Te(p) dependence of thallium has an irregular char-
acter (3] in the pressure range up to 2000atm (Fig. 21),
and that small admixtures of mercury strongly infiu-
ence the magnitude and the sign of 8T /dp.[%*] It was
observed in [**1and (1] that the change in length of
single-crystal thallium during the superconducting
transition has different signs in directions parallel and
perpendicular to the hexagonal axis. Inasmuch as the

ar. 197, %
w Fopmy
2 }&é
L
g  s00 7200 2000 p,kg/cm’®

FIG. 21. Dependence of the shift of the superconducting-
transition temperature on the pressure for thallium. Data of:

o-(*Eo-("*]; o, e, 0 —[*’].
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FIG. 22. Dependence of critical field of cadmium on
the temperature. Curves: 1 — p = 1 atm, 2 — p = 1500 atm,
3 —p=23700 atm, 4 — p = 6600 atm, 5 — p = 9000 atm,

6 — p =9340 atm, 7 — p = 12 050 atm, 8 — p = 13 400 atm,
9 —p =15 300 atm, 10 — p = 14 800 atm, 11 0 — p =

20 800 atm, A — p = 20 900 atm, 12 — p = 25 800 atm, 13
— p =26 400 atm.
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sign of 0T /8p is determined by the sign of AL/L, it
was suggested 11 that the occurrence of a maximum
on the Te(p) curve of thallium is the consequence of
the difference in the signs of the shift of T, under
unilateral compression in different crystallographic
directions. To check this assumption, it would be of
interest to determine the sign of AL/L in the super-
conducting transition of thallium alloys. If this as-
sumption is valid, then the change in the magnitude
and sign of AL/L in the superconducting transition
of thallium alloys should correlate with the character
and with the change of the critical temperature with
pressure.

Cadmium

Of special interest are the researches in the region

of infralow temperatures, which make it possible to
obtain large relative changes of Ty by using readily
attainable pressures.

The influence of pressure on the critical field and
on the temperature of the superconducting transition
of spectrally pure cadmium was investigated in (173
in the range of pressures up to 27,000 atm at temper-
atures 0.08—0.5°K. Figure 22 shows the dependence
of the critical field on the square of the temperature
for different cadmium samples at different pressures.
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FIG. 23. Dependence of the temperature of the superconduct-
ing transition of cadmium on the pressure and on the relative
change in volume.
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The dependence of Hge on the temperature in cadmium
is well described, in the entire range of pressures,

by the formula
ne=m[1-(£)].

which makes it possible to determine Ty and Hj in the
first approximation. The dependence of the supercon-
ducting -transition temperature on the pressure is
shown in Fig. 23. This is not a linear dependence. The
value of 8Ty /8p decreases with increasing pressure,
from —1.8 X 10-%K/atm at p=0 to —1.25

x 1075 °K/atm in the range of pressures near 22,000
atm. At the maximum attained pressure of 26,400
atm, the superconducting~transition temperature de-
creases by a factor of 4.4 (from a value 0.543°K),

and becomes equal to 0.124°K.

Figure 24 shows a plot of the critical field against
pressure for different temperatures. Curve 1, ob-
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FIG. 24. Dependence of the critical field of cadmium on
the pressure and on the relative change in volume. Curves:

Curves: 1— T = (0°K; 2—T=101°K; 33— T = 014K}
£—T=019K; 6§—T=2026"K; 6 —T =031°K; 7 —T '
=0.4°K: 9 — T = 0.45° K,
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FIG. 25. Curves of critical field of zirconium in unannealed
(continuous curves) and annealed samples (dashed). Curve 1 —
without pressure; O — initial sample, x — after fifth and A —
after eighth cycle of compression (sample No. 1); curve 2 — p =
3700 atm (sample No. 2); curves: 3 — p = 8800 atm (sample No. 2);
4 — p = 16,300 atm (sample No. 3); 5 — p = 23,600 atm (sample
No. 1); 6 — without pressure; O — initial samples; x — after
second cycle of compression; curve 7 — p = 18,000 atm.
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tained by extrapolation, shows the pressure depend-
ence of the critical field Hy,. With decreasing temper-
ature, the nonlinearity in the dependence Heg(p) in-
creases. At 0.45°K the average value of 8H;/9p in
the interval from 0 to 4000 atm amounts to ~2.2

x 107° Oe/atm. At T = 0°K and at low pressures
OHe/0p =~ 1 X 1073 Oe/atm, whereas in the region of
pressures of 22,000 atm 8Hc/8p ~ 0.8 x 1073 Oe/atm.

Aluminum

Most recently a report was published on an inves-
tigation of the influence of pressures up to 20,000 atm
on the superconducting-transition temperature of alu-
minum. 2] The critical temperature of aluminum de-
creased upon compression from a value T, = 1.19°K
to a value Tg = 0.71°K at 20,000 atm. The derivative
8T¢/8p decreased with increasing pressure.

Zirconium and Titanium

Unexpected results were obtained in the investiga-
tion of zirconium and titanium (18131, The samples in-
vestigated were made of zirconium iodide and titanium
of purity 99.99%.

