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The complex and unusual high-pressure phase transition of IlI-A
(i.e. Al, Ga, and In) metals have been investigated in the last
several decades because of their interesting periodic table
position between the elements having metallic and covalent
bonding. Our present first principles-based electronic structure
calculations and experimental investigation have revealed the
unusual distortion in face-centered cubic (f.c.c.) phase of the
heavy element thallium (Tl) induced by the high pressure. We
have predicted body-centered tetragonal (b.c.t) phase at 83 GPa
using an evolutionary algorithm coupled with ab initio calcula-
tions, and this prediction has been confirmed with a slightly
distorted parameter (v/2 x a — c)/c lowered by 1% using an angle-
dispersive X-ray diffraction technique. The density functional
theory (DFT)-based calculations suggest that s—p mixing states
and the valence-core overlapping of 6s and 5d states play the
most important roles for the phase transitions along the path-
way h.c.p—-f.c.c. > b.c.t.

thallium | high pressure | phase transition | distorted face-centered cubic |
first principle study

igh-pressure phase transitions of the metals with semicore

d electrons among III-A elements has become a chal-
lenging problem because of these metals’ unusual atomistic
mechanisms driven by pressure. The first three III-A elements,
Al, Ga, and In, have been widely investigated both experi-
mentally and theoretically for the last several years (1-7). The
lightest one among these elements is Al, which has shown a
transition at room temperature from face-centered cubic (f.c.c.) to
hexagonal close-packed (h.c.p.) at 217 + 10 GPa (1). For Ga,
there was an isostructural phase transformation from body-
centered tetragonal (b.c.t.) to f.c.c. that had been observed
around 120 + 10 GPa using the powder X-ray diffraction
(XRD) method (2). In the case of In, the predicted transition
pressure from b.c.t to f.c.c. was found to be around 800 GPa
(4). However, there was also a reported body-centered ortho-
rhombic (b.c.0.) phase that might exist as the high-pressure
phase of In (5). The double-well feature of the total energy
based on the first principles electronic structure calculations
for b.c.t. = f.c.c. transition in the case of Ga and In had been
explored successfully, in good agreement with the experimen-
tal results (2, 3). However, the heavy element of this group Tl
has rarely been investigated in both experiment and theory to
date. TI also is an important element in the high-temperature
superconducting compounds and has potential in various
technological advances (8). For pure crystalline T, the super-
conducting temperature (T.) has been experimentally found as
2.39 K at ambient pressure (9). At ambient pressure and tem-
perature, the crystal structure of Tl is h.c.p with low bulk mod-
ulus (Bg) of 353 GPa. Tl is isothermally crystallized as f.c.c.
phase around 4 GPa (10), and this closed-packed structure
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remains unchanged up to 68 GPa (11). The lack of theoretical
investigation of Tl under high pressure opens up the possible
investigation that can contribute to our understanding of both
mechanical and electronic behaviors of this element. This
work aimed to investigate the structural phase transforma-
tions of Tl under high pressure based on combined density
functional theory (DFT) and in situ XRD. Here, an evolu-
tionary algorithm, coupled with DFT, has been used to pre-
dict the high-pressure phase of TI as a distorted f.c.c. phase at
83 GPa, and this phase is confirmed with the experimental
counterpart as well.

Results and Discussion

From the structural prediction using USPEX, the four lowest
enthalpy phases that are found between 60 and 90 GPa are b.c.t
(I4/mmm), b.c.o. (Immm), face-centered orthorhombic (f.c.0.)
(Fmmm), and momoclinic (C2/m). A subsequent complete
reoptimization of these structures with accurate force conver-
gence criteria using VASP (energy cutoff of 500 eV and spacing
between k-points of 0.2 A™') demonstrates that the relaxed
b.c.0., f.c.o., and monoclinic structures are quite close to each
other and to f.c.c. (distorted) as a competing phase with b.c.t.
(average c/a = 1.375) configuration. However, the structural
predictions at 100, 150, and 200 GPa reveal that the b.c.t. phase
prevails as the most stable phase with the lowest enthalpy. We
have calculated the total energy of h.c.p., f.c.c., and b.c.t. phases
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Fig. 1. Relationship of relative enthalpies of calculated phases that are
referenced by enthalpy of the f.c.c. phase versus pressure from 0 to 110 GPa.
The Inset magnifies the pressure range of 0-7.5 GPa, to magnify the first
phase transition of Tl from the h.c.p. to f.c.c. phase.

