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The effect of plastic compression deformation on the superconducting characteristics of bulk 
samples of rhenium is investigated. A discontinuity is observed on the curve of the depen
dence of the critical temperature of the deformed samples on the value of 1/ 0! 

= r(4.2°K)/r(300°K). The discontinuity is attributed to the appearance of a new crystallo
graphic modification of Re. In the range of not very large deformations the ratio Hc2/Hcm 
depends linearly on 1/0!; with increasing deformation the deviation from linearity becomes 
larger. The characteristic parameter K grows with increasing deformation; this indicates 
that deformed rhenium changes from a type- I to a type-TI superconductor. The maximum 
value of K observed in the bulk samples is 2. The superconducting properties of rhenium 
films evaporated in vacuum are investigated; the behavior of the films is very similar to 
that of nontransition metals freshly precipitated at low temperatures. The values of K and 
o00 of the films are calculated on the basis of the experimental data. 

WE have studied the superconducting character
istics of a series of bulk samples of rhenium, de
termined the effect of plastic compression 
deformation on them, and also carried out meas
urements of the superconducting characteristics of 
rhenium films. 

In order to study the effect of plastic deforma
tion on the superconducting properties of rhenium, 
we carried out several series of measurements 
with rhenium samples which had various values of 
0! in their initial undeformed state. The samples 
underwent several deformations. After each 
deformation we determined the value of 0! and the 
critical temperature. The deformation led to a 
change in the initial value of 0!, the value of 0! at
testing to the degree of deformation. The value of 
0! varied in the investigated samples from 20 to 
2700. 

In addition, we determined the critical fields Hc2 

and Hem for most of the samples. The field Hc2 

was determined by extrapolating the curves of the 
dependence of the magnetic moment M on the field 
H. The value of Hem was found by integrating the 
area under these curves. The magnetic moment 
was determined ballistically. The investigated 
sample was transported from one measuring coil 
to the other with the aid of an eccentric rotated by 
a RD-09 motor. The latter was turned on periodic
ally (with a period of 16-20 sec) for such a time as 
to allow the sample to move from the center of one 
coil to the center of the other. The motor was 
switched on by a time relay. The signals from the 

measuring coils connected in opposition to each 
other were fed to a galvanometer whose deflection 
was recorded by a recorder modified according to 
the circuit proposed by Kosourov _[1] 

The critical temperature of the bulk samples 
was determined from resistivity measurements, 
as well as from data on the dependence of Hem on 
T near Tc. 

The magnetic-moment curves of the initial un
deformed rhenium samples were those character
istic of pure type-! superconductors. With increas
ing deformation the M(H) curves became broader, 
similar to the magnetic-moment curves of alloys 
(Fig. 1). 

Figure 2 shows the dependence of the critical 
temperature on 1/0!. As is seen from these curves, 
in the region of small deformations, and conse
quently of small changes in the mean free path l of 
the electrons, the critical temperature remained 
unchanged. For values 1/0! = 0.01-0.015 a jump is 
observed in the critical temperature, followed by 
linear increase. 

The effect of a given compression deformation 
(of 10%) on the critical temperature was investiga
ted on several polycrystalline rhenium samples in 
the form of short cylinders. It turned out that a 
10-percent deformation increases T c by 0.1 °K. It 
should be noted that analogous behavior was ob
served in rhenium samples which underwent 
deformation i~ tension. [2] 

Figure 3 shows the dependence of Hc2/Hcm on 
1/ 0!. Within the range of small values of 1/ 0! this 
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dependence is linear. Attention is drawn to the fact 
that for weakly deformed rhenium samples Hc 2 
determined from extrapolation of the M(H) depen
dence coincides with the first appearance of resis
tance. Full re-establishment of the resistance 
occurs in a field exceeding H2c by a factor of about 
1. 7. 

We investigated a large number of wire samples 
drawn to 0.2-0.3 mm through a draw plate. This 
wire had critical temperatures of about 3.5°K. In 
many wire samples the transition curve was step
like. This step-like nature disappeared after an
nealing, and the transition curve became smooth. 
Prolonged annealing in vacuum decreased, as a 
rule, the critical temperature down to the value 
characteristic for pure undeformed samples. Etch
ing in hot acids also led to a decrease in the criti
cal temperature. Radiochemical analysis of the 
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FIG. 2. Dependence of the critical temperature of bulk 
single-crystal samples of rhenium on 1/a = r (4.2°K)/r(300°K): 
0 -samples of series 1, for the initial undeformed sample of 
this series a= 540; X -samples of series 2, for the initial un
deformed sample of this series a = 178; o-sample with the 
initial value a = 2700. 

