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Electron-concentration and pressure-induced structural changes in the alloys In,_ X, (X=Cd,Sn)
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Electron-concentration and pressure-induced structural transitions in solid solutions In;_,Cd, (0<x<0.1)
and In;_,Sn, (0=<x<0.2) have been investigated by means of first principles calculations. At ambient pressure
the structural sequence face-centered cubic — body-centered tetragonal (c¢/a > \5) — body-centered tetragonal
(c/a<n2) is realized with increasing of valence electron concentration (VEC). High pressure has the same
effect as the increase of electron concentration shifting the occurrence of the structural transitions to lower-
valence electron concentration. The driving force behind the peculiar structural sequence is an enhancement of

s-p hybridization with increasing VEC.
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I. INTRODUCTION

Elemental indium adopts a simple but unique crystal
structure deviating from the close-packed trend usually dis-
played by metallic elements. It features a body-centered te-
tragonal (bct) unit cell that contains two equivalent atoms at
the corners and at the center. The lattice parameters (at room
temperature) are a=3.2522 A and ¢=4.9507 A." As a conse-
quence, bct-In corresponds to a slightly distorted face-
centered cubic (fce) structure with a ¢/a ratio of 1.522, com-
pared to c¢/a=1\72 for ideal fcc. The environment of the 12
nearest neighbors in the fcc structure is split into two sets of
four (at the distance d=3.252 A) and eight (d=3.379 A) at-
oms, respectively. Alternatively, the In structure can be
looked upon as face-centered tetragonal (fct) with (c/a)y,
=1.076.2

The origin of the bct structure of In is not immediately
clear. The lighter homologue Al crystallizes in the fcc struc-
ture. On the grounds of pseudopotential theory Heine and
Weaire® and later Hafner and Heine* argued that the larger
ionic core of In compared to Al drives an instability of the
fcc structure. More recently we demonstrated from first-
principles calculations that the stabilization which In gains
by distortion of the fcc structure is only about 1-2 meV per
atom.’ Remarkably this small energy difference persists up
to very high pressures,® although one could have expected
that the tetragonal distortion is easily removed by application
of external pressure. Available high-pressure experiments
confirm the stability of the bet structure.” Thus only under
extreme compression the bct-In is predicted to undergo that
transition into the fcc structure at pressure of about
800 GPa.® It was found that the tetragonal distortion in In
actually is connected with an increase of s-p hybridization of
the valence bands.>® This hybridization parallels the band
energy part of the total energy and drives the structural
stability for the group IIT A elements.'®!! For Al the s-p hy-
bridization is optimized in the fcc ground state structure,
whereas for In the s-p hybridization increases with increas-
ing tetragonal distortion.
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In this light, solid solutions In;_,Cd, and In,_,Sn, demon-
strate a remarkable structural sequence. To a first approxima-
tion the alloying leads to a decrease (for Cd) and increase
(for Sn) of the valence electron concentration. A 4-5 at. %
alloying with Cd results in a discontinuous change to the fcc
structure."'>13 The solubility of Cd in the fcc phase is
around 20 at. %.'* In contrast to this, alloying with Sn in-
creases first the bet ¢/a axial ratio.'” At 12—14 at. % Sn a
structural change to a bt structure with ¢/a<\2 occurs (the
so-called B-phase).'® In the following we denote this struc-
ture as bet-II and the bet-In structure with ¢/a > V2 as bct-1.
Under pressure the alloy InggSng,, remains in the bct-II
structure up to at least 30 GPa.!” Again, Inyg,Cdy e trans-
forms at 1.4 GPa from the fcc into the bet-I structure.!” The
latter structure is stable up to at least 30 GPa.

Indium is situated at the borderline between metals and
nonmetals in the Periodic Table and apparently its elemental
bet-I structure is most sensitive to changes in the electron
concentration. In the present work we have investigated the
electronic structure of the solid solutions In;,_Cd, (0<x
<0.1) and In,_,Sn, (0=<x<0.2) by means of first-principles
calculations. We analyze electron concentration and pressure
effects on structural competition between the bct-I, bet-II,
and fcc structures in In-rich solid solution. We argue that the
tetragonal distortion of the fcc structure leads to an increase
of hybridization of the 5s and 5p valence bands and, conse-
quently, a gain of the band energy. On the other hand the
electrostatic contribution to the total energy has a minimum
for the fcc structure. Hence, the subtle ¢/a-ratio variations in
the considered alloys appear as a consequence of these two
counteracting trends.

