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Binary and ternary solid solutions of thallium containing bismuth, antimony, indium, and mercury are
studied. It is found that the quantity dT./dP as a function of the impurity concentration has a maxi-
mum. Such a dependence indicates that the topology of the Fermi surface changes under the influence

of the impurity.

IT has been established in a number of papers that the
pressure dependence of the superconducting transition
temperature of thallium is extremely sensitive to the
valence of the impurity atom.t*" % The obtained experi-
mental data were explained by a change in the topology
of the Fermi surface of thallium under the influence of
the impurity and pressure.l®:®) In this paper these ideas
have been further developed on the basis of new experi-
mental material: the effect of one and two impurities
(binary and ternary solid solutions) on the supercon-
ducting transition T¢ of thallium, its derivative with
respect to pressure dT./dP, and the volume changes
of the unit cell of thallium under the influence of the
impurity.

PREPARATION OF SAMPLES AND THE METHOD
OF MEASUREMENT

We have investigated the effect of mercury impuri-
ties on the value of T; of solid solutions of thallium
with antimony and indium impurities (ternary solid
solutions), as well as the effect of bismuth and anti-
mony impurities on the value of T of pure thallium.
The following ternary solutions were prepared for in-
vestigation.

Tl — Sb(0.042 at.%) — Hg, Tl —Sb(0.084at.%) — Hg,
Tl —In(1at.%) — Hg, Tl —In(2at.%) — Hg.
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FIG. 1. The dependence of the residual er
resistance of thallium on the impurity con-
centration: ® —-Bi, A—Sb, O—Hg, and O — 4+
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The concentration of the mercury impurity varied from
0 to 1.2 at. percent. In order to prepare good, uniform
ternary solutions, we first prepared binary solutions
with given content of antimony or indium impurities
and then ternary solutions with the maximum content
of mercury impurity (1.2 at. percent). Ternary solu-
tions with lower mercury content were prepared by
dilution of the maximum solution by the initial binary
solution.

The maximum mercury content was monitored by
the relative residual resistance

r = R(42°K) [ R(300° K),

which consists of the residual resistance of each im-
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purity. For each impurity in the investigated region
of concentrations the value of r depends linearly on
the concentration (Fig. 1).

The resistance was measured by the potentiometer
method. The ice method["? was used to produce the
pressure.

THE RESULTS OF THE MEASUREMENTS

1. The effect of impurities on the value of Te¢ of
thallium. From investigations of the effect of bismuth,
antimony, and indium on T¢ of thallium (Fig. 2) it is
seen that starting with the lowest concentrations indium
and bismuth increase the value of T of thallium in the
entire range of investigated concentrations. Under the
action of the antimony impurity the value of T¢ of
thallium first decreases inappreciably (to ~7
X 107° deg) and then increases, as in the case of indium
and bismuth impurities, with further increase in the
impurity concentration.

In investigations of the ternary solid solutions
T1-Sb-Hg and Tl-In-Hg it turned out that the nature of
their dependence of AT on the mercury impurity con-
centration (Fig. 3, curves 2-5) does not differ from
that of pure thallium with mercury impurity (curve 1).
Independently of the initial impurity content'of antimony
or indium, mercury decreases the value of T, of
thallium in the entire range of investigated concentra-
tions. The behavior of Te(ATc) is similar in all the
solid solutions.

2. The effect of impurities on the value of T¢ of
thallium under pressure. We have investigated in de-
tail the joint effect of impurities and pressure on the
superconducting transition temperature for ternary
solutions (Fig. 4). The initial points of the curves on
Fig. 4 correspond to the change in the superconducting
transition temperature under a pressure of
1730 kg/cm? for the binary solutions T1-Sb (0.042 at.
percent), T1-Sb (0.084 at. percent), and T1-In (1 at.
percent). Under the influence of mercury impurities
the value of AT%) of these binary solid solutions
changes from zero or from a negative value, passes
through a positive maximum, and becomes negative
on further increasing the mercury concentration.
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FIG 2. The shift of T of thallium under the influence of impurities:

o—In, [*] O—Bi, and ®—Sb.