FIG. 1. Dependence of the relative magnetic moment on the 
field for a bulk single-crystal sample of rhenium: -initial sarr 
ple, a= 2700, T = 1.63°K; O-sample which underwent multipl 
deformation, a = 23, T = 1.615°K. 

rhenium wire for W, Ta, and Mo impurities indi
cated1> that the samples which we investigated con
tained no more than 10-4 per cent of these metals, 
which are the main impurities in rhenium, and that 
consequently they could not be responsible for the 
increase in T c of the wires. 

The above allows one to believe that the high 
critical temperature of the rhenium wire is due to 
the deformations and not to the chemical impuri
ties. This is also indicated by the fact that the 
rhenium films obtained by evaporation of the metal 
of such a wire had low critical temperatures of 
about 2°K. 

Such behavior of the rhenium wires is in agree
ment with the nature of the dependence of the criti
cal temperature on the deformation which we 
obtained for deformed single-crystal samples of 
rhenium (Fig. 3). A critical temperature of the 
order of 3.0-3.5°K should be observed, according 
to this curve, in the case of samples with 1/ a 
~ 0.14-0.15. For the wires which we investigated 
1/a ~ 0.1. Since this value should refer to the 
most strongly deformed surface portion of the 
wire, the value of 1/a ~ 0.1 usually obtained for 
unannealed wire is in fairly good agreement with 
the results obtained for deformed samples. 

We have also carried out measurements on 
rhenium films. The films were obtained by evapor
ation of the metal in a vacuum of 10-6-10-7 mm Hg 
onto a glass substrate in a device described in[3 ]. 

As the evaporator we used a coil of rhenium wire 
heated up to 3000°C by a current. For films 

1)The authors express their sincere gratitude to Yu. B. 
Gerlit for carrying out the radiochemical analysis of the 
rhenium wires and for determining the thickness of the rhenium 
films by an activation method. 
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FIG. 3. Dependence of the value of the ratio He 2/Hc m on 
1/a: 0 -samples of series 1, for the initial undeformed sample 
of this series a= 540; x -samples of series 2, for the initial 
undeformed sample of this series a= 178. 

evaporated onto a liquid-nitrogen cooled substrate 
and subsequently annealed at room temperature, 
Tc was about 1.7-1.8°K. Films deposited onto a 
substrate at a temperature of 500-600°K during the 
evaporation went over into the superconducting 
state at 2.0-2.2°K. No correlation between the 
critical temperature and the film thickness was 
observed. 

The transition of vacuum-evaporated rhenium 
films from the normal to the superconducting state 
was quite sharp (0.01 °K). All the films which we 
investigated had a very high resistivity in the 
normal state (a film about 10-6 em thick had a 
resistivity of about 1 ohm). 

In their behavior in a magnetic field, the rhen
ium films are close to films of nontransition me-
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FIG. 4. Temperature dependence of the critical magnetic 
field of rhenium samples: x -d = 4.0 x 10-6 em, o -d =2.58 x 10"6 
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FIG. 5. Temperature dependence of the critical current 
of rhenium films: X -d = 4.0 x 10-6 em, 0 -d = 5.8 x 10"7 em. 

tals freshly deposited at helium temperature: 
their critical currents are extremely small, and 
the critical magnetic fields are very high (Figs. 4 
and 5). Thus, in the case of a film of thickness 
d = 2.58 x 10-6 em, (dHc/dT)T = 20 kOe;oK. c 

The electron mean free path estimated for two 
rhenium films from their resistivity in the normal 
state was l ~ 3 x 10-7 em. For comparison we in
dicate that aluminum films freshly deposited at 
4.2°K have l = 1.9 x 10- 7 em and in the case of re
crystallized aluminum films l = 2.3 x 10-6 cm.E4J 

It should be noted that rhenium films obtained 
by us by evaporating bulk rhenium with the aid of 
an electron beam differed in their properties from 
the films we described above: their transition to 
the superconducting state was very broad with 
respect to the temperature, and the critical tem
peratures exceeded 3°K. Such behavior is appar
ently explained by the less clean conditions under 
which the films were prepared and by their contact 
with air during their transfer from the evaporating 
chamber to the working Dewar. 

If one considers the results obtained in bulk 
samples of rhenium, then one can conclude that 
pure rhenium with a = 2700 is a type-! supercon
ductor-its M(H) curves exhibit a small hysteresis; 
the value of K estimated from the formula 
Hc2 = v'2KHcm is less than 1/-12. 

