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Binary and ternary In solid solutions with Sn, Pb, Cd or Hg are studied. The quantity dTJddP as a 
function of the impurity concentration is found to have a maximum. This type of dependence indicates 
that the topology of the Fermi surface in indium is modified by the impurity. 

I N the investigation of the joint influence of an impurity 
and pressure on the temperature of the Tl superconduct­
ing transition, it was observed that the derivative 
dTc/dP of the temperature of the superconducting tran­
sition with respect to the pressure has a maximum as 
the function of the impurity concentration C and of the 
pressure. l1 ' 2 J According to the developed theory, this 
phenomenon is connected with the change of the topology 
of the Fermi surface under the influence of the impurity 
and the pressurel3 J. In the case of Tl, the nonlinear 
dependence of dTc/dP on the pressure and the impurity 
concentration is connected with the occurrence of a 
small Fermi-surface cavity in the sixth Brillouin 
zoner2 ' 3 J. 

In a preliminary communication r4 J reporting an in­
vestigation of the influence of a Cd impurity on dTc/dP 
in In, a minimum was likewise observed in the depen­
dence of dTc/dP on C, thus evidencing a change of the 
topology of the Fermi surface of In under the influence 
of the Cd impurity. It was recently observed that dTc/dP 
of Re has a maximum as a function of the impurity con­
centration and of the pressurel5 J. The authors likewise 
connected this behavior of dTc/dP with a change in the 
topology of the Fermi surface of Re. 

According to present day notions concerning the 
shape of the Fermi surface, a change in the topology of 
the Fermi surface under the influence of impurities and 
pressure can be observed in metals other than those 
indicated above (for example in Cd, Zn, Al). A study of 
the joint influence of the impurities and pressure on Tc 
of metals can serve as a method for observing changes 
in the topology of their Fermi surfacesl2 J. This com­
munication is devoted to a further investigation of the 
influence of impurities with different valences on the 
topology of Fermi surface of In. 

1 

SAMPLES AND MEASUREMENT METHOD 

We investigated solid solutions of In with impurities 
of Cd, Hg, Sn, Pb (binary solutions), and also the ter­
nary solution ln-Pb (2at%)-Cd, in which the Cd concen­
tration ranged from 0 to 4%. 1> 

The indium with the impurities were placed in an am­
poule made of pyrex glass. The ampoule was evacuated 
to a pressure (1-2) x 10-5 mm Hg and was sealed off at 
the same vacuum, after which it was placed in a furnace, 
where the alloy was kept for 5-7 days at a temperature 
slightly exceeding the melting temperature, and was 
stirred periodically. The alloy was then cooled abruptly. 
The alloys with small concentrations were made by 
diluting alloys of higher concentrations. 

The samples were produced in the forms of wires 
0.4 mm in diameter and 10-15 mm long, by pressing 
through a die, after which they were annealed for 
7-12 days, and in some cases for several months at 
100-130° C, depending on the alloy. Sufficiently good 
samples with a homogeneous impurity distribution were 
obtained, as could be judged from the width of the super­
conducting transition. 

The ternary alloys In- Pb (2% )- Cd were prepared in 
the following manner. At first alloys of maximum con­
centration In-Pb (2%)-Cd (4%) and In-Pb (2%) were 
prepared. Ternary alloys with smaller Cd concentra­
tions were obtained by diluting the maximum-concentra­
tion alloy with the binary In- Pb (2%) solution. From the 
x-ray diffraction investigations (Fig. 2) and from the 
width of the superconducting transition (Fig. 1) it can be 
concluded that the ternary solutions are single-phase 
within the range of the investigated concentrations. 

!)The concentrations are given in atomic percent throughout. 
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FIG. I. Temperature dependence of R(T)/R (4.2° K): curves I, I'­
pure In; 2, 2' -In-Cd (3.7 at.%): 3.3' -In-Cd (I, 3 at.%; 4. 4' -In-Pb (2 
at. %)-Cd (4 at.%); 5. 5' -In-Pb (2 at. %)-Cd (2. 3 at.%); 6. 6' -In-Hg 
(0. 8 at.%); 7, 7' -In-Hg (4. 5 at.%); 8. 8' -In-Sn (I. I at.%); 9. 9' -In-Sn 
(4. 5 at.%); 10. 10' -In-Pb (2 at.%); II. II' -In-Pb (8 at.%). curves 1-11 
were plotted at P = 0, and 1'-11' at P = 1730 atm. 