Figures 25 and 26 show some curves of critical
fields for the investigated samples of zirconium and
titanium. In both cases hydrostatic compression causes
a considerable increase in T, accompanied by an in-
crease in (8H¢/8T)T,. The increase in 0Hg /8T re-
mains approximately constant for different compres-
sion cycles and on the average amounts to 20—25% for
both annealed and unannealed samples as the pressure
changes from 0 to 25,000 atm. The dependence of the
temperature of the superconducting transition on the
pressure for annealed and unannealed samples of zir-
conium is shown in Fig. 27.

The critical temperature of unannealed zirconium
samples first decreases, passes through a minimum
at approximately 3000 atm, and then increases. This
variation of T is satisfactorily reproducible in the
region of pressures up to 10,000 atm for repeated

FIG. 27. Dependence of the superconducting-transition
temperature on the pressure. a) For annealed samples of zir-
conjum ( O — sample No. 1; A — sample No. 2; O — sample No.
3); b) for annealed samples of zirconium. The numbers at the
points denote the sequence of the compression cycles.
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FIG. 28. Dependence of the superconducting-transition temper-
ature of titanium on the pressure.

cycles of compression. When the pressure exceeds
10—12 thousand atm, hysteresis sets in, in which the
critical temperature increases after removal of pres-
sure from 0.52 to 0.55°K. In annealed samples, a

stronger increase of T, upon compression is observed.

The dependence of T on the pressure is close to lin-
ear in the entire region of investigated pressures.
After removal of the pressure, T, rises irreversibly
from a value 0.46°K (for the annealed sample ) to
0.55°K (the value of T, for a cold-hardened unan-
nealed sample). Extrapolation of the linear section

on the Tg(p) curve of Fig. 27a to zero pressure yields
a value of T, which practically coincides with that of
unannealed samples. Apparently the nonlinear charac-
ter of the dependence of T¢(p) of unannealed samples
of zirconium and the appearance of hysteresis in an-
nealed samples is a consequence of the quasihydro-
static nature of the pressures, which leads to plastic
deformation of the samples. It is to be expected that
purely hydrostatic pressure in the region up to 25,000
atm should cause a nearly-linear increase in the criti-
cal temperature. An analogous dependence Tc(p)
holds for titanium[®] (Fig. 28).

Thus, a characteristic feature of zirconium and ti-
tanium, unlike the superconducting elements considered
above, is the appreciable increase in critical tempera-
ture T¢ under the influence of pressure.

Alloys

Data were published recently on the pressure de-
pendence of the superconducting-transition temperature
for NbySn, NbysZrsi, V;Ga, and V4Si*4. In the case of
Nb3Sn, in the pressure region up to 11,000 atm, a quad-
ratic dependence was observed for the quantity AT¢
= Te(p) — Tc(0) on the pressure. In the pressure in-
terval 2500—11,000 atm, this dependence is satisfac-
torily described by the formula AT¢ = — (0.0019 p?

+ 0.02) °K, where p is the pressure in thousands of
atmospheres.

N. B. BRANDT and N. I.
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It must be noted that in the region of low pressures,
the value obtained for 8T /3p is lower than the value
8T¢/8p = —2.6 X 10™° °K/atm, obtained for NbySn in
(453, ang approximately one-tenth as large as the value
8T¢/0p determined for NbySn in [#1, In [*4] 3 linear
dependence of T, on the pressure was observed in the
pressure interval from 0 to 1750 atm, with 8T, /8p
=14 X 107%°K/atm. The reason for such a large dis-
crepancy is still unclear. We can only assume that it
is connected with the character of the investigated
samples.

In the NbqgZryg alloy at pressures up to 4000 atm, an
increase in the critical temperature was observed, the
magnitude of which varied strongly during different
compression cycles. In the alloys V3Ga and V;Si, the
temperature of the superconducting transition de-
creased linearly with increasing pressure up to
1750 atm.

Superconductivity of Crystalline Modifications

An investigation of the superconductivity of crystal-
line modifications of different substances, arising at
high pressures, is of great interest. The change in
the superconducting properties of superconductors
under polymorphic transformations, and also the oc-
currence of superconductivity in crystalline modifi-
cations of substances which do not under ordinary con-
ditions (at p = 0) exhibit superconductivity are very
important for the explanation of the causes of super-
conducting properties. The production of supercon-
ducting modifications is also one of the ways of inves-
tigating new superconductors. In spite of the fact that
a large number of elements and alloys have one or sev-
eral new crystalline modifications, which are stable at
high pressures, only a small number of these was in-
vestigated in the pressure region up to ~ 40,000 atm.

