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The effects of the valence and concentration of impurities on the pressure-induced shift of
the superconducting transition temperature of thallium is investigated. Even small Bi, Sh,

or Hg impurity concentrations can reverse the sign of the pressure effect in thallium, making
it negative. The results indicate a complex energy dependence of the electron state density
near the Fermi surface, and a sharp impurity effect in the energy spectrum of thallium con-

duction electrons.

THE superconducting transition temperature T,
is lowered by pressure in most superconductors
(Sn, Cd, Pb, In etc.),t! but in some, such as zir-
conium,tz] vanadium, (3] and titanium the transi-
tion temperature is elevated under pressure.
Thallium exhibits still different behavior; at pres-
sures up to 2000 kg/cm? we observe dT./dP

> 0,04 followed by a sign reversal at still higher
pressures. [¥]

Since the sign of dT¢/dP is reversed at rela-
tively low pressures, it can be assumed that one
of the parameters determining T, for thallium is
very sensitive to external influences. In addition,
the superconducting transition temperature of
thallium is more strongly influenced by the
valence of impurities than in the cases of other
superconductors. 6 1n the present work we in-
vestigate the effects of different impurities on the
pressure-induced shift AT, of the superconducting
transition temperature of thallium.

SAMPLES AND EXPERIMENTAL TECHNIQUE

Our solid solutions were prepared with 99.998%
pure thallium (r = R(4.2°K)/R(300°K)
~ (1—2) x 107%) and high-purity bismuth, mercury,
and antimony. Thallium together with an impurity
was melted in a test tube under a vacuum of
(1-2) x 107 mm Hg. The melt was then sealed
in a vial under the same vacuum and was main-
tained more than one day in an oven at a tempera-

DReported by N. B. Brandt and N. I. Ginzburg at the Elev-
enth All-Union Conference on Low-Temperature Physics, Minsk,
1964.
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ture above the melting point. After being homog-
enized by prolonged shaking the melt was cooled
suddenly. Low-concentration alloys were prepared
by the dilution of higher concentrations.

Wire samples 0.4 mm in diameter and
15—20 mm long were prepared by extrusion, and
were annealed for several days at 80—100°C. The
samples were of very good quality, having a homo-
geneous impurity distribution as indicated by the
(2—3) x 107 K width of the superconducting
transition.

High pressures were generated by the ice-bomb
technique, using water and water-alcohol solu-
tions, (78] with pressure monitoring in the vessel
by a superconducting manometer of +50 kg/cm?
accuracy. The pressure effect was measured
differentially, by a potentiometer method, using
two samples, inside and outside of the pressure
vessel, respectively.

RESULTS

A. Thallium-mercury. Figure 1 shows the de-
pendence of AT, the shift of the superconducting
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FIG. 2. Pressure dependence of
AT, for thallium alloyed with dif-
ferent concentrations of mercury.
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FIG. 3. AT versus r for
thallium-bismuth alloys at
1730 kg/cm? pressure.
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transition temperature of thallium-mercury alloys
at a pressure of 1730 kg/cm? on the residual re-
sistance r, which is a measure of the mercury
concentration. With increasing r up to ~2 x 107
the pressure effect is seen to increase. With fur-
ther increase of the impurity concentration the
sign of the effect is reversed; comparatively little
variation is observed in the range of r from
~4x 1072 to ~6 x 1072,

Figure 2 shows the pressure dependence of
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FIG. 4. Pressure dependence of AT, for thallium alloys.
1 — pure thallium; 2 — TI-Bi with r = 1.5 x 10°%, 3 — TI-Bi with
r=23x10"% 4 — TI-Bi with r = 6 x 1072,
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FIG. 5. AT versus r for thallium-antimony alloys at °
1730 kg/cm? pressure.

AT for thallium alloyed with different concentra-
tions of mercury in the pressure range

0—1730 kg/cmz. It is noteworthy that the pressure
dependence is nonlinear in this range.

B. Thallium-bismuth. Figures 3 and 4 show
similar measurements for thallium-bismuth
alloys. Unlike the thallium-mercury alloys, a
thallium alloy containing a relatively small bis-
muth concentration, with r= 1.5 x 1072
(~0.1 at% Bi), already exhibits a reduced pressure
effect. Further increase of the bismuth concentra-
tion reverses the sign of the effect, as in the case
of the thallium-mercury alloys.

Figure 4 shows that the pressure dependence of
AT, in the range 0—1730 kg/cm? for different
bismuth concentrations is also nonlinear, but is of
different character than for the thallium-mercury
alloys.

C. Thallium-antimony. The pressure effect in
thallium is even more strongly influenced by an
admixture of antimony ( Fig. 5). The pressure
effect is reduced to 1.5 x 10°° K by as little as
0.02 at% Sb (r ~ 3 x 107®), with almost no varia-
tion as the concentration is increased to ~ 0.22
at% Sb (r ~ 3.5 x 1072). With still further in-
crease of the impurity concentration the pressure
effect becomes negative.