II. COMPUTATIONAL DETAILS

Total energy calculations were performed in the frame-
work of the frozen core all-electron projected augmented
wave (PAW) method'®!® as implemented in the program
VASP2%2! In,_ Sn, and In,_,Cd, solid solutions were de-
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FIG. 1. In-rich parts of the phase diagrams In;_,Cd, and
In;_,Sn, according to Massalski (Ref. 14).

scribed by the virtual crystal approximation (VCA). This as-
sumes that electrons in an alloy behave identically to the
electrons in hypothetical ordered material in which the
charge density of the crystalline potential is the average of
the charges densities of the pure materials. It is clear that the
subtle interplay between different atoms is lost in this ap-
proximation. However, since Cd and Sn are situated next to
In in the Periodic Table, such approximation is expected to
be reliable.?? For that we used the In pseudopotential param-
eters with total nuclear and electron charge that corresponded
to the average total charge in the modeled solid solutions.
The energy cutoff was set to 500 eV. Exchange and correla-
tion effects were treated by the generalized gradient approxi-
mation (GGA).” The integration over the Brillouin zone
(BZ) was done with the linear tetrahedron method with
Blochl corrections®* using a grid of special k points deter-
mined according to the Monkhorst-Pack scheme.?> 3078
irreducible k points in the bct BZ were taken into account.
For band structure calculations the integration was done ac-
cording to Methfessel-Paxton®® using a fine grid of special k
points. All necessary convergency tests were performed and
total energies were converged to at least 0.1 meV/atom. It
should be mentioned that the pressure dependence of the
volumes of all considered bct structural arrangements of
In;_,Cd, and In;_Sn, is virtually indistinguishable from that
of bet-I In.

III. RESULTS
A. Ambient pressure concentration structural sequence

The In-rich parts of the zero pressure phase diagrams of
In,_,Cd, and In,_,Sn, are assembled in Fig. 1.'* On the Cd
side, the phase boundary between the bct-1 and fcc phases
corresponds to a straight line between the temperatures
20 °C and 148 °C and the concentrations x-;=0.06 and
Xc4=0.04. The fcc phase obtains a maximum solubility x,
=0.19 around 127 °C. On the Sn side, the bct-I In structure
is stable until concentrations around xg,=0.10—0.11. There is
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FIG. 2. Variation of E~Ey.. as a function of c¢/a for In;_,Cd,
(x=0.10,0.05), In, and In;_,Sn, (x=0.10,0.20) at the respective
ground-state volumes.

a small two-phase region from xg,~0.11 to =0.13 between
—133 °C and 140 °C. For higher concentrations xg, the
bet-1I phase occurs, which is stable until —133 °C, and ex-
tends to xg,=0.44 at 120 °C.

Figure 2 presents the total energy per atom (at zero tem-
perature) as a function of the bct ¢/a ratio for different con-
centrations x; and xg,. Most of the curves display a charac-
teristic double-well behavior. Two minima corresponding to
the bet-1 and bet-1T structures are separated by a local maxi-
mum at ¢/a=+2, which is the fcc structure. The energy dif-
ferences between the three structural arrangements are ex-
tremely small. For In the bct-I structure is stabilized over the
bet-1I and fec structure by just 0.6 and 0.8 meV/atom, re-
spectively. The c¢/a ratio of bet-1 is 1.52, which is in excel-
lent agreement with the experimental value. For Ing¢5Cdg o5
the differences become virtually zero and for Inj 9oCd, o the
total energy minimum is located at cla=v2, ie., the fcc
structure is most stable. This coincides with the room tem-
perature structural change in In;_,Cd, occurring around x
=0.06. For Ingg¢ySng o the minima for the bet-I and bet-11
structures have about the same depth. For InjgoSng, the
bet-II structure with a ¢/a=1.30 is most stable. Again, this
coincides with the experimental room temperature situation:
For In;_,Sn, the composition x=0.10 is close to the two-
phase region bct-I/bet-II and the experimental c/a ratio for
bet-11 Ing goSng 59 is 1.283.77 The calculated variations of ¢/a
and volume as a function of electron concentration VEC in
the range between 2.9 e/at. (InygyCdy;o) and 3.2 e/at.
(Ing goSng40) are shown in Fig. 3, together with the experi-
mental values where available. The structural transitions are
not accompanied with a change in volume. The good agree-
ment between theoretical and experimental data justifies the
applied VCA approximation for describing the solid solu-
tions In;_,Cd, and In,;_,Sn,.
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FIG. 3. Variation of the ¢/a ratio and the equilibrium volume in

