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Superconductivity and the fct-fcc transformation in indium-thallium alloys as a function of pressure
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The pressure dependence of the superconducting transition temperature (T, ) has been determined up
to -2.5 GPa for solid-solution In-Tl alloys with compositions between 31.5 and 36.5 at. % Tl. The cusp
in T, as a function of composition, that has been associated with the fcc-fct phase boundary at zero pres-
sure, is found to move to higher thallium concentrations with increasing pressure. This is interpreted as
a pressure-induced stabilization of the fct phase resulting from changes in the Fermi surface-Brillouin
zone boundary overlap.

I. INTRODUCTION

Indium and thallium form a continuous range of disor-
dered fct solid-solution alloys with up to 31 at. %%uoTl
(Refs. 1—3) with the fct phase forming directly from the
melt for compositions with less than approximately 15
at. Io Tl. At higher thallium concentrations the alloys
solidify with the fcc structure and then transform mar-
tensitically to the fct structure on cooling. The martensi-
tic transformation temperature, Tse, varies strongly with
composition and extrapolates to 0 K at the compositional
limit for the fct phase.

The vanishing of the c' [=—,'(c» —c,2)] shear modulus
as the transformation is approached from both the fct
and the fcc sides of the phase boundary has stimulated
considerable interest in the elastic and phonon proper-
ties for the transforming alloys.

The role of electronic effects in determining the cia ra-
tio for In-Tl alloys was first suggested by Tyzack and
Raynor. Svechkarev has proposed that the electronic
energy for indium alloys is minimized through changes in
the axial ratio to maintain contact between the Fermi
surface and the Brillouin zone corners. Yonemitsu ex-
plained the stability of the fct and fcc phases in terms of
the internal energies calculated within the nearly-free-
electron model. Brillouin zone boundary overlap at the
Fermi surface was linked to the soft shear mode. Gun-
ton and Saunders' have investigated the effect of a dis-
tortion on the total energy for In-Tl alloys in calculating
the phonon spectrum. They concluded that the soft-
mode behavior and the stability of the crystal structure
were determined by the balance between the change in
the electrostatic and band-structure energies resulting
from the distortion.

Evidence for the connection between the fcc-fct bound-
ary and the electronic density of states has been inferred
from the peak in the superconducting transition tempera-
ture, T, versus composition, which occurs at 31 at. %
Tl. More direct support is found in the variation of the
band-structure density of states for In-Tl alloys, derived
from low-temperature specific-heat measurements. "

Low-temperature thermal expansion measurements for
indium' and fct In-Tl alloys' reveal that as T—+0 K the
tetragonality increases. Moreover, the efFect is
significantly enhanced as the Fermi surface comes closer
to a corner of the Brillouin zone boundary as the alloy
phase boundary is approached.

The application of hydrostatic pressure up to -10
GPa increases the c/a ratio for indium and In-Tl alloys
containing 5.9 and 12.0 at. % Tl. ' However, surprising-
ly little is known about the effect of pressure on the fct-
fcc transformation with the only direct measurements be-
ing those of Polovov and Ponyatovskii' for a 20 at. % Tl
alloy and Brassington and Saunders for a 23 at. % Tl al-
loy. The reported values for dTstldP are 0%5 KGPa
and 170 K GPa ', respectively.

The value of dTM/dP reported by Brassington and
Saunders was derived from elastic constant measure-
ments made as a function of hydrostatic pressure up to
0.2 GPa. They also report that the pressure derivative,
dc'IdP, at room temperature is negative for fcc alloys
containing less than 30 at. %%uoT1 an dpositiv e for fct al-
loys. Thus, hydrostatic pressure promotes the instability
of the fcc phase and stabilizes the fct phase. Brassington
and Saunders also conclude from an extrapolation of
their measurements of dc'IdP for fcc alloys beyond the
maximum composition of 30 at. %%uoT1 tha t th epressur e
derivative is positive for alloys containing more than 31
at. % Tl. They conclude that these alloys would not be
expected to transform under pressure.

We report here a study of the pressure-induced
fcc~fct transformation for In-Tl alloys with composi-
tions between 31.5 and 36.5 at. % Tl, based upon mea-
surements of their superconducting transition tempera-
tures as functions of pressure.

