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ARTICLE INFO ABSTRACT

Recent theoretical predictions have indicated that BiTeX (X = Cl, Br, I) type strong spin orbital coupling semi-
conductor compounds with strong Rashba effects are suitable for use as topological insulators under compressed
conditions and novel phenomena have been identified in experiments. The compound BiTeCl is expected to
exhibit a topological nontrivial state under pressure. In this study, we obtained measurements based on the re-
sistivity, Hall coefficient, synchrotron X-ray diffraction, and Raman spectroscopy using the Rashba semiconductor
BiTeCl crystal at high pressures up to 54.8 GPa. Our experiments indicated that the Rashba semiconductor BiTeCl
exhibited a pressure-induced metal to insulator-like transition at 2.8 GPa. A pressure-induced structural phase
transition was observed above 5.5 GPa, which was followed by a superconducting