alloys In;_,Cd, and In;_,Sn, for a range of VEC between 2.9 and
3.2 e/at. Experimental values are indicated by open symbols.

B. Pressure-induced phase transformations

The double-well behavior of the total energy upon the
tetragonal c/a variation as shown in Fig. 2 is remarkable.
The energy differences between the fcc and bct structures are
extremely low and are exceeded by far by the thermal energy
at room temperature. Recently we could show that the bct-11
minimum in elemental In actually is not stable with respect
to an orthorhombic distortion of the lattice and represents a
saddle point in the energy contour E(c/a,b/a).”®

In Fig. 4 we assembled contours E(c/a,bl/a) for
Ing 99Cdy.10, Ing9sCdg s, In, InggsSnggs, and InggeSng o at
ambient and elevated pressure. Now we choose to describe
the structure of In as fct rather than bct. The bet-I (bet-IT)
structure has the axial ratios b/ag,=1, c/az,>1 (blay,
=claz,>1). The c/ay, and b/ay, ratios were varied in the
range from 1 to 1.2. At zero pressure with decreasing VEC
(increasing xc,) the two minima corresponding to bet-I start
merging and the fcc structure becomes most stable. With
increasing VEC (increasing xg,) these two minima become
smeared out towards the bct-II structure, which becomes a
local minimum for VEC=3.1. The situation for VEC=3.1
with two different, but hardly separated, local minima (bct-1
and bct-II) represents a peculiar situation. According to the
In—Sn phase diagram (cf. Fig. 1) the composition xg,
=0.10 is close to the two-phase region consisting of an In-
richer bct-I and a Sn-richer bet-II phase. With pressure In
enters this peculiar situation at about 48 GPa. However, In is
a one-component system and cannot have an extended ther-
modynamically stable two-phase region with pressure varia-
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tion at a given temperature (here, 0 K). The situation can be
explained by assuming a rapid dynamical fluctuation be-
tween bct-I and bet-II with a face-centered orthorhombic
(fco) transition state as the separating saddle point. This
saddle point represents an extremely tiny barrier and the
bet-I = bet-Il fluctuations in high-pressure In were
suggested.”® As a consequence the experimentally observed
structure under pressure is the (smeared) out transition (fco)
state. This interpretation matches the experimentally deter-
mined structure of In-II between 45 and 90 GPa.?

In;_,Cd, with the fcc structure transforms into the bct-I
structure under pressure. This is in agreement with the ex-
perimental finding. Degtyareva ef al. obtained a transition
pressure of 1.4 GPa for Inj¢4Cds,'’ Which has a composi-
tion close to the homogeneity range border. For Ing¢oCdg 19
we calculate a fcc — bct-I transition pressure of 37 GPa.
Ing 96Sng o4 With the bet-I structure has been the subject of an
experimental high-pressure investigation.”® No transition was
observed until 20 GPa. According to our 0 K calculations
In;_,Sn, solid solutions with the bct-I structure (x<0.10)
transform to the bet-II structure under pressure. Ingo5Sng s
enters a situation at 30 GPa which corresponds to that of In
at higher pressures or Ingg,Sng;o at ambient conditions.
Thus, a phase separation into an In-richer bct-I and a Sn-
richer bet-II phase should occur. Such a behavior was ob-
served for the In-Pb alloy InggyPby ;0.>° For InggoSny ;o the
ambient condition two-minima contour (two-phase situation)
disappears rapidly with pressure. Above 5 GPa only the
minimum corresponding to the bct-II structure is present.
Ing goSng 5o adopts the bet-11 structure already at ambient con-
ditions. Experimentally this structure is maintained until
30 GPa!” and according to our calculations even up to at
least 400 GPa.