The pressure dependence of AT, for the
thallium -antimony alloys (with r ~ 5.8 x 107%) in
Fig. 6 resembles the analogous curve for a
thallium-bismuth alloy in Fig. 4.
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FIG. 7. Pressure dependence of AT for pure thallium[*]
(curve A). Curves B and C are the linear and nonlinear com-
ponents, respectively, of A.

DISCUSSION OF RESULTS

Cody’s hypothesis of anisotropic elastic moduli
(1843] > Sy + S12) L% seems to be an interesting
possible means of accounting for the behavior of
thallium under pressure. However, subsequent
experimental measurements of the elastic con-
stants of thallium single crystals[w] have not con-
firmed the foregoing inequality, | Sy3| > Syy + Syy.

We present here a different explanation of the
anomalous behavior of thallium. The curve repre-
senting the pressure dependence of T, for thal-
lium{4 can be decomposed formally into two com-
ponents:[“] a linear component having a negative
slope 8T¢ /9P, and a nonlinear component having
a positive slope at low pressures ( Fig. 7). At the
pressures used in the present work (up to
2000 kg/cm?) the nonlinear component is more
important; the pressure effect is also very sensi-
tive to the impurity content.

A strong valence effect is evident even at low
impurity concentrations. The pressure effect is
enhanced ( Fig. 1) by an impurity (mercury) of
valence lower than that of thallium, whereas
higher valences (bismuth and antimony) reduce
the pressure effect ( Figs. 3, 5). This influence
of valence for low concentrations in the given
pressure range suggests that impurities affect
only the electronic properties of a metal through
the parameters that determine the superconducting
transition temperature:'1?] T, ~ @e"VP, where ®
is the Debye temperature and p = VON/3e. We
have such parameters in the density of electronic
states on the Fermi surface (8N/9¢) and the
electron-phonon interaction constant V. There-
fore p(ep) in thallium is extremely sensitive to
variations of energy (or electron density) near
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FIG. 8. Variation of
dp/d€ near €g° (p = VON/J€).

the Fermi level.
Only the second term in the equation
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will be important for our subsequent discussion;
this term is associated with the variation of elec-
tronic properties, i.e., the variation dT./dP de-
pends on 9p/8P = (09p/d¢€) (de/0P). Since

9¢/9P is a slowly varying function of pressure,[13]

the magnitude of 9p/0¢ near e%, is responsible

for all the characteristics of dT./dP that are
associated with the influence of impurities. Fig-
ure 8 shows the qualitative form of the dependence
of 9p/0€ on €f, representing the results of the
present work and data for thallium reported in the
literature, L4

Both pressure and impurities change the elec-
tron density n = N/v, where N is the number of
electrons in a volume v and n varies with either
N or v. Hydrostatic compression reduces the
volume v; this corresponds to an increase of n.
With the addition of an impurity both v and N
vary, the change of v being smaller than that of
N (for the considered impurities, in any event).
In this case the sign of the change in n depends on
the valence of the impurity; a higher impurity
valence increases n, while a lower valence reduces
n. Since n depends on €, the variation of n can
be related to the variation of €; for example, in
the case of quadratic dispersion of conduction

electrons we have n ~ e%{z. We shall now consider

our experimental results on this basis.

When an impurity (Bi, Sb) of higher valence
than thallium is added, ep is enhanced, the deriva-
tive 9p/0¢ becoming smaller (segment Ob in
Fig. 8). Experimentally this corresponds to a
decrease of dT,/dP. With further increase of
the impurity concentration the linear mechanism
of the pressure effect on T, for thallium, with
the negative value of BTC/BP, begins to contribute,
while the contribution of the nonlinear component
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is reduced and approaches a constant limit. This
corresponds to the negative sign of the pressure
effect ( Figs. 3, 5) and the nearly constant deriva-
tive 9p/9€¢ (segment bd in Fig. 8).

When the lower-valence impurity, mercury, is
added the pressure effect is enhanced. This cor-
responds to a larger value of the derivative 8p/0¢
near eoF when the Fermi energy is reduced (seg-

ment Oa in Fig. 8).

With further increase of the impurity concentra-
tion, the pressure effect reaches its maximum and
begins to decrease; this corresponds to the de-
crease of 9p/9¢ in segment ac of Fig. 8. Ata
still higher concentration the sign of AT, is re-
versed and a constant value is approached ( Fig. 1);
this corresponds to segment ce of Fig. 8.

Therefore the way in which the pressure de-
pendence of T for thallium varies with the kind
and concentration of the impurity is represented
by the complex dependence of p on energy near
the Fermi surface ( Fig. 8). One possible cause
would be an electron transition in thallium, i.e., a
transition through a critical energy in the electron
spectrum that is close to e‘i;‘.[m

If the electron transition is the main mechanism,
we can expect it to affect other electronic proper-
ties of the metal, such as galvanomagnetic proper-
ties and the electronic component of the thermal
expansion coefficient. (3] These ideas can be de-
veloped greatly by investigating impure thallium at
much higher pressures.
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a discussion of the results.
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