by changing the cell volume corresponding to the pressure
range of 0-200 GPa. The lattice parameter c/a is fixed at 1.598
and 1.375 for h.c.p. and b.c.t. phase, respectively. The calcula-
tions are performed using full-potential local-orbital minimum-
basis (FPLO) code with full relativistic approach. Fig. 1 shows
the complete profile of relative enthalpies with respect to the
pressure. The first phase transition from h.c.p. to f.c.c. has been
predicted around 3 GPa; this transition pressure is in good
agreement with the experimental results (10, 11). The fitting
parameters consisting of volume (V,), bulk modulus (By),
and pressure derivative of bulk modulus (Bp) at zero pressure are
Vo =27.23 A3, By =40.80 GPa, and By = 6.30 for the h.c.p. phase
and V= 26.95 A3, By = 42.94 GPa, and Bj = 6.20 for the f.c.c.
phase. These parameters are also in good agreement with ex-
perimental results (10, 11). The enthalpy of f.c.c. phase is the
lowest between 3 and 83 GPa with a slightly higher one (i.e., the
b.c.t. phase). At a pressure greater than 83 GPa, the calculation
indicates that the predicted b.c.t. phase is the most stable phase
with the lowest enthalpy. The relative enthalpy between b.c.t.
and f.c.c. phase is significantly lower than equivalent thermal
energy at room temperature (~26 meV). The structural pa-
rameters of b.c.t. phase are fitted to be Vo =26.92 A3, By =45.30
GPa, and By = 5.52.

The dynamical stability of b.c.t. phase has been determined at
a selected pressure of 80-200 GPa, as shown in Fig. 2. The value
of c/a is below /2 for the fully optimized structures based on
VASP results. The 3 x 3 x 3 supercell consisting of 54 atoms has
been constructed to calculate the phonon dispersion along the
symmetrical path '-X —-P—T"—-T. The absence of negative
phonon frequencies of the b.c.t. phase in different pressures
supports the fact of dynamical stabilities of the corresponding
crystal structures.

To confirm the phase transitions of Tl under high pressures,
we also performed in situ XRD on Tl at room temperature.
Selected XRD patterns are displayed in Fig. 34. At pressures
between 3.1 GPa and 4.6 GPa, a phase transition from h.c.p.
structure has been confirmed, and the high pressure phase after
h.c.p. phase has found to be stable up to 129 GPa, which is the
highest attainable pressure in the experiment. In previous high
pressure XRD studies, energy dispersive experiments by
Schulte and coworkers (11, 12) and Olsen et al. (10) and a
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laboratory-based angle-dispersive experiment by Leger et al.
(13) came to the same conclusion that a phase transition from
h.c.p. to f.c.c. occurred at about 4 GPa, and the f.c.c. phase was
stable to 68 GPa (10). However, detailed analysis of our ex-
perimental data using angle-dispersive XRD with synchrotron
radiation shows that the f.c.c. phase is not perfect. Full width at
half maximum (FWHM) of the f.c.c. phase has been checked at
high pressures, as depicted in Fig. 44. Although the high-pres-
sure phase of Tl could be indexed using f.c.c. structure, the
peaks 111 and 222 have significantly smaller FWHM than other
f.c.c. index peaks, indicating a distorted f.c.c. structure rather
than a perfect one. Our theoretical results suggest that the
distorted structure is undergoing the b.c.t. phase, because when
a f.c.c. structure is slightly distorted to a b.c.t. structure, each of
the f.c.c. index peaks would split into two or more b.c.t. structure
peaks, except those peaks with f.c.c. indexhkl (h=k=1=1, 2,
4 ...). Therefore, our XRD results indicate that the high-
pressure phase after the h.c.p. phase is a b.c.t. structure. For a
better understanding of this distortion, all of the XRD patterns
after 4 GPa are fitted using the b.c.t. structure model, as shown
in Fig. 34. The b.c.t.-type distortion of Tl is very small, to
characterize this distortion quantity, and the parameter (v/2 x
a — c)/c is investigated at high pressures, where a and ¢ are
lattice parameters of the b.c.t. structure. When v2 x a = c, the
symmetry of the b.c.t. structure has become an f.c.c. structure.
Fig. 3B shows the distortion parameter as a function of pres-
sure, which indicates that, in general, the distortion is very
small (<1%) and enlarged after phase transition from the
h.c.p. structure to ~35 GPa, whereas after the transition, the
distortion stays the same at ~0.7% up to 129 GPa in this study.
In addition, the pressure-volume curve (P-V curve) from the
experiment is shown in Fig. 4B. The fitting parameters of b.c.t
phase using the Birch-Murnaghan equation of state are Vo =
28.4 A%, By = 35 GPa, and By=5.7.