The high-pressure behavior of In;_Cd, and In;_Sn,
alloys spanning a range of VEC from 2.9 to 3.2 e/at. is sum-
marized in Fig. 5. It is immediately apparent that high pres-
sure has the same effect as the increase of VEC. Alloys
In,_,Cd, with the fcc structure transform to the bct-I struc-
ture found for VEC between 2.95 and 3.10 at zero pressure.
In and InggsSngys with the bcet-I structure transform to a
two-minima (two-phase region) situation found for VEC be-
tween 3.10 and 3.14 at zero pressure. Alloys In;_,.Sn, with a
composition close to the two-phase region transform to the
bet-II structure found for VEC >3.14 at zero pressure. Once
the bet-II structure is obtained (either compositionally or un-
der pressure) it remains stable under high pressures.

IV. DISCUSSION

With increasing VEC from 2.9 to 3.2, In alloys display the
structural sequence fcc — bet-1 — bet-I1. To elaborate on the
nature of this sequence we consider the electronic structure
of elemental In. Its density of state (DOS) is depicted in Fig.
6. At low energies the DOS shows a parabolic, free-
electronlike distribution, which is succeeded by a sequence
of three pronounced wells at higher energy. It is noticeable
that the 5s and 5p bands are rather separated. The Fermi
level is exactly located at the third well for ¢/a> V2 (bet-I),
but slightly displaced for ¢/a=12 (fcc) and ¢/a <2 (bet-I0).
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For small concentrations of Cd and Sn the electronic struc-
ture of the alloys follow a rigid band behavior with respect to
In. Fig. 7 shows the value of the DOS at the Fermi level,
DOS(Ep), for bet-I, bet-11, and fec as a function of the elec-
tron concentration. The stability ranges of the different
phases are surprisingly well reproduced when considering
the structure with the lowest value of DOS(E) at each VEC.
Thus, In-Cd and In-Sn alloys adopt the structure in which
the Fermi level is adjusted as close as possible to the local
minimum of the DOS. Importantly, as seen in Fig. 6, the
depth and the exact location of this well is influenced by the
tetragonal c/a variation. As shown recently, this is due to
subtle changes in the degree of hybridization of the 5s and
5p valence bands.>® Indium, and generally all group III A

E-Efcc

FIG. 4. (Color online) Total energy difference
E-Ep. of InggoCdgio, IngosCdges, In,
Ing95Sng o5, InggpSng o at ambient conditions (a)
and Ino'gocdo'lo at 37 GPa, In0.95Cd0.05 at
30 GPa, In at 85 GPa, and In(¢5Sn 5 at 30 GPa
(b).

E-Efcc (meV)
-0.09
-0.51
-0.98
-1.36
-1.62
-1.76

103 1.06 1.09 1.12 115

elements, adopt a structure in which an optimum situation of
s-p hybridization and electrostatic energy can be
realized.'®!! The considered In alloys with VEC between 2.9
and 3.2 appear to follow the same structural stability prin-
ciple.

Changes in the hybridization of 5s and 5p valence bands
are, of course, reflected in the band energy part of the total
energy. Enhancement of s-p hybridization upon increasing
the tetragonal distortion in pure In at ambient pressure results
in a lowering of the band energy. Contrary, the electrostatic
energy has a minimum for the undistorted fcc structure.
Hence, the simultaneous minimization of two counteracting
trends provides a certain c¢/a ratio for pure In. In the next
step we investigate the effect of alloying on the band energy.
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FIG. 5. Schematic summary of the ambient condition and high-
pressure structures occurring in In;_,Cd, and In,_,Sn, for a range of
VEC between 2.9 and 3.2 e/at. Two-phase regions are indicated as
the gray areas.