Superconductivity was observed in crystalline modi-
fications of bismuth Bill and Billl, the crystalline
modification of gallium Gall, and the crystalline modi-
fication of the alloy InSh.
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FIG. 29. Phase diagram of bismuth.
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cal-field curve for tin.

a) Bismuth modifications Bill and Billl. It follows
from the phase diagram of bismuth (Fig. 29) that in the
pressure region up to 40,000 atm, there exist three
bismuth modifications—Bil, Bill, and Billl. The re-
gion of existence of the modification BilIl, bounded by
the curves 1 and 2 which cross at a temperature of
approximately 100°K, is designated on the diagram by
the wedge (46,477,

Bil is apoor metal and does not display superconduc-
tivity down to ~0.005°K.(48] As shown in[14:15], the
modification Bi II can be obtained at the temperatures
of liquid helium in the supercooled form. It was estab-
lished that Bi II is a superconductor with a supercon-
ducting-transition temperature 3.916°K at 25,000 atm.
The value of 3 To/8p in the pressure region from
25,000 to 26,000 atm is —3.2 x 107° deg/atm. The
curves for the critical fields of Bill are shown in
Fig. 30. Bill is a ‘‘soft’’ superconductor with a value
8H /8T very close to the value of 8Hg /8T for tin.[16]

The superconductivity of the modification BiIll, the
superconductivity of which was reported in E“], was
investigated in detail in [4~1]_ According to the data
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FIG. 31. Critical fields of Bi III at the following pressures:
o, A, 0 — 30,000 atm; ¥, @ — 28,000 atm, + — 30,500 atm.

il

SUPERCONDUCTING PROPERTIES 215
K
Liquid
300
Car
za0
Gar \\
\
\
700 X
\
\
a 0000 20000 0008
2, atm

FIG. 32. Phase diagram of gallium.

of [16], Billl is a ‘““hard’’ superconductor with a super-
conducting-transition temperature ~ 7°K. The value of
the critical field of Billl near T is illustrated in

Fig. 31. The value of (8H¢/8T)T, is ~ 2600 Oe/deg.
Thus, Billl is one of the hardest superconducting ele-
ments. It must be noted that (8H¢ /8p)T,, like 9T/ dp,
is practically independent of the pressure in the region
28,000—30,500 atm.

The abrupt character of the superconducting tran-
sitions in BilIl and BilIll offers evidence of the homo-
geneous structure of the samples.

b) The modification GaIl. Superconductivity was
recently discovered in the crystalline modification of
gallium GaII[(®2]] stable at a temperature 0°C at pres-
sures above 13,000 atm (Fig. 32). The modification
Galis a superconductor with a superconducting-tran-
sition temperature 1.07°K. The critical temperature
of the modification Gall at a pressure near 35,000 atm
is 6.38°K. The average value of 9T, /0p of Gall
amounts to —3 X 107%°K/atm. The Debye tempera-
ture of Gall, estimated from the temperature depend-
ence of the electric resistivity, is 200°K.

c) The modification of InSh. The p-T phase dia-
gram for InSb is shown in Fig. 33. At a pressure of
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FIG. 33. Phase diagram of InSb.
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~ 23,000 atm and at room temperature, the semicon-
ducting compounds InSb go over into the metallic modi-
fication InSbII. This transition was investigated in de-
tail in (%, The slow rate of the phase transition of
InSb makes it possible to obtain the metallic phase at
sufficiently low temperatures in the supercooled state
by gradually decreasing the pressure. Such a method
of obtaining the crystalline modification of InSb was

used to investigate its superconducting propertiest0-52]

The metallic phase of InSb was obtained at room tem-
perature, and was then cooled down to the temperature
of liquid nitrogen, where the pressure was removed
and the sample investigated at zero pressure. Meas-
urements of the electric resistivity 521 have shown
that InSb II is a superconductor with a superconducting-
transition temperature below 2.1°K. Measurements of
the critical field down to 0.4°K point to a value H,

~ 1.1 kOe. %] Magnetic measurements of bulky sam-
ples of InSh II were made in (3], Polycrystalline sam-
ples were investigated, with diameter approximately

5 mm and length approximately 6 mm. The critical-
field curve of InSb1l, shown in Fig. 34, is satisfactorily
described by a parabolic He(T) relation with a value
Te = 1.88 £ 0.01°K and Hy =~ 100 Oe. The value ob-
tained for (dHg /dT)Tc is = (103 + 0.5) Oe/°K. The
deviations from the parabolic relation at low temper-
atures are, in the opinion of the authors, the result of
internal strain of the samples.

Investigation of the Stability of Superconducting Modi-
fications

The physical considerations which have stimulated
the investigation of the stability of crystalline modifi-
cations at low temperatures are the following.

It was established earlier that films of bismuth 4551
and gallium (s8] sputtered on a substrate cooled to the
temperature of liquid helium, display superconductiv-
ity. Films produced by isothermal condensation at
liquid-helium temperature have an amorphous struc-
ture. The crystalline structure of films appears when
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the temperature is increased. These bismuth films
are superconducting with T¢ =~ 6°K; when the films
are heated above 15—20°K the superconductivity van-
ishes, apparently because of the appearance of the
crystalline structure of the nonsuperconducting modi-
fication Bil. Comparing the data for bismuth films
with the data for the superconducting modification of
bismuth Billl, we can assume the following:

a) Upon condensation on a strongly cooled substrate,
the bismuth crystallizes not in its usual modification
Bil, but in the denser modification BiIIl, which is
stable under ordinary conditions only at high pres-
sures.

b) There exists some new modification [15]’ differ-
ent from BiIIl, which is superconducting and stable at
temperatures below 20°K even at atmospheric pres-
sure.