FIG. 3. The shift of T, of solid solutions of thallium with indium
and antimony under the influence of mercury impurities: curve 1-T1
+Hg, 2—T1 + 0.042 at. % Sb + Hg, 3—T1 + 0.084 at. % Sb + Hg, 4TI
+1at. % In+Hg, 5-Ti+2 at. % In +Hg.

Figure 5 presents the pressure dependence of ATc
for the binary solution Tl-In (1 at. percent) with two
mercury concentrations in the pressure range
0-1730 kg/cm? It is seen that the dependence AT (P)
for a ternary solution is not linear.

3. X-ray structure investigations of the solid solu-
tions of thallium. All the investigated solid solutions,
as well as pure thallium, have a hexagonal structure
with a ¢/a axial ratio close to 1.6. The solid solutions
were investigated using the back-reflection method and
copper radiation. Their parameters were determined
from the Ko, and K, doublets of the (125) and (206)
lines. Pure thallium with a = 3.4565 A and
c = 5.5249 A served as the standard. The accuracy of
the determination of a and ¢ amounted to +7 X 10™* A.

The results are shown in Fig. 6. As is seen from the
figure, for the binary solutions Tl-In and TIl-Hg the
a parameter decreases appreciably, almost equally for
both solutions, whereas the ¢ parameter remains al-
most unchanged. The change of the parameters in the
ternary solution Tl-In (1 at. %)-Hg is of the same
nature. In all cases there is an increase in the c/a
ratio.

In the case of thallium with an antimony concentra-
tion the dependence of a and ¢ on the impurity concen-
tration is different. With increasing antimony content
a decrease is observed in the values of a and ¢ to a
minimum value (up to r = 4 X 10™2 or 0.13 at. percent
Sb); with further increasing impurity concentration one
observes a smooth increase of the parameters. The
c/a ratio decreases.

DISCUSSION OF THE RESULTS

Before we turn to a discussion of the results, we
note that the nonlinear dependences of T¢ on the im-
purity concentration and pressure can be considered
as the sum of two components: a linear and a nonlinear
component.[%:%®°] The linear dependence is in both in-
stances connected with linear corrections to the density
of electron states v(ep) (€ is the Fermi energy) and
to the Debye temperature wp. As will be seen below,
the cited experimental data show that the nonlinear de-
pendences of T¢ and of dT¢/dP on the impurity con-
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FIG. 4. The dependence of AT_P of ternary solid solutions of thal-
lium on r (Hg concentration) at a pressure of 1730 kg/cm?. Curve 1—
T1+0.042 at. % Sb + Hg, 2—T1+0.084 at. % Sb + Hg, 3—-Tl+ 1 at. %
In +Hg.

FIG. 5. The AT.(P) dependence in a solid solution of T1+ 1 at.

% In at various concentrations of Hg: curve 1-T1 + 1 at. % In, 2-T1 +
1at.%In+0.5 at. % Hg, 3—T1+ 1 at. % In + | at. % Hg.
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centration for thallium can basically be explained by
one and the same mechanism—a change in the typology
of the Fermi surface under the influence of the im-
purity.

Let us consider the two existing points of view of the
nature of the nonlinear mechanisms of the change of
Te as a function of the pressure and the impurity con-
centration (569, One of them is a decrease of the
anisotropy of the energy gap due to the impurity.[®] In
the isotropic model T¢ does not depend on the impurity
concentration.['°] However, if the electron-electron
interaction is anisotropic and of the form

I(p, ¥') = [1+ a(Q)1L[1 + a(Q)],

where a(Q) is the anisotropic part of the interaction,
then the temperature of the superconducting transition
will change and the equation from which T¢ is deter-
mined takes on the following form Lo,
® (a®) dw N
2T [H" 1F (207,) 2 ]T (1)
where T, is the smearing time of the anisotropic part
of the electron-electron interaction.