The alloys were investigated by the Debye method in 
Ti radiation. The parameters a and c of the tetragonal 
lattice were determined from the (131) and (222) lines 
accurate to ± 1 x 10-3 A. The plot of the parameters of 
the In-Pb (2%) lattice against the Cd impurity concen­
tration shown in Fig. 22 > practically coincides with a 
similar plot for the binary solution In-Cdl6l. The tem­
perature of the superconducting transition was deter­
mined from the change of the resistance ratio 
R(T}/R(4.2°K) with temperature (Fig. 1). 

To determine the derivative of the temperature of the 
superconducting transition with respect to the pressure, 
dTc/dP we employed an "ice technique" using water 
and wat~r-alcohol solutionsl 7' 8 l. As beforel9l, the shift 
of T c of pure In at P = 17 30 atm amounted to 
80 x 10-3oK (dTc/dP = -4.62 x 10-5 deg/atm). The tem­
perature of the superconducting transition of the indium 
alloys decreased linearly with pressure in the interval 
0-17 30 atmospheres. This made it possible to deter­
mine the change of dTc/dP of the alloys from the shift 
of Tc at a constant pressure, usually 1730 atm. 

J c to!l. 
u 
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75 FIG. 2. Change oflattice parameters 
of In-Pb (2 at.%) and pure In following 

A a ttl, A introduction of the Cd impurity: ZJi ~ O-In-Cd,ti-In-Pb(2at.%)-Cd. 
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2lThe authors consider it their duty to thank L. F. Belyak for x-ray 
diffraction investigations of the ternary solutions. 

The measurements were made in the following man­
ner. Four samples were placed simultaneously in the 
high-pressure bomb; three were alloys and one was 
pure In serving as a pressure indicator. The shift of 
the superconducting-transition temperature of the alloy 
samples with and without pressure was determined rela­
tive to the pure In in a single experiment. Under these 
conditions, there was maintained a good homogeneity of 
the pressure (± 20 atm), which was determined befor_e­
hand, likewise using four samples of pure In placed m 
the bomb. The temperature was determined with an oil 
manometer accurate to (1-2) x 10-3 deg. The width of 
the superconducting transition of the samples under 
pressure remained practically unchanged (Fig. 1). The 
error in the measurements of dTc/dP amounted to 
± 0.10 x 10-5 deg/atm. 

MEASUREMENT RESULTS 

Judging from the form of the dependence of dTc/dP 
on the impurity concentration, binary solutions can be 
divided into two groups: solutions with impurities whose 
valence is larger than that of In, namely In- Pb and 
In-Sn, and solutions with impurities whose valence is 
lower than that of In, namely In-Cd and In-Hg. 

1. In- Pb and In-Sn solutions 

Indium with Pb or Sn as an impurity exhibits a non­
linear dependence of dTc/dP on the impurity concentra­
tion (Fig. 3a). It is seen from the figure that when the 
impurity Pb or Sn is added to the pure In, the absolute 
value of dTc/dP decreases, reaching at a concentration 
of 2.4% Pb and 1.2% Sn a value 4.1 x 10-5 deg/atm. With 
further increase of the Pb or Sn concentration, the abso­
lute value of dTc/dP increases. A nonlinear dependence 
of dT /dP on the impurity concentration is observed for 
the InC: Pb solution in a wider range of concentrations 
than in the In-Sn solution. 

The dependence of the superconducting-transition 
temperature shift ATe of In on the impurity concentra­
tion is the same for both the Pb and Sn impurities 
(Fig. 3d}: at low Pb or Sn concentrations the tempera­
ture of the superconducting transition decreases very 
slightly; an appreciable growth of the superconducting­
transition temperature is observed with further increase 
of the impurity concentration. The presented experi­
mental data (Fig. 3b) agree with previously published 
data by others uo,uJ. 