To check this assumption, it was considered of in-
terest to determine whether the superconducting modi-
fication Billl can be retained at low temperatures as
the pressure is reduced to zero.

In the experiments on the investigation of the sta-
bility of the modification BilIll at liquid-helium tem-
perature, the pressure was produced at room temper-
ature or at liquid-nitrogen temperature, after which
the apparatus was cooled to the temperature of liquid
helium. At 2.2°K, the pressure was gradually reduced
to zero, after which the temperature was slowly in-
creased to approximately 10°K. It was established
that the modification BilIll, obtained as a result of the
compression of a single-crystal sample of bismuth, is
conserved with decreasing pressure at liquid-helium
temperature, up to 21,000 atm. When a pressure of
21,000 atm is reached, the entire volume of the modi-
fication BillIl goes over jumpwise into the nonsuper-
conducting modification Bil. However, after repeated
cycles of compression, a fraction of the volume of the
sample is obtained in which the modification BiIll is
retained with the pressure decreasing to zero; this
fraction of the volume increases from experiment to
experiment. After several cycles of compression, the
modification Bi Il is conserved, even if the pressure
is completely removed in the entire volume of the sam-
ple. The superconducting transition of the modification
BiHI is more smeared out at atmospheric pressure
(compared with the transition of the modification BiIIl
at pressures exceeding 27,000 atm) and is shifted to-
wards higher temperatures. The temperature of this
superconducting transition is ~ 7.6°K.

An analogous situation is observed for gallium.2]
Films of gallium with amorphous structure exhibit
superconductivity with T¢ = 8.4°K. When the films are
heated to 20—T70°K the crystallization results in a
superconducting modification with T, = 6.5°K. Above
70°K, the stable modification Gal is produced with
Te = 1.07°K.

The critical temperature of the superconducting
modification Gall is equal to 6.38°K. The modification
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Gall is conserved at helium temperatures when the
pressure is reduced to atmospheric, with the temper-
ature of its superconducting transition rising to 7.5°K.
The dependence of the critical temperature of Gall on
the pressure is shown in Fig. 35.

Most striking is the fact that the behavior of the
superconducting modifications BiIlIl and Gall is per-
fectly identical. The small difference in the experi-
mental results lies in the fact that the Ga II modifica-
tion, which is stable at atmospheric pressure, was
produced immediately after the first compression
cycle. This is apparently due to peculiarities of the
method, which leads to strong plastic deformation of
the sample upon compression.

It is natural to assume that the conservation of the
modifications Billl and Ga II with reduction to atmos-
pheric pressure is due to the occurrence of internal
stresses (dislocations, etc) in the samples. After
repeated cycles of compression, the number of dis-
locations in the sample increases, and consequently
the volume of the stable part of the sample increases.

The nearly equal values of the critical temperatures
of the superconducting films of bismuth and gallium
and of the plastically deformed phases Billl and Gall,
as well as the possibility of the existence of the mod-
ifications Billl and Gall at atmospheric pressure in
the region of low temperatures, give grounds for as-
suming that the superconducting films have the same
crystalline structure as the modifications BilIlIl and
Gall. It becomes necessary to assume here that in
freshly-condensed films internal stresses are pro-
duced. For bismuth, the magnitude of these stresses
amounts to approximately 21,000 kg/cm?. The vanish-
ing of the superconductivity of the films, and also of
the superconductivity of the modifications BiIIl and
Ga II with increasing temperature is apparently the
consequence of the decrease in the internal stresses
as a result of annealing,

As noted earlier, the modification InSb II is also
stable at low temperatures and atmospheric pressure.
The modification remains stable up to ~ 220°K. The
inverse transition to the nonmetallic phase occurs with
a volume increase of ~ 18.5%, and is accompanied by
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destruction of the sample.

On the basis of the foregoing we can expect that
InSb films obtained by sputtering at low temperatures
will be superconducting.

IV. EFFECT OF PRESSURE AND MICROSCOPIC
THEORY OF SUPERCONDUCTIVITY

The microscopic theory of superconductivity, de-
velo i [I;"] i i

ped in 1957, makes it possible to express the
experimentally measured quantities in terms of certain
microscopic characteristics of the metal. Of particu-
lar importance in this case is the formula for the tem-

perature T of the superconducting transition
1

2O _0.8500 7, @)

Te=379

where A(0) is the width of the gap in the energy spec-
trum at T = 0°K, 6 is the Debye temperature, N is
the density of states on the Fermi surface of the metal
in question in the normal state*, and V is a parameter
characterizing the interelectron interaction. We note
that the coefficient 0.85 in formula (2) is tentative in
character, and we retain it only to maintain corre-
spondence with other reviews (see [42:58])

V is not calculated within the framework of the the-
ory in 1" and the parameters N and 6 are calcu-
lated from the data obtained for the metal in the nor-
mal state using the free-electron model, etc. True,
there is a whole series of attempts[59-64] to proceed
further and to calculate the parameter V or NV on the
basis of a more detailed interaction between the elec-
trons in the metal. All these attempts, however, are
considerably less convincing and promising than the
microscopic theory of superconductivity itself[5" and
formula (2) for T¢ resulting from it.