Assuming (a®?) < 1, one can write the change of
the superconducting transition temperature for differ-
ent 74 as follows:

op
1=Iv(er) §th
0

ATc(x)= T a I(x), x=(Tcma)™ (2)
In the case of an anisotropic scattering center
=t b,
=048y

where &, is the coherence parameter, b =rl, 1 7 ig
the mean free path of the electron on the Fermi sur-
face, and 7 is the mean free time. The value of y is
proportional to the impurity concentration.t®] It is
significant that the shift AT, depends on the total
amount of the impurity and does not depend on its
va[le]nce.m Figure 7 presents the dependence of I on
Xt
It can be shown that the quantity ch/dP as a func-

tion of x, and consequently also of the impurity con-
centration, has neither a maximum nor a minimum.
Differentiating Eq. (1), we obtain

1 dT, 1 dT. " d{a® 3)

E'd‘P—‘=(T—C ap )0 + Ie(x) ar ' (
where the first term on the right corresponds to an
isotropic superconductor and does not depend on the

FIG. 6. The dependence of

a 20 40 60%
T T T
-7
I E)DNI Afc,dfc/dt,,
.Z b
L /T~
//T~(|Js“
-3k
In
- Sn
Al
4L
IC
FIG. 7 FIG. 8

FIG. 7. The dependence of I on x. The arrows indicate the values
of x for which 1/7 ~ wpy of the corresponding metals.

FIG. 8. The dependence of AT (solid lines) and of dT./dep (dashed
line) on e in the simplest topological cases: a—production of one of
the portions of the Fermi surface, b—disappearance of one of the por-
tions of the Fermi surface. € is the critical energy at which the change
in the topology of the Fermi surface occurs, and eFTl is the Fermi
energy of thallium.

parameter x, and the dependence of the second term
on x is seen from Fig. 7.

Another possibility of explaining the nonlinear change
of Te as a function of the impurity concentration and
pressure are the topological changes in the electron
spectrum of the metal.[>®) In that case the change in
the superconducting transition temperature is

AT = ToF (ex),

where the form of the function F(€F) depends on the
nature of the topological transition. Unlike in the case
of the first mechanism, when T¢ only decreases, in
this case both a decrease and an increase in T is
possible. For instance,:Fig. 8 shows the form of

Te (€F) for two specific topological instances—the
production of a small portion of the Fermi surface (a)
and its disappearance (b). As has been shown in(%J,
dTc/dP as a function of €F (Fig. 8), and consequently
also of the impurity concentration, can have either a
maximum or a minimum.

The cited experimental data on Figs. 2-6 make it
possible to clarify which of the two nonlinear mecha-
nisms is the determining one in the dependence of Tc¢
and dTc/dP on the impurity concentration. The de-
crease in the value of dT¢/dP in the solutions Tl-In,
T1-Bi, and T1-Sb (Fig. 4) could be explained by a de-
crease in the anisotropy of the gap under the influence
of the impurity [expression (3)].

If we plot the dependence of ATc/r on In r for the
investigated solutions under pressure and without
pressure then one can draw conclusions regarding the
change in the anisotropy of the gap (a®) under pres-
sure from the change of the slope (Fig. 9). Assuming
7/7T4 = 1 for the indium impurity, one can determine
(a?) which turned out from our data to be 0.058. If
we disregard the data on thallium with the antimony
impurity, under the influence of which the lattice
parameter changes in a complicated manner (Fig. 6),
then the change of (a?) under the influence of a pres-
sure of 2000 kg/cm?® amounts to no more than
10 + 10 percent. The possible increase of the gap
anisotropy at that pressure amounts then according to
our calculations to 6 X 1072,
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FIG. 9. The dependence of AT¢/ronlInrin: 1, 1'=TI+In, 2,2'—
Tl + Bi, 3,3-T1 + Sb. Curves 1-3 at P = 0, curves 1'—3"at P = 1730
kg/cm?. Curves 4 and 4’ —data from the work of Gey ['!] at P = 0 and
P = 2000 kg/cm?.

FIG. 10. The dependence of (ch/dp)p = on r for solid solutions
of thallium: 1—T1 + lat. % In with various mercury contents, 2—T1 +
Hg [!], 3—TI1 + In. Dashed line—reflection of curve 3.