2. In-Cd and In-Hg Solutions 

In these solutions, the dependence of dTc/dP on the 
concentration of the impurity is also nonlinear 
(Fig. 4a)l4• 12 l. The value of dTc/dP at the maximum, 
for both In- Cd and In- Hg solutions, is the same and 
equals -354 x 10-5 deg/atm at 1.3% Cd and 0.8% Hg. 
The dependence of the shift ATe on the impurity con­
centration differs greatly for the In-Hg solution from 
that for the In-Cd solution (Fig. 4b). 

3. In-Pb (2%}-Cd Solution 

It is seen from Figs. 3a and 4a that the maximum 
values of dTc/dP are different for the solutions In- Pb 
and In-Sn, from those for In-Cd and In-Hg. To explain 
the nature of this difference, we have investigated 
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FIG. 3. Plots of aT claP (a) and .6. T c (b) of In vs. the impurity con­
centration: e-In-Pb, 0-In-Sn. 

FIG. 4. Plots of aTc/aP (a) and .6. Tc (b) of In vs. the impurity con­
centration: 0-In-Cd, e-In-Hg. 

In-Pb (2%)-Cd ternary solutions. The dependence of 
dTc/dP on C for these solutions (Fig. 5a) is more com­
plicated than for binary solutions (Figs. 3a and 4a). 
Addition of the Cd impurity (up to ~ 1.5%) to the 
In-Pb (2%) solution leads to a decrease of the value of 
dTc/dP = -4.1 x 10-5 deg/atm of the solution to a value 
corresponding to pure In (-4 .. 62 x 10-5 deg/atm). With 
further increase of the Cd impurity concentration, the 
dependence of dTc/dP on C is similar to that for the 
In-Cd solution. 

The ATc(C) dependence of the In-Pb (2%)-Cd solu­
tions is shown in Fig. 5b. The superconducting-transi­
tion temperature of the initial In-Pb (2%) solution de­
creases slightly when up to 1.8% of Cd is added, and 
with further increase of the Cd concentration there is 
observed a more rapid decrease of T c of the In- Pb 
(2%)-Cd solution. The change of the superconducting­
transition temperature in this system amounts to 85 
x 10-3 deg. 

-D.I/JD 
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FIG. 5. Plots of aTc/aP (a) and L'ITc 
(b) in the In-Pb (2 at.%) system vs. the 
concentration of the Cd impurity. 

DISCUSSION OF RESULTS 

1. Nonlinear Dependence of dTc/dP on the Impurity 
Concentration 

According to the developed concepts, the nonlinear 
dependence of dTc/dP on the impurity concentration C 
(Figs. 3a, 4a, 5a) is connected with the change of the 
topology of the Fermi surface under the influence of the 
impurity£31 • The character of the topological transition 
can be evaluated from the asymmetry of the dTc/dP 
= f(C) curvel31 , by using Fig. 6 and assuming that intro­
duction of the impurity leads to a change in the Fermi 
energy. 

If it is assumed that the impurities whose valence is 
larger than that of In change the Fermi energy in one 
direction (for example, they increase it), and the impur­
ity whose valence is smaller than that of In changes it 
in the opp.osite direction (for example, decrease), then 
the scale of the concentration characterizes the change 
of the Fermi energy of the pure In under the influence 
of the impurity. Then, from a comparison of the experi­
mental curves (Figs. 3a and 4a) with the theoretical ones 
(Figs. 6a and 6b) we can draw the following conclusion: 
When the Fermi energy increases (In-Pb and In-Sn 
alloys, Fig. 3a) a cavity of the Fermi surface is pro­
duced (Fig. 6b), and when the Fermi energy decreases 
(alloys ln-Hg and In-Cd) (Fig. 4a) breaking of the "neck" 
occurs (Fig. 6a, Ec < EF)· 