In this connection, special interest attaches to an
exhaustive comparison of theory with experiment, pre-
cisely for the purpose of analyzing the dependence of
T¢ on different factors, primarily the pressure.

If we base ourselves on formula (2), for which
there are ample reasons, the dependence of T, on p
is obviously determined by the pressure dependence
of the quantities 6, N, and V., The dependence of the
Debye temperature 6 on the pressure can be obtained
approximately from the Griineisen formulas for the
coefficient of volume thermal expansion (see [33,85])

17 av Ch
a=7<aT >,,=§X'u" ®)
where
P dln@ _ 17w
- dlnv’ X7 v 6TD>T

*Usually one uses in place of N the symbol N(0), thereby ex-
plicitly emphasizing the fact that the density of states N is
taken on the Fermi surface. We shall, however, use below the
symbol N(p), where p is the pressure, it being implied that N(p)
pertains to the limiting value of the Fermi energy for all the con-
sidered values of p.
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is the isothermal compressibility, Cy the specific heat
of a substance with volume v, measured at constant
volume. From (3) it follows that

dln®  av
dp = Cy°

“)

that is, the Debye temperature should increase upon
compression. The increase of 6 upon compression,
which satisfactorily explains the decrease in the elec-
tric resistivity under the influence of pressure in most
metals in the normal state [663, should lead in turn to
an increase in the temperature of the superconducting
transition [see formula (2)]. The values of d ln 6/dp,
calculated with the aid of (4), are listed in Table L.

It must be borne in mind, however, that the deter-
mination of the quantity d ln 6/dp from formula (4) is
tentative in character and is valid only for metals
which do not have appreciable anisotropy. Comparing
the values

dln® _ 190 g4 1 OTc
dp

==}

D
]

~
o

we see that in most cases the sign of 8T¢ /9 does not
coincide with the sign of 86/8p, and the relative change
in 6 upon compression is as a rule much smaller than
the corresponding change in the critical temperature.

Thus, the change in the Debye temperature is not a
factor which determines the dependence of the critical
temperature on the pressure.

As is well known, the electronic part of the specific
heat of metals in the normal state, calculated per unit
volume, is

cen =T = 2 n?k2NT. )

It follows, therefore, that by measuring the elec-
tronic part of the specific heat one can determine the
density of states N. For superconducting metals it is
possible to determine v, and consequently also N, not
only by calorimetric measurement, but also from the
critical-field curves. The latter method is particu-
larly convenient if the problem is to determine the de-
pendence of N on the pressure, since measurement of
the critical fields for superconductors under high-
pressure conditions is an incomparably simpler prob-
lem than calorimetric measurements at low tempera-
tures and high pressures.

On the basis of the thermodynamic equation for
superconductors RN

G (0)— G (0) =2 ”H°

(6)

(G and Gg are the free energies in the normal and
in the superconducting states, and v is the volume)
it follows that the difference in the specific heats of
the electrons in the superconducting and normal states

i [rre( 2, +( 45,].

The dependence of Hg on T can in the general case

vT
Ces - Cen s (7)
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be written with sufficient accuracy in the polynomial
form
H, (T) h(t): 1_2 antn

n=2

@8

M::

where t = T/T, and anp = 1.
n=2
Substltutmg (8) in (7) we get
€s en 1 ¥
e b Tz (1—a:t?— ...)(2a) +(—2at — . )}. (9)

Inasmuch as under the most general assumptions
ces/T —0 as T — 0, the coefficient y = cen /T is
equal to
Y= Z%G H—g .

Te (10)
This is an exact formula and makes it possible to cal-
culate 7y if the values of a,, Hy and T, are known. For
a parabolic temperature dependence of Hg, formula
(10) becomes simpler, since a, = 1. In the general
case a; = 1 in (10), and the difference 1-a, is char-
acterized by the degree of deviation of the curve Hc(T)
from a parabola. The value of a, can be determined
by investigating the deviation of the experimental de-
pendence Ho(T) from parabolic. Thus, precision
measurements of the dependence Hg(T,p) over a wide
range of temperatures make it possible to determine,
besides the dependence Tg(p), the dependence of the
density of states on the pressure.

To determine the derivative dy/dp, one can also
use data obtained by measuring the thermal expansion
at low temperatures. As shown in many papers (see,
for example, L7681 the coefficient of thermal expan-
sion a of metals in the normal state at low tempera-
tures is described sufficiently well by the formula

a=a,+a,=AT - BT3, (11)

where ae and ag are the contributions made to the
thermal expansion by the electrons and by the lattice,
respectively. The value of the coefficient ae is de-
termined by the dependence of the electronic part of
the entropy on the pressure:

ECE

Unlike the method considered above for determining
the pressure dependence of N, formula (12) enables us
to determine the magnitude and the sign of the deriva-
tive 3y/3p only for p = 0, since the determination of
ae in compressed samples, especially at high pres-
sures, is connected with almost insurmountable diffi-
culties. We note that in the general case, especially in
regions of high pressure, the function N(p) is not lin-
ear and can be irregular.