Let us attempt to explain the entire aggregate of
experimental data, assuming that the nonlinear com-
ponent of the pressure effect is due to a change in the
gap anisotropy under pressure. We will assume, as
before, that in thallium there appear under pressure
two components (1] _a linear component [AT¢ with
dT¢/dP = -1.4 X 10~ ° deg/ (kg/cm?)[*}] and a non-
linear one (ATR). Then, calculating

AT (P = 2000 kgfem?) = —28-10-°K
T
AT (P = 2000 kgfem?) = ——— A {a2) = 445-10-"K,
Igv(er)

we find for pure thallium
AT, = AT + ATen = 417107 K,

which is in fairly good agreement with the experimental
value of 15 X 107*°K obtained previously.t?

It would appear that we have thereby explained the
nonlinear change of AT¢(P) in thallium. However
this point of view is contradicted by the presence of a
maximum in the dependence of dT./dP on the impurity
concentration for the solutions Tl-Hg, Tl-In-Hg, and
T1-Sb-Hg (Fig. 4). Instead of the decrease in dT./dP
expected according to the theory of Markowitz and
Kadanoff -7 [expression (3)], one observes experi-
mentally an increase of dT¢/dP (Fig. 4). On increas-
ing the impurity concentration the derivative dT¢/dP
goes through a maximum (Fig. 10; in plotting these
dependences we used the data of Fig. 5).

The qualitative agreement of the experimental data
of the previously published work of Gey with the
theory:gj appears to us to be accidental. In that work
he investigated the dependence of AT for pure thal-
lium on the residual resistance r produced by plastic
deformation at various pressures. Figure 9 shows the
results of this work treated in accordance with the
theory of Markowitz and Kadanoff.[®) It is seen that
according to the data of Gey’s work the anisotropy of
the gap (a?) (the slope) changes by a factor of four
at a pressure of 2000 kg/cm? compared with P =0
(curves 4 and 4'), which is in disagreement with our
data [a(a®)/(a®)~ 10 percent]. It appears to us that
such a discrepancy in the results is connected with the
following circumstances. First, the effect of the re-
sidual resistance produced in plastic deformation upon

Te is not equivalent to the effect of the residual re-
sistance produced by impurities.t'?) Secondly, plastic
deformation results in a complex system of stresses
which can change strongly when an external pressure
is applied and this will manifest itself in the depend-
ence of AT(I:) on r. We note also that a large arith-
metical error has been found[**] in Gey’s calculations
of the proportionality coefficient between x and r
which is important for the comparison with theory.
Thus the theory of Markowitz and Kadanoff(®) does not
explain the entire aggregate of the existing experi-
mental data.

It should be noted that the presence of a maximum
in the dependences of dT./dP on the concentration in
thallium solutions with impurities is not related with
any peculiarities in the volume changes of the unit cell
of thallium under the influence of the impurity. Thus,
in the binary solutions Tl-In and Tl-Hg these changes
are identical in magnitude and sign. However, a sharp
discontinuity in the course of the change of the parame-
ters as a function of the impurity concentration may
appear in the dependence of dT¢/dP on r, or of AT(I:)
on r. The peculiarity in the behavior of AT? as a
function of r in the ternary solution TI1-Sb
(0.084 at. %) -Hg (Fig. 4, curve 2) and in the binary
solution T1-Sb is apparently connected with this.t*]

Let us consider the cited experimental data from
the point of view of the theory proposed in(®:®J which
explains the presence of the maximum in the depend-
ence of dT¢/dP on r as a function of the impurity
concentration by a change in the topology of the Fermi
surface under the influence of the impurity. The de-
pendence of dT./dP on r for the ternary solution
Tl-In-Hg (Fig. 10) is plotted in accordance with the
data of Fig. 5; such dependences for the solutions
Tl-Hg and Tl-In are plotted on the basis of previously
published data.l'] The common feature of the depend-
ences of dT¢c/dP on r is the presence of a maximum
in the solutions TI-Hg (curve 2) and T1-In-Hg (curve 3).
According to[5:%], the variable parameter in the de-
pendence of dT¢/dP on r is not the total residual re-
sistance but the electron density which changes under
the action of the impurity. Thus, taking into account
the fact that the mercury impurity decreases the den-
sity of electron states v(eg), whereas an indium im-
purity, as has been shown previously, 4] causes it to
increase, the dT;/dP versus r curves for Tl-Hg
solutions (curve 2) and of Tl-In solution (curve 3) can
be represented as a single curve with a maximum (the
curve ABC).