As the plastic deformation is increased, the 
rhenium begins to transform into a type-II super-
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conductor; at the same time K increases and ap
proaches 2 for the most strongly deformed sam
ples. In the region of not very large deformations 
Hc2/Hcm depends linearly on 1/a; this could be 
considered to be in agreement with the GLAG 
theory. [5 J However, along with the coinciding func
tional dependence of HcdHcm on 1/a, a quantita
tive discrepancy between Hc2/Hcm obtained from 
the theory and its value calculated on the basis of 
experimental data is observed. 

In the region of large deformations the linear 
character of the dependence of Hc2/Hcm on 1/ a is 
violated. It should be noted that the curve of the 
dependence Tc (1/a) experiences at the same time 
a jump. It is not excluded that such a jump can be 
related with a polymorphic transformation of 
rhenium. One could assume that as a result of 
plastic deformation there appears a grid of regions 
with maximum lattice distortions at whose loca
tions there appears a new crystallographic modifi
cation of rhenium with a higher T c. If it is as
sumed that the jump on the Tc (1/a) curve is rela
ted to the appearance of a new phase, then the criti
cal temperature of this phase should be ~ 2°K. 

One can thus imagine one of the possible pic
tures of the change of the superconducting proper
ties of rhenium with deformation: initially, for 
small deformations, T c practically does not change 
and the rhenium changes from a type-I into a 
type-II superconductor; this is followed by a jump
like increase ofT c to 2.0°K owing to the appear
ance of a new phase. Further increase of deforma
tion leads to a linear growth of T c. Such a growth 
can be connected with an increase in the exponent 
in the expression 

'f:c = f.f48e-1/N(O)V. (1) 

If one considers the data on rhenium films which 
we have obtained, one's attention is drawn to the 
fact that depending on the temperature of the sub
strate during the condensation the films had differ
ent critical temperatures: 1.7-1.8°K at a substrate 
temperature of 90°K, and 2.0-2.2°K at a substrate 
temperature of 500-600°K. These data can appar
ently be considered as a confirmation of the exis
tence in rhenium of a new modification, as we 
already noted above. 

Since the rhenium films which we investigated 
are close in their properties to those of nontransi
tion metals freshly deposited at 4.2°K, one can 
apply to them the Abrikosov-Gor'kov theory of 
alloys. [6 J This enables one to determine the char
acteristic parameters K and o00 with the aid of the 
following expressions: 

x = 0.065ecv'"/kcr, 

c ( I ~ )'" 6 = 2n 1i cr~ th"2kr: , 

6 = 6oo/i1-(T/Tc)". 

(2) 

(3) 

(4) 

where u is the conductivity of the films, 6. is the 
energy gap, o is the penetration depth of the mag
netic field, andy is the coefficient of the linear 
term in the specific-heat expression2>. 

For a film with a thickness d = 2.58 x 10-6 em 
an estimate by means of these formulas yields 
K = 2.3. An estimate of the value of K of strongly 
deformed bulk rhenium according to Eq. (2) yields 
values closely coinciding with the values of K deter
mined from the expression Hc2 = hKHcm· 

The value of o00 calculated from the conductivity 
of the films turns out to be o00 = 32 x 10-6 em. If, 
on the other hand, one makes use of the data on the 
critical magnetic fields of the films and calculates 
o00 from the relation 

B c ,1 2.57 ·10-• 
-= ,3 , 
282 8d 

(5) 

then o00 turns out to be 33.5 x 10-6 em, which is in 
good agreement with the first value. A somewhat 
larger value o00 = 47.6 x 10-6 em is obtained from 
the expression He/Hem= 2v'&s/d. 

The values of o00 which we have obtained for 
rhenium are apparently the highest known at pres
ent3>. The large value of the penetration depth of 
rhenium is in all probability a result of the fact 
that rhenium is a superconductor with weak coup
ling, i.e., it has a small electron-phonon interaction 
constant. If we make use of data on the specific 
heat of rhenium and take 

v = 2.55 mJ /mole-deg2, 8 = 405° K, 11c = 1.7° K, 

then we can determine from expression (1) the 
electron-phonon interaction parameter V which 
turns out to be several times smaller than in the 
usual soft superconductors, and smaller by two 
orders of magnitude than that of lead. 

In conclusion the authors consider it their pleas
ant duty to express their gratitude to B. D. Yurasov 
for help in the construction of instruments and 
Yu. A. Deniskin and A. A. Grigor'ev for help in 
carrying out the experiment. 

2 )It is assumed that the value of y for a rhenium film does 
not differ from its value for the bulk metal. 

3)It should be noted that the high values of 000 for cadmium 
obtained in ['] are in all probability a consequence of sample 
contamination. 
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