The available experimental material, which can be
processed in accordance with the scheme in guestion
in a sufficiently broad region of pressures, is quite
limited, and therefore at present there are no data on

(12)
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FIG. 36. Values of dIn((Tc/®)/31n v as a function of 1n(0/T.)
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the pressure dependence of N. In most published
papers (see, for example, [5:6%]) the quantity &y/op
is determined at low pressures p from the He(T)
curves under the assumption that a; does not change
with pressure, and also using formula (12).

The parameter V [see formula (2)], can, under suf-
ficiently general assumptions, (591 pe represented by
the difference of two terms, characterizing respec-
tively the attraction of the electrons as a result of the
electron-phonon interaction, and the screened Coulomb
repulsion.

The superconductivity criterion (577 consists in the
fact that V must be positive, thus signifying predomi-
nance of the electron-phonon attraction over the Cou-
lomb repulsion.

At the present time, it is impossible to determine
experimentally directly the dependence of the param-
eter V on the pressure. However, this dependence
can be obtained from formula (2) if the functions 6(p)
and N(p) are determined by the method described
above.

In considering the approximate model constituting
a system of electrons and ions interacting with the aid
of a screened Coulomb field, it was found in 1897 that
the increase in the average interelectronic distance re
and the valence of the ions Z contribute to the appear-
ance of superconductivity. From this point of view,
hydrostatic compression, which leads to a decrease
in rg, should cause a decrease in the critical tem-
perature, and at a cerfain critical pressure it should
lead to the vanishing of superconductivity. The latter
corresponds to the vanishing of the parameter V. Un-
fortunately, it is still impossible to state that the pos-
sibility of the vanishing of the parameter V at finite
pressure has been theoretically rigorously proved.

Recently a series of papers was published [0762]
in which the Coulomb and the electron-phonon inter-
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actions in metals were considered in greater detail.
However, attention was chiefly paid in these papers
to the isotopic effect, and the pressure dependence of
T is not discussed.

Under such conditions it becomes, obviously, nec-
essary to seek some empirical laws, and also to proc-
ess the experimental data on the basis of certain sup-
plementary assumptions. One of the main questions
which is now attracting attention is the clarification of
the character of the T,(p) dependence.

On the basis of the experimental data, a linear con-
nection was established in %3571 petween
dIn(Te/0)/dInv and In(8/T¢) for nontransition
metals, with the exception of thallium (Fig. 36). This
means that for these metals we can write

In 0.850

dIn(Te/h) _ = 4Gy, (13)

dlny — t? T
where ¢y and C; do not depend on the volume v. For
lead, @ and B8 mercury, tin, indium, gallium, zine, and
cadmium £98]

=2.54 0.6.
Po (14)
Using (2), we have In(T¢/6) = —NV + In 0.85 and
consequently, taking (13) into account, we get

dIn(Te/0)
dlnv -

ANV
T dlnv

=(PDNV+C1'

From Fig. 36 we can conclude that the constant C; is
small, If we put Cq = 0 and neglect In 0.85 compared
with 1n (6/T¢), then, in agreement with [42], we obtain

from (13)
In <163> = Cyv— @y,

the constant C, < 0.

According to (15), the temperature T, tends to zero
with increasing pressure (that is, with decreasing vol-
ume v) only as v — 0.

It must be noted, however, that we do not know any
theoretical reasons for assuming the validity of formu-
las (13) or (15), both in general, and in particular in
some broad pressure interval. Evidence that formula
(15) cannot be used at high pressures is gathered from
data on cadmium, Namely, cadmium (see Fig. 23) dis-
plays a stronger decrease in the critical temperature
upon compression than would follow from (15). At pres-
sures of approximately 26,000 atm, the change of Tg of
cadmium, calculated from formula (15), is approxi-
mately one-third the experimentally observed value,

For transition metals, the quantity ¢y is in general
not a constant (see Fig. 36).

In U581 3 certain correlation is noted between oy
and the parameter in the formula for the isotopic effect

(15)

Te~ 700070 (16)

(M is the isotope mass). The connection between Oy
and ¢ for nontransition and transition metals is illus-
trated by Fig. 37. On the basis of these data, the au-
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FIG. 37. Experimental values of ¢= ¢ In NV/d In v as a func-
tion of {. ® — transition metals, O — nontransition metals.

thors of [%J pelieve that the increase in ¢ of transi-
tion metals is the main cause of the deviation of ¢y
from a constant value. The connection between the pa-
rameter ¢ and the structure of the electronic energy
spectrum of metals is considered in [~ I partic-
ular, in [$1] the values of ¢ are calculated for a large
number of transition and nontransition metals. How-
ever, no theoretical justification for a functional de-
pendence of ¢y on { is contained in these papers.