The observed maximum of dTc/dP in In-Sn and 
In-Pb solutions and also in In-Hg and In-Cd solutions at 
different impurity concentrations can be attributed to 
the different effective action of the impurity on the den­
sity of the electron states. Indeed, if it is assumed that 
the efficiency of the Sn impurity is equal to unity 
(Ceff = Csn), and that of Pb is equal to 0.5 (Ceff = 2Cpb) 
in the In-Sn and In- Pb solutions, then the dependence of 
dTc/dP of these solutions on the effective impurity 
concentration is described by a single curve (Fig. 7a). 
A similar construction can be made for the solutions 
In-Hg and ln-Cd (Fig. 7b, Ceff = CHg = 1.67Ccd)· The 
fact that the singularities in the solutions In-Hg and 
In-Cd differ from those in In-Pb and In-Sn proves the 
behavior of dTc/dP as a function of the concentration of 
the Cd impurity in the In-Pb (2%)-Cd solutions (Fig. 5a). 
The Cd impurity (~ 1.5%) eliminates the changes of 
dTc/dP due to the impurity Pb (2%), and the topology of 
the Fermi surface of the In-Pb (2%)-Cd (1.5%) solution 
corresponds to the topology of the Fermi surface of pure 
In. With further increase of the Cd impurity, the depen­
dence of dTc/dP on C of the In-Pb (2%)-Cd solution is 

FIG. 6. Plot of Tc (solid curve) and of dTc/dEp ATc,dTc/tieF 

(dashed) vs. the Fermi energy in the simplest topo- r-, _a.:_"--r-----, 

logical cases: a-formation of a Fermi-surface 
neck if Ec < Ep or a break in the neck if Ec > Ep 
(dTc/dEp > 0); b-formation of one of the parts 
of the Fermi surface if Ec > Ep (dTc/dEp > 0); 
c-vanishing of the neck of the Fermi surface if o F.~'---t~,--=-1 
Ec > Ep, or formation of one if Ec < Ep 
(dTc/dEp < 0); d-vanishing of one of the parts 
of the Fermi surface if Ec > Ep (dTc/dEp < 9). 
Here Ec-critical energy at which a change in the 
topology of the Fermi surface takes place, and o L_L---"1..:-::::l==.J 
w0 - De bye temperature. 
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similar to the dependence of the In-Cd solution (Figs. 
4a and 5a). 

The nonlinear dependence of dTc/dP of the ternary 
solution In-Pb (2%)-Cd shows indeed that an impurity 
whose valence is lower than that of In changes EF in one 
direction, and an impurity whose valence is larger than 
that of In changes it in the opposite direction. We can 
then construct for In the change of dTc/dP (AdTc/dP) 
due to the change of the Fermi surface and to the change 
of the electron density An = aCAz (Fig. Sa). Here Az is 
the difference between the valence of the impurity atom 
and the host-metal atom, and a is a positive constant on 
the order of unity. 

It was already noted (Figs. 3a, 4a, 5a, 7a, 7b) that 
1 at.% of a different impurity changes EF or An by a 
different amount. These results make it possible to es­
tablish a unified scale of An = aC~ffAz for both An > 0 
and An < 0. Thus, 1 at.% of Hg impurity causes the 
same absolute change in the Fermi energy or in the 
electron density as does 1.67 at.% of Cd or 1.1 at.% Sn, 
or 2.2 at.% Pb (C~ff = CHg = 1.67Ccd = 1.1Csn 
= 2.2Cpb)· 

The maximum of the quantity dTc/dP corresponds to 
the fact that the Fermi energy coincides with the criti­
cal energy Ec at which a change takes place in the 
Fermi-surface topology (Figs. 6a and 6b). From a 
comparison of the curves of Figs. 6a and 6b and of 
Fig. Sa we can conclude that the difference between the 
critical energies that are connected with the change of 
the topology of the Fermi surface under the influence of 
the impurities whose valence is smaller than that of 
In, E 121 , and of the impurities whose valence is larger 
than that of In, E <l>, remains not less than 2 wn, which is 
of the order of several hundredths of an electron volt. 