H. EXPERIMENTAL DETAILS

A. Sample preparation

Ingots of the required compositions were prepared by
melting the required quantities of indium and thallium in
an evacuated Pyrex tube over a gas flaxne. The solidified
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ingot was removed by carefully breaking the tube. An
approximately 1-mm sample was cut from each ingot us-
ing a razor blade and the samples were heat treated at
120 C in a dynamic vacuum for typically 5 days. One
tegragonal phase alloy (In-30 at. % Tl) was prepared.
The other eight alloys studied had compositions of 31.5,
32.0, 33.0, 34.0, 35.0, 35.5, 36.0, and 36.5 at. % Tl and
were in the cubic phase at zero pressure. These are the
nominal compositions for the alloys. The scatter in the
values of T„measured at zero pressure, implies that the
uncertainty in these nominal compositions is of order
+0.25 at. %.

B. Measurements
of superconducting transition-temperature

The measurements of T, as a function of pressure were
made in a high-pressure clamp in which hydrostatic
pressure up to 2.5 GPa is applied at room temperature
and then the clamp is transferred to a liquid-helium bath.
The technique has been described in detail earlier' with
one notable change in the present measurements being
the installation of the coil system used to detect the su-

perconducting transition inside the pressure capsule.
The detection-coil system consisted of three approxi-

mately 1.4-mm-diam secondary coils surrounded by a
common primary coil of 4.3-mm diameter. The primary
and secondary coils were wound with 20 turns of +40
gauge copper wire and glued with "five-minute" araldite.
The coils were attached to +36 gauge copper wires
which pass through an epoxy seal in the beryllium-copper
(Be-Cu) end piece of the 0.64-cm ( —,

'"}diam Teflon, high-

pressure capsule. '

This arrangement, although requiring more time to set

up and being more susceptible to failure under pressure
than one in which the detector coils are outside the high-
pressure cylinder, did provide an unambiguous
identification of the superconducting transition for each
sample. This was an important consideration as it was
found in earlier measurements, in which the supercon-
ducting transitions were detected by coils mounted out-
side the high-pressure cylinder, that overlap of the transi-
tion curves resulting from the change in T, with pressure,
made an accurate determination of the change in T„
b, T„impossible.

A 350-Hz voltage was fed to the primary coil and out-
put signals from the secondary coils were individually
switched to the input of a lock-in amplifier, the dc output
of which was fed to the Y axis of an X-Y recorder. The X
axis of the recorder was driven by the voltage across a
germanium thermometer. All the measurements were
made below 4.2 K while the temperature of the liquid-
helium bath was slowly 1owered by pumping. Tempera-
tures determined from the vapor pressure over the helium
bath were recorded at regular intervals on the recorder
trace and served to calibrate the temperature (X) axis.

The pressure medium was a 1:1 mixture of n-pentane
and iso-amyl alcohol. The pressure in the pressure cap-
sule at 1ow temperature was derived from the supercon-
ducting transition of a tin manometer placed in one of the
coils. ' Two alloy samples were placed in the other two

coils. Measurements were generally made with pressure
increasing up to the maximum pressure (-2.4 GPa} with
the zero-pressure T, being determined at the start and
finish of the sequence. For some of the samples pressure
was cycled and not necessarily increased monotonically
from one measurement of T, to the next. From these
checks it was proven that the sequence of pressure
changes had no influence on the overall trend for the
variation of hT, with pressure.

III. RESULTS

A typical record of a superconducting transition curve
is shown in the inset to Fig. 2. The value for T, is defined

from the midpoint of the extrapolated linear portion of
the transition curve. This extrapolation, which is shown

by the dashed lines in the inset, also defines the transition
width shown as bars on the plotted data points.

The zero-pressure values for T„rec or ded prior to the
pressure measurements, are plotted as a function of thal-
lium composition in Fig. l. The data of l.uo, Hagen, and
Merriam are shown for comparison. The overall agree-
ment is satisfactory. As noted above, the scatter in the
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FIG. 1. Superconducting transition temperature, T„as a
function of thallium concentration for In-Tl solid-solution al-

loys. The error bars indicate the widths of the superconducting
transitions, as illustrated in the inset to Fig. 2. (o) are the
present data and (E) are those of Luo, Hagen, and Merriam
(Ref. 2), for comparison. In the inset, values of P„ the pressure
required to induce the fcc~fct transformation, as a function of
thallium concentration, are shown. In this inset (0 ) are values

derived from hT, 's as functions of pressure and ( X ) are values
derived from isobars of T, versus concentration. The dashed
line represents the value of hPz/hC derived from expression
(l).
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present data implies an uncertainty in alloy composition
of order +0.25 at. % Tl.