In [7-11 it was assumed, in agreement with [%*],
that in nontransition metals the decrease in T, with
pressure is principally the consequence of the decrease
in the parameter V at approximately constant N [for-
mula (2)], and that at a certain critical pressure pgg
the parameter V can vanish, which should lead to the
disappearance of superconductivity. Within the frame-
work of the same assumption, the question of allow-
ance for the influence of pressure in the theory of
second-order phase transitions as applied to the super-
conducting transition was considered in 21, & follows
from this paper that near the critical pressure pgy we
can expect the pressure dependence of Ty to be ex-
pressed by the formula

Te(p)=Aexp ( —Pcoa“P) ’

amn

where A, a, and pgg are constants. It is obvious that
at a pressure p = pgg the temperature T vanishes.

To compare the experimental data with (17), it is
necessary to obtain data in a wide interval of pressures
in the region of temperatures close to 0°K, the only re-
gion in which the application of formula (17) can be
valid. Of all the presently known data, such a compari-
son can be made only for cadmium [17], and with insuf-
ficient accuracy at that. If we assume that formula (17)
is applicable in this case in the entire interval of pres-
sures (Fig. 23), then we obtain values A = 5.6,

a ~ 16,500, and pcy =~ 70,000 atm. The extent to which
these values are accurate can be seen from the results
of another processing of the data. Namely, we make
use of the values of T¢(p) at pressures in the interval
15,000 = p =< 26,000 atm [one might think that formula
(17) is the more accurate, the closer p is to pggl.

B. BRANDT and N. I.
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Then A ~ 2.4, a ~ 90,600, and pgy = 57,000 atm.
Therefore the most probable value of the critical pres-
sure, at which the gap in the energy spectrum of the
superconducting cadmium closes down and the cadmium
becomes nonsuperconducting, is a pressure in the re-
gion 57,000 < pgy < 70,000 atm.

At T = 0°K the width of the gap A(T) is smaller
than A(0), and the ‘‘closing’’ of the gap should occur
even at positive V. It was shown in ["?] that for
T=0

A(T, pyooVpe—p, Heoo (pe—p), (18)

where po(T) is the pressure at which the supercon-
ducting transition occurs at a specified temperature T.
Formula (18) is in good agreement with the experimen-
tal data. Figures 13, 14, and 24 show the pressure de-
pendence of Hg for cadmium (13, tin 313 and indium [341,
We see that when T = 0 the dependence of He on p
(for pressures cloge to pg) is actually linear. We note
that the ideas proposed relative to the mechanism
whereby the pressure affects the value of T, of non-
transition metals does not contradict relation (14)
which assumes at Cy = 0 the form

FINV) v
o W= 2.5 +0.6.

o =

When N ~ const, this relation signifies that in non-
transition metals at low pressures the relative changes
in the parameter V upon compression are close to
each other.

It is easy to see that when the pressure increases,
¢y should increase because of the decrease in V.
¢y — 9 as V—0, for it is very little likely that the
derivative 9V/8v vanishes when V = 0.

In transition metals, which include zirconium, tan-
talum, titanium, and others, an especially important
role may be played by the change in the density of the
states on the Fermi surface upon compression. Data
obtained in 37 in investigations of the connection be-
tween the electronic specific heat Yy and T¢ for a
large number of superconducting transition metals
and their alloys point to a very weak dependence of
the parameter V of transition metals and their alloys
on the effective number ny of valence electrons. Ac-
cording to (3], the critical temperatures of transition
metals and their alloys are determined essentially by
the density of the d-electrons. From this point of
view, the increase of T¢ in zirconium and titanium
under the influence of pressure should be the result
of an increase in N. An increase in N upon compres-
sion of zirconium and titanium is also indicated by the
change in the slope of the critical-field curves (Figs.
25 and 26). The average reversible increase of
(8Hc/ 9T )T of zirconium and titanium as the pres-
sure changes from 0 to 20,000 atm amounts to 20—25%.
This is perfectly enough to explain the necessary in-
crease in Ty upon compression. Such an interpreta-
tion of the results of [18:1] jg also in good agreement
with (™7 in which, from measurements of the elec-
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tronic specific heat, the density of states of the d-
electrons of the transition metals is found as a func-
tion of the number ny of valence electrons per atom.
In the region close to zirconium and titanium, N in-
creases with increasing number of valence electrons
(Fig. 38). It can therefore be expected that N of these
metals increases also upon compression. If it is as-
sumed that the dependence of N on p is determined
by curves similar to those shown in Fig. 38, then the
sign of the derivative 9T /8p should be determined
by the position of the considered superconductor on
these curves. In superconductors with 8N/ény > 0
the temperature of the superconducting transition
should increase upon compression, while in supercon-
ductors with 8N/8ny < 0 it should decrease. This rule
is well satisfied for all the investigated transition
metals and their alloys. Namely, the temperature of
the superconducting transition of zirconium, titanium,
ruthenium, NbysZr,s increases upon compression,

while for tantalum, NbsSn, V3Ga, and V3Si it decreases.