As is well known, the density of the electronic states 

v(e}=) dS/Ivl, 

where v = 8E/ap and dS is an element of the surface 
E = E(p), has singularities at those critical values of 
the energy E = Ec at which the topology of the surface 
E{p) = EF changesr13 J. Using the data of Fig. Sa, we can 
construct the v(E) dependence for In near the Fermi en­
ergy (Fig. Sb). 

These singularities should become manifest also in 
the electronic properties of the metal in the normal 
stater14J, for example, in the dependence of the elec­
tronic heat capacity of In on the impurity concentration, 
or in the dependence of the electronic coefficient of 
thermal expansion on the impurity concentration3 >. 

The experimental data on the dependence of the mag­
netic susceptibility of In on the impurity concentration 
and on the temperaturer15J can apparently be attributed 
to the presented v(E) dependence of the magnetic sus­
ceptibility on the concentration of the Cd impurity at 
C = 2% was connected with the passage through a local 
energy minimum located in the third Brillouin zone near 
the W pointr15J . This is accompanied by breaking of the 
"necks" of the {3 tubes of the Fermi surface of In, loca­
ted in the third Brillouin zone. A similar change in the 
topology of the Fermi surface follows from the non-

3>unfortunately, no such experiments have been performed as yet. 
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FIG. 7. Plot of 3Tc/3P vs. the effective impurity concentration: a­
for In in the following systems: 0-In-Sn, e-In-PJ? (Cerr = Csn = 2Cpb), 
and b-for In and In-Pb (2 at.%) in the following systems: e-In-Cd, 
0-ln-Hg, e-ln-Pb (2 at. % )-Cd (Ceff = CHg = 1.67COI ). 

FIG. 8. a-Plot of 3Tc/3P of In vs. L'm = ac:rrAz. b-Density of 
electronic states of In near the Fermi energy eF(ec (I), ec (l >-critical 
energies at which a change takes place in the topology of the Fermi sur­
face. 

linear dependence of dTc/dP on C in the In-Cd and In-Hg 
solutions (Figs. 4a, 7b, Sa). 

When an impurity whose valence is larger than that 
of In (Pb or Sn) is added, the magnetic susceptibility x 
decreases monotonically with the concentrationr15J . 
However, the temperature dependence x (T) reveals a 
reversal of the sign of dx/dT at 3-7% Pb£l&J. The 
change of the sign of dx/dT in the ln-Pb solution was 
attributed to the occurrence of a small part of the Fermi 
surface located in the fourth Brillouin zone[l&J. From a 
comparison of the experimental data (Fig. 3a, 7a, Sa) 
with theory (Fig. 6b) it also follows that a Pb or Sn im­
purity causes formation of a part of the Fermi surface 
that may be located in the fourth Brillouin zone, but one 
cannot exclude the possibility of formation of Fermi­
surface {3 tubes located in the third Brillouin zone, 
which exists in accordance with the theory proposed 
in [leJ , but which were not observed in a number of ex­
periments [l?l . 

Singularities in the dependence of x on the impurity 
concentration and on the temperature were observed 
also in other metals with impuritiesr17' 16J. Thus, in the 
case of Bi with Pb or Sn impurity there is observed a 
maximum in the x (C) dependencer16J, and in the case of 
Al with Mg impurity the sign of dx/dT reverses at 
3. 5 at.% [lDJ . From an investigation of the Fermi sur­
face of Bi and Al with impurities, based on the de Haas­
van Alphen effect, it follows that in the case of Bi with 
impurities, at concentrations corresponding to the maxi­
mum in the x(C) dependence, there vanishes a group of 
electronsr2oJ, and in the case of Al with 3.3 at.% Mg, 
there possibly occurs a change in the topology of the 
Fermi surfacer21J. 

Thus, the presented experimental data (Figs. 3a, 4a, 
5a), and also the experimental data on Tl andRe, show 
that insignificant changes of the Fermi surface topology 
exerts a great influence on the value of dTc/dP as a 
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function of the impurity concentration and of the pres­
sure. 