Investigating ternary systems in which one of the
impurities (Sb, In) increases the electron density
v(€p) and where the other (Hg) decreases it, one can
fully observe the feature of the dependence of dT¢/dP
on r which is connected with a change in the topology
of the Fermi surface. Indeed the dependence of dT¢/dP
on r for the Tl-In-Hg solution (curve 1) is the same
as the curve ABC, only shifted towards the right on the
axis of concentrations. The AT (r) dependence for
the solutions T1-Sb (0.042 at. %)-Hg and TI1-Sb
(0.084 at. %) -Hg are analogous.

It has thus been established experimentally that in
thallium the quantity dT¢/dP as a function of the im-
purity concentration has a maximum. In accordance
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with the considerations developed, this corresponds to
a change in the topology of the Fermi surface of thal-
lium under the influence of the impurity (Fig. 8a). The
cited data show that antimony, bismuth, and indium
impurities change the Fermi energy of thallium in one
direction (increasing it), whereas the mercury impurity
changes it in the opposite direction (decreases it).

The topological changes of the Fermi surface mani-
fest themselves also in the dependence of ATc on the
impurity concentration. If the nonlinear course of the
ATc (r) dependence were basically determined by a
decrease of the anisotropy of the energy gap in the
scattering of electrons by the impurities, then in the
investigated ternary solutions the maximum change of
ATe should differ on increasing the impurity concen-
tration of mercury depending on the initial content of
antimony or indium impurities in the thallium (Fig. 3,
curves 2-5). The maximum change of AT¢ of ternary
solutions should decrease with increasing concentra-
tion of antimony or indium impurities (Fig. 7). Actually,
for the investigated ternary solutions the course of the
ATc(r) dependence almost does not differ from that
for the binary solution Tl-Hg (Fig. 3). Consequently
AT, is not sensitive to the initial residual resistance
of thallium and is determined by the valence of the
impurity (Hg) added to the given solutions.

One can determine from the experimental data the
relative change of the density of electron states in a
topological transition(s) This quantity determined
from two independent data on ATc(r) and ATc(P)
should be the same. From the equality (%

Tc GV(GF—‘DD)

AT~(7‘)— IoV(BF) Vo(SF)
where AT is the maximum change in T¢ under the
action of an impurity and I, v ( €p) is the tabulated
value, it follows that the relative change of the density
of electron states is

]

6v(er — @p) [ voler) = 2.3%.

The same quantity can be determined from the experi-
mental data on the AT;(P) dependence taking into
account the fact that the nonlinear component of AT’CI,
whose maximum value is ~0.2(2], is responsible for
topological changes. Hence

§v(er — wp) [vo(er) = 2.6%.
According to the theory of Makarov and Bar’yakhtar[®]
8v(er — wp) /vo(er) ~ (op/er) =~ 3.2%.

Thus the entire aggregate of the experimental data
on thallium [dT¢/dP(r) and AT¢(P)]is described
by a theory taking into account the change in the
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topology of the Fermi surface under the influence of
impurities and pressure.l*>6] In the case of thallium
this apparently corresponds to the fact that under the
influence of a mercury impurity the part of the Fermi
surface located in the fifth or sixth Brillouin zone dis-
appears.l14] On the other hand, the changes of Tc and
dT./dP as a function of r, connected with a change in
the anisotropy of the energy gap under the influence of
impurities and of the pressure, are not decisive.

The authors consider it their duty to thank V. G.
Bar’yakhtar and B. G. Lazarev for a useful discussion
of the obtained results.
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