For molybdenum 421 8T¢/0p is very small, Favoring
the point of view considered above [18:1%] ig 3150 the
good agreement of the data of Fig. 38 with the experi-
mental dependence of T, on the number of valence
electrons, obtained in article [75], although it should
be kept in mind that this dependence is satisfied only
for metals with fixed band structure.®2] On the basis
of the data on the dependence of v on ny (3] 4 positive
sign of 8T;/3p should be observed for ZrgNby,

(TC = 8.8°K), M095Re5 (TC = 1.5°K), MOgoRew

(T¢ = 2.9°K), MogRey, (T, = 8.5°K), MogzReys

(Tc = 10.5°K), MogRe;q (T = 10.8°K). For Mo

(T¢ = 0.95°K) and for the alloys NbyyMog, and
MoggReyy, the values of 8T¢ /8p in the region of small
pressures should be very small. In the remaining al-
loys investigated in (73], the usual negative sign of
8T¢/8p should be observed. From analogous consid-
erations, we can also expect an increase in the criti-
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cal temperature for the alloys NbRe within the limits
of the concentrations of the components NbszRegy —
NbygRegy. For these alloys, according to the data of
[62J, aN/any > 0.

Unfortunately, there are no data on the electronic
specific heat of the alloys BizNi and Bi Rh, the sign
of 8T, /8p of which is also positive.

An exception to the scheme described above is the
behavior of the intermetallic compound BiyK, for which
8T¢/0p is positive and which is not a transition metal,
and also the behavior of thallium in the region of low
pressures. Unlike thallium, in which the anomalous
dependence Tq(p) may be connected with a sharply
pronounced anisotropy, the compound BiyK has a cubic
lattice. It is possible that in this case the parameter V
increases upon compression.

When using the experimental data for transition
metals and their alloys, it must be borne in mind that
these data, obtained at low pressures, depend strongly
on the state of the samples, and can be very inaccurate
and fail to reflect the true behavior of these metals in
the region of high pressures. Indeed, as can be seen
from Figs. 27 and 28, the form of the curve Ty(p) of
transition metals in the region of low pressures de-
pends strongly on the state of the sample (internal
stresses, number of dislocations, etc), and therefore
does not characterize its properties. In particular, for
a hardened sample of zirconium, in which 8T¢/3p < 0
and OHg /0p < 0 in the region of low pressures, and
8T¢/8p > 0 and 0Hg/0p > 0 at high pressures, on the
basis of the thermodynamic relation

Un—Ys _ He <8HC \
vg 4 ap /

the change in volume vy ~vg following the supercon-
ducting transition (at p = 0) should be negative.

Compatible data can be obtained only by investigat-
ing unstrained single-crystal samples of transition
metals. This should be remembered when the value of
(8H¢ /8p) T, is determined from data on the change in
the volume v of an uncompressed sample during the
superconducting transition of transition metals and
their alloys.

V. SOME REMARKS ON PROSPECTS OF FURTHER
RESEARCH

1. Of great importance to the clarification of the
true picture of the influence of pressure on the super-
conducting properties of metals are precise investi-
gations of the critical-field curves in a wide range of
pressures and temperatures, including infralow tem-
peratures. As a result it will be possible to clarify the
pressure dependence of the density of states N on the
Fermi surface. The experimental results in this field
are very limited, and therefore further research in
this direction is very promising.

2. Of very great importance is the question of the
character of the dependence of T, on p at large rela-
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tive changes of the critical temperature. It is expe-
cially important to ascertain whether it ig possible,
by using pressure, to bring a superconductor (within
the framework of a single crystalline modification )
into the nonsuperconducting state. In spite of the fact
that data on cadmium point to the possible disappear-
ance of superconductivity upon compression of the
metal, this question must still be regarded as open.

3. To answer these questions, it becomes necessary
to develop new methods of obtaining sufficiently uni-
form high pressures at low and infralow temperatures.
The presently attainable pressures, satisfying such
requirements, do not exceed 30,000 atm, which is
patently insufficient. For an unambiguous solution of
the unclear question it is necessary to broaden the in-
terval of attainable pressures to 80,000—100,000 atm.

4. In connection with the need. for expanding the
range of attainable pressures, particular significance
is acquired by work on low-temperature barometry —
the development of effective methods for measuring
pressures directly at low temperatures. A very con-
venient tool of this type is the superconducting man-~
ometer, the use of which greatly simplifies the prob-
lem. However, the use of superconducting manometers
calls for a knowledge of the dependence of the critical
temperature of the barometric substance on the pres-
sure. Unfortunately, there are at present no accurate
data on the dependence of T, on p in the region of
pressures exceeding 10,000 atm, for any of the super-
conducfors. A very promising way of carrying out
calibration measurements is apparently offered by
methods in which solid gases, helium and hydrogen,
are used. Further development of these methods is
highly desirable.

5. An interesting trend of further research is the
search for new superconducting modifications, which
are stable under high pressures, and a study of their
properties. With broadening region of attainable pres-
sures, more and more possibilities for carrying out
researches of this type will appear.

6. In the region of already attained pressures, it is
of interest to investigate the properties of supercon-
ducting alloys with variable composition, made up of
transition and nontransition metals, principally for the
purpose of determining the sign of 8T¢/8p and for
comparing these data with data on the dependence of
Y = cgn /T on the effective concentration of the val-
ence electrons ny, which can be obtained by thermal
measurements at low temperatures.

A study of the influence of pressure on the super-
conducting properties of metals is an important and
effective method of research and will undoubtedly
attract more and more attention.
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