2. Dependence of Superconducting-transition Tempera­
ture on the Impurity Concentration 

The T (C) dependence for a number of metals is non­
linearl22J~ This is connected with the fact that besides 
the linear mechanism there exists also a nonlinear 
mechanism in the Tc(C) variation. The linear mechan­
ism is usually connected with the linear changes of the 
Debye temperature, of the electron-phonon interaction 
constant, and of the density of the electronic states 
under the influence of the impurity. The nonlinear 
mechanism in the ~ Tc (C) dependence is connected with 
the decrease of the influence of the anisotropy of the 
energy gap in the spectrum of the conduction elec­
tronsl22l and the possible change of the Fermi-surface 
topology under the influence of an impurityl3 J. These 
mechanisms are different in character. 

Indeed, when a change occurs in the Fermi-surface 
topology, the nonlinear change of ~ Tc(C) is connected 
with a singularity in the density of the electronic states 
(Fig. 6). In this case, too, the experimental dependence 
~ T (C) can be regarded as a sum of a linear and non­
lin;ar mechanisms. When identical topological changes 
occur as a result of different impurities, the experi­
mental ~T (C) curves differ only in the linear mechan­
ism. To v;rify this it is necessary to take the differ­
ence between the experimental curves. However, it is 
necessary to take into account here the different change 
of v( E) under the influence of the impurities, by intro­
ducing Ceff (which is obtained by aligning 8Tc/BP = f(C) 
as shown above). 

Another possible nonlinear mechanism in ~ Tc (C) is 
connected with the smearing of the anisotropic part of 
the electron- electron interaction under the influence of 
the impurityl22 l. Just as in the case of the nonlinear 
mechanism considered above when the experimental 
curves are plotted in coordinates that take into account 
the individuality of the impurities, they differ only be­
cause of the linear mechanisms. The individuality of the 
impurity is connected with the anisotropy of the scatter-

. . t ' [22] ing center and 1s characterized by the parame er 11.i . 
The relative difference between the impurities is deter­
mined by comparing the dependences of the ratio ~Tc/C 
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FIG. 9. Ll.Tc vs. Ai C of indium alloys. 
Thick curves-experimental: 1-ln-Cd, 
2-ln-Pb, 3-In-Pb(2 at. %)-Cd; thin 
curves-constructed in accordance with 
the theory of [22 ]: 5-nonlinear mecha­
nism ofT c(C) dependence of indium alloys 
(.\ = 1 = .\sn, Acct = 0.63, Apb = 0.935); 
1', 2' -linear mechanism in the case of 
the In-Cd and In-Pb systems, 4-curve 
for In-Pb (2 at. %)-Cd, representing the 
sum of the linear mechanism (curve 4') 
and the nonlinear one (curve 4"). The 
arrows designate the points correspond­
ing to 2 at.% Pb. 

on ln C[22 l. On the basis of this theory, explanations 
were obtained for the experimental ~ Tc(C) dependences 
of the systems In-Hg, In-Cd, In-Pb, and In-Sn[22 l (Fig. 
9, curves 1 and 2). Using the data obtained in .the study 
of binary systems, we can construct a theoretical curve 
for ~Tc(C) of the ternary In-Pb (2%)-Cd alloys, since 
the nonlinear mechanism depends only on the amount of 
the impurity (residual resistance), while the linear is 
the same as in the In-Cd alloy. From Fig. 9 (curves 3 
and 4) we see that there is a qualitative difference be­
tween the theoretical and experimental curves. Taking 
into account the nonlinear dependence of BTc/8P on C 
of this system, it is natural to attribute the indicated 
difference to the existence of another nonlinear mechan­
ism connected with the change of the Fermi-surface 
topology. The fact that the nonlinear mechanism is dis­
tinctly manifest in ternary systems is connected with the 
fact that the magnitude of the anisotropy mechanism is 
smaller here than in binary systems (Fig. 9, curves 5 
and 4"). 

The authors consider it their duty to thank v. G. 
Bar'yakhtar and B. G. Lazarev for a discussion of the 
results. 
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