Figure 8 depicts the band energy of the fcc and total-energy
minimized bct-I and bet-II structures as a function of VEC.
At ambient pressure pure In (VEC=3) attains the lowest
band energy in the bct-I structure. Alloying In with Cd
(VEC < 3) decreases the band energy difference between the
fcc and the two bct structures. At about 7 at. % Cd the phase
transition bet-1 — fcc takes place. When In is alloyed with
Sn (VEC>3) the band energy of the bct-I phase decreases
first and becomes a minimum at about 8 at. % of Sn. Upon a
further increase of VEC the bct-I band energy increases
again with respect to the band energies of the fcc and bet-1I
structures. Contrary, the bct-II band energy decreases mono-
tonically over the whole range of considered VEC. At

0.8

— Total
06} —-s
- p
—-d

bet-11

0.4 |

0.2 |

DOS (states/eV/atom)

08— : :

0.6

0.4 |

0.2 |

DOS (states/eV/atom)

0.8

0.6 1

0.4

DOS (states/eV/atom)

-0 -8 -6 -4 2 0 2 4
Energy (eV)

FIG. 6. (Color online) Total DOS together with the s, p, and d
orbital contributions for In in the bct-II, fcc, and bet-1 structure at

the ground-state volume.
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FIG. 7. Value of the DOS at the Fermi level [DOS(E)] for
In_ X, (29<VEC<3.2e¢/at) in the bctIl, fcc, and bct-I
structure.

~13 at. % Sn the band energy of bct-II has become lower
than that of bct-I, which agrees with the two-phase region
bet-1 and bet-11, and finally the stability of the bet-II phase at
even higher Sn concentrations. Pressure increases consider-
ably the band energy differences between the fcc and the two
bet structures, which coincides with the increased range of
existence of the bct-I phase in alloys In;_,Cd,. Also, with
pressure the band energy difference between the two bct
structures diminishes, which coincides with the increased
stability range of the bct-II phase towards lower VEC in
alloys In;_,Sn,. Thus the trends in the band energy parallel

B (meV)

E,-E

B (meV)

E.E

| P =60 GPA

-120 : s
29 3 3.1 3.2

VEC

FIG. 8. The band energy of the bct-I and bet-II structures with
respect to fcc as a function of VEC at (a) ambient conditions, (b)
20 GPa, and (c) 60 GPa.
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nicely the structural sequence fcc — bct-I — bet-11 found for
In-Cd and In-Sn alloys with increasing VEC at ambient
conditions and high pressure.

The clear correlation between VEC and the different
structures occurring in In alloys has prompted Degtyareva et
al. to apply simple free-electronlike Fermi surface-Brillouin
zone interactions for a possible interpretation.'’3%3! This ar-
gumentation is hampered somewhat from the fact that the
Fermi surface of In alloys cannot be considered as an elec-
tron sphere as it is for Cu-based Hume-Rosery phases.’?
However, the structural stability in In alloys can be under-
stood with the effect of s-p mixing of the valence bands.>%10
This mixing releases partly s-s antibonding states above the
Fermi level which in the unhybridized (free-electronlike)
case would have been occupied for a considerable part of the
Brillouin zone. A consequence of s-p mixing of the valence
bands is the appearance of local band gaps at high-symmetry
points, which are reflected in the DOS as wells. For In and
its Cd and Sn alloys it is favorable to attain a structure in
which s-p mixing is optimized and thus the Fermi level lo-
cated as close as possible to a well in the DOS (cf. Fig. 7).

V. CONCLUSIONS

We investigated electron-concentration and pressure-
induced structural transitions in alloys In;_,Cd, (0<x
<0.1) and In;_,Sn, (0<x=0.2) by means of first principles
calculations. At ambient conditions the structural sequence

PHYSICAL REVIEW B 72, 134202 (2005)

fcc — bet-I — bet-1I is realized with increasing VEC. The
stability ranges of the different phases are very well repro-
duced when considering the structure producing the lowest
value of DOS(E) at a particular VEC as most stable. At the
transition bet-I — bet-IT a two-phase region is encountered.
In our calculations this is reflected by two very close-lying
local minima on the energy contour E(c/a,b/a). High pres-
sure has the same effect as the increase of VEC. Alloys
In,_,Cd, with the fcc structure transform to bct-I and alloys
In;_,Sn, with the bct-I structure transform to a two-phase
region or pure bct-II, depending on their composition. El-
emental In represents a peculiar case.”® According to our
total energy calculations, In also reveals a pressure-induced
transition from its bct-1 ground state to a two-phase mixture.
This, however, cannot be realized by a one-component sys-
tem over an extended range of pressure. Instead, a rapid,
dynamical, fluctuation between bct-I and bet-II in respec-
tively large domains of the bct-In matrix is assumed with a
face-centered orthorhombic (fco) transition state as the sepa-
rating saddle point.
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