To understand the phase transition of Tl under high pres-
sure, the electronic band structures and partial density of states
(PDOSs) of the h.c.p. and f.c.c. phases of Tl at selected pres-
sures are depicted in Fig. 5. For the h.c.p. phase at 0 GPa (Fig.
5A4), the major contribution of 6p above —3 eV influences the
electrical conductivity. The density of states (DOS) and energy
dispersions below the Fermi level between —10.0 to —4.0 eV are
dominantly occupied by 6s states. A small separation between
6p and 6s states has been observed around 3 eV below the
Fermi level. The band structure indicates the p states prevail
along '>M—-K—-T and L—-H directions; meanwhile, s—p
mixing states are seen along I' > A - L and H— A directions.
In the lower energy range between —15 and —10 eV, the spin—
orbit (SO) splitting evidently is attributable to two energy levels
5 dsj; and 5 d3 5 being present around —10.24 €V and —-12.55 €V,
respectively. This splitting is in reasonable agreement with the
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Fig. 2. Phonon dispersions of the b.c.t. phase at pressures of 80 GPa (A),
100 GPa (B), 150 GPa (C), and 200 GPa (D).
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Fig. 3. XRD study of Tl under high pressure. (A) Selected in situ angle-dispersive XRD patterns of Tl at room temperature during compression. Experimental
data are indicated by orange or green crosses; full-profile refinements, black curves; difference patterns, green curves; and tick marks, peak positions cal-
culated from the refined lattice parameters of different phases: Tl, Pt, and W with colors of black, red, and blue, respectively. (B) b.c.t. distortion of Tl under

high pressure. The dashed line serves guide to the eye.

previous experiments (14, 15). Furthermore, an overlap of 6s
and 5 ds;; at T' -point is observed at the ambient pressure.
Therefore, the overlap might indicate that the electronic
structure of the h.c.p. phase is dominated by the mostly by p—p
bonding states and less by s—p mixing states. At the transition
pressure of 3 GPa, band structures and PDOSs of h.c.p. and
f.c.c phase are shown in Fig. 5 B and C, respectively. There are
mainly two distinct features for the PDOSs compared with the
h.c.p. phase at 0 GPa: (i) the separation between 6p and 6s
states is zero; and (ii) the d states are increasingly contributed
to the valence state as shown in the inset of PDOS panels. Both
features are directly influenced by compressed volume that
might cause to increase of s—p mixing and valence-core overlap
of 6s and 5 ds/, states. This finding suggests that the external
pressure increases s—p mixing of valence states and partial-
valence states of 5d, the primary reason for h.c.p. —f.c.c. phase
transformation. This finding corresponds to the f.c.c. phase

Kotmool et al.

formation in III-A metal group, consisting of Ga and In, as
reported in previous investigations (4-6). The PDOS of the f.c.c.
phase still indicates that this phase comprises the majority of p—p
bonding states and the minority of s—p mixing and valence-core
overlapping states. The flat band, below the Femi level, that lies
along the X - Kand L - W — X directions is identified to be the
s band, which is under the p band. Under more compression, it is
found that the width of energy dispersions of the f.c.c. phase is
increased. At 50 GPa (Fig. 5D), the s and p states are crossing at
the midway X — K and L — W paths individually. Moreover, there
is a s—p hybridization that has been observed in the deeper energy
states corresponding to 5 d3; states, and this increases the d state
contribution to the valence band. These effects reshape the PDOS
that has not been theoretically observed in the case of 3 GPa. Our
calculations suggest that the f.c.c. »b.c.t. phase transition is
influenced by enhancement of sp—d mixing states with the in-
creasing pressure.

PNAS | October 4,2016 | vol. 113 | no.40 | 11145
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Fig. 4. (A) FWHM of TI XRD peaks at high pressures (>4 GPa). FWHM is measured based on the f.c.c. structure index. (B) Pressure-volume curve of thallium up
to 129 GPa. Data points of h.c.p. and f.c.c. phases are represented by circle and rectangles, respectively. The dashed line is the tendency of plotting the
equation of state of the b.c.t. phase.

Conclusions phase is imperfect with a distortion of parameter (v/2 x a — ¢)/c
In summary, we have done an extensive investigation of the high- ~ within 1%. Additionally, the complete phase transformation
pressure phase transition of Tl based on systematic first princi-  pathway h.c.p —f.c.c. - b.c.t. has been elucidated based on the
ples electronic structure calculations and the in situ XRD electronic band structure and density of state. It has been found
method. The first phase transition from h.c.p. to f.c.c at high that the phase transition is contributed by increasing s—p mixing
pressure with our calculations has been validated with already-  of valence states and partial-valence states of 5d states in h.c.p. —
existing literature. Using an evolutionary algorithm, we have  f.c.c. phase transition. The transition from the f.c.c. to b.c.t. phase
proposed another high-pressure phase (i.e., b.c.t. structure) at is assumed to occur due to the enhancement of sp—d mixing states
~80 GPa. Our experimental investigation shows that the f.c.c.  at valence bands with the increasing pressure.
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Fig. 5. Comparison of electronic band structure and PDOS of h.c.p. phase at 0 GPa (A) and 3 GPa (B) and the f.c.c. phase at 3 GPa (C) and 50 GPa (D). In the
Inset, the contribution of 5d-DOS has been shown in a magnified scale to have a clear demarcation.
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Materials and Methods

The calculations have been performed using ab initio calculation based on DFT
formalism. The local spin-density approximation (L(S)DA-PW92) with the full
relativistic approach implemented within the FPLO code (16, 17) has been used.
The h.c.p. - f.c.c. phase transformation was carefully determined using 19 x 19 x
12 and 16 x 16 x 16 converged k-points for the h.c.p. and f.c.c. phase, re-
spectively. We have also predicted the high-pressure phases at 60, 70, 80, 90, 100,
150, and 200 GPa, by using the evolutionary algorithm based on structural
search implemented in USPEX code (18, 19) interfacing with VASP code (20,
21). The phase with the lowest enthalpy is the b.c.t. phase, which has been
calculated with converged 19 x 19 x 16 k-point mesh. To determine the most
stable phase at high pressure, the third-order Birch—-Murnaghan equation of
state has been used to fit the energy-volume curve (22). The lowest enthalpy
among all of the calculated phases is corresponding to the thermodynami-
cally most stable phase. The phonon dispersion of the predicted phase has
been calculated to confirm the dynamical stability using Phonopy code (23).

A Mao-type symmetric diamond anvil cell (DAC) has been used to generate
high pressures. The culet of diamond anvil is 100 um beveled to 300 um with
8.5° beveled angle. Tungsten foil with initial thickness of 250 pm has been
used as a gasket. A hole is drilled into the center of the preindented gasket
using the laser-drill system (24). Polycrystalline thallium (99.9%; Alfa Aesar)
has been loaded into the sample chamber without a pressure transmitting
medium. The sample loading has been carried out inside a glove box with an
Ar atmosphere to avoid reaction with oxygen and water. A small amount of
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pressure marker. Pressures have been determined by measuring the XRD
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a Mar-CCD detector, integrated using the Fit2D software and analyzed
using the General Structure Analysis System (GSAS) Le-Bail fit (26).
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