The notable feature in the zero-pressure T, data is the
maximum in the vicinity of 31 at. % Tl. This maximum
is more well defined in the previously reported data
which cover a wider range of thallium concentration, and
is identified with the fct-fcc phase boundary. Representa-
tive plots of hT, as functions of pressure for tetragonal
phase In-30 at. % Tl and cubic phase In-35.5 at. %%uoT1 are
presented in Fig. 2. In the case of the In-30 at. % Tl al-

loy, T, decreases smoothly with pressure in the same way
as for indium. ' For the In-35.5 at. % Tl there is a dis-
tinct cusp in ET', as a function of pressure at around 1.5
Gpa. Similar cusps were found for the hT, versus pres-
sure plots for the other alloys examined, with the pres-
sure at which the cusp occurs varying with composition.

In order to emphasize the cusplike behavior, a linear
background represented by —0.35P K, where the pres-
sure, P, is in GPa, has been subtracted from hT, to give
b, T,', i.e.,

hT,'=ET, +0.35P K .
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got are in excellent agreement. The solid lines drawn
through the data points on all Sgures are "by-eye" best
fits.

As in the case of the zero-pressure T, data, the cusp in
hT,' is taken to indicate the transformation from the fcc
to the fct phase induced by pressure. In most of the al-
loys there was a noticeable broadening of the supercon-

This background is shown in Fig. 2. The resulting values
of hT," as functions of pressure are presented in Fig. 3.
Consistent with the deviation from the straight line used
as background in the raw data for In-30 at. %%u%T1 (Fig . 2),
hT," versus P for this alloy shows a shallow minimum
around 1.2 Gpa.

The data for the In-35.5 at. %%uoTl, wher e th epressure
was cycled, as indicated by the numbering of the data
points in Fig. 2, demonstrated the reproducibility of the
measurements. Similar reproducibilities for b, T, versus P
were also demonstrated by cycling pressure for the 35.0,
36.0, and 36.5 at. % Tl samples. Furthermore, the two
independent sets of data that are presented for In-36.5
at. % Tl taken on different samples cut from the same in-
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FIG. 2. The change in superconducting transition tempera-
ture hT, as a function of pressure for In-30 at. % Tl (O) and
In-35.5 at. %%uoT1(4). The "error "bars indicat e th ewidth sof
the superconducting transition curves, as illustrated in the inset.
The data for the In-35.5 at. % Tl points are identified by the or-
der in which they were collected. The straight line represents
the linear background —0.35P K referred to in the text.
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FIG. 3. The pressure dependence of hT,', as defined in the
text, for In-Tl solid-solution alloys. The individual curves are
identified by the thallium concentration in at. %. The "error"
bars indicate the widths of the transitions, as illustrated in the
inset to Fig. 2. For In-36.5 at. % Tl, data from a second sample
cut from the same ingot are indicated as (~).
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induced a constant displacement of the boundary in con-
centration (see Fig. 5), it is possible to compare the mea-
sured variation of Pc with C with the value of AP&IAC
derived from the pressure and concentration dependences
of the transformation temperature, TM. Referring to Fig.
5, we may write

dTM dT~
ATM = —AC =EP
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and hence
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FIG. 4. Isobars for T, as a function of thallium concentra-
tion, derived from the variation of hT,' with pressure. The indi-
vidual curves are identified by the pressure in GPa. The "error"
bars indicate the widths of the superconducting transition
curves, as illustrated in the inset to Fig. 2. The data points
represented by (k ) at zero pressure are from Luo (Ref. 2).

ducting transition curve, as indicated by the bars on the
data points, on passing through the transformation. This
broadening is consistent with the inhomogeneous strain
distribution to be expected in a polycrystalline sample
following the tetragonal distortion. In the case of the In-
36.0 at. % Tl there was very significant broadening of the
transition curve with evidence of a double transition at
the maximum in hT,'. This suggests a two-phase region
at the transformation.

The variations of T, as functions of thallium concen-
tration for various values of pressure, derived from the
b, T,

'
plots, are shown in Fig. 4. The cusp is clearly

defined and the shift of the cusp in T, to higher thallium
concentrations with increasing pressure is clear. Values
of Pc, the pressure required to induce the fcc~fct trans-
formation as a function of thallium concentration, C, de-
rived from these cusps in T, are displayed in the inset to
Fig. 1. The inset also includes values of P& derived
directly from the cusps in AT,

' as a function of pressure.
From this plot it appears that Pz increases nonlinearly
with C and progressively higher pressure is required to
induce the transformation as the thallium content- in-
creases.

Substituting der/dC= —56 K (at. % Tl) ' (as at 30
at. % Tl in the phase diagram ) and dT~/dP =170
K GPa ' [at 23 at. %%uoT1(Ref. 4)] int o(1)gives
hP/b, C =0.33 GPa (at. % Tl) '. This coefficient can be
inferred to give the dependence of Pz on concentration
and is shown as the dashed line in the inset to Fig. 1. It is
seen to be in satisfactory agreement with that measured
directly from the raw data for b, T, versus P or from the
isobaric plots of T, versus composition.

As noted above, the cusp in T, as a function of compo-
sition has been identified with the crossing of the fcc-fct
phase boundary in the superconducting state. The ob-
servation of soft-mode elastic behavior in the vicinity of
the phase transformation raises the question of whether
this is directly responsible for the increase of T, . ' ' The

super conducting tunneling measurements of Dynes
show no discernible eFect of the soft mode on the overall
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IV. DISCUSSION
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This study of the fcc-fct transformation in In-Tl alloys
as a function of pressure clearly shows that the transfor-
mation boundary moves to higher thallium concentration
under pressure and exceeds the 31 at. % limit inferred by
Brassington and Saunders. If it is assumed that pressure

FIG. 5. Variation of the fcc-fct transformation temperature,

T~, as a function of concentration for zero and 0.5 GPa. The
zero-pressure boundary is taken from Ref. 3. The 0.5-GPa
boundary assumes a constant pressure-induced shift in concen-
tration, hC, as derived from the plot of Pc versus concentration
(inset to Fig. 1).
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eff'ective phonon distribution (the product of the
electron-phonon parameter and the phonon density of
states as a function of frequency) although there is a
minimum in the average phonon energy at about 31 at. %
Tl. Analysis of the T, data does suggest that the max-
imum is due to a peak in the density of electron states, ' a
view that is supported by low-temperature specific-heat
measurements. "

The Fermi surface for indium consists of a closed
second-zone hole surface and interconnected third-zone
electron arms around the [110] Brillouin zone edges in
the I001I plane. The tetragonality of indium has a
significant effect on the third-zone overlap and it has been
proposed that it is this overlap which is responsible for
the distortion from a cubic structure. ' Very little is
known about the inhuence of pressure upon the indium
Fermi surface. The only direct measurements are those
of O' Sullivan, Schirber, and Anderson derived from the
pressure dependence of the de Haas —van Alphen frequen-
cy. They find that the cross-sectional area of the electron
arms increases with pressure, which indicates increased
overlap of the Fermi surface into the third zone at the

I 001 I plane. More circumstantial evidence for the
pressure-induced overlap of the Fermi surface into the
third zone has been deduced from measurements of the
superconducting transition temperature as a function of
pressure for indium solid-solution alloys. '

Thus, limited as it is, the information on the pressure
dependence of the Fermi surface for indium is consistent
with the picture of the increase in the tetragonal distor-
tion under pressure being electronically driven. Further-
more, the present measurements demonstrate that the
tetragonal distortion can also be induced by the applica-
tion of pressure in the cubic phase.

V. CONCLUSION

It is concluded from the reported measurements of the
superconducting transition temperature as a function of
pressure for In-Tl solid-solution alloys in the composition
range 31.5—36.5 at. % Tl that pressure stabilizes the fct
phase and displaces the fcc-fct phase boundary to higher
thallium concentration. It is proposed that the fcc-fct
transformation is driven by the overlap of the Fermi sur-
face with the Brillouin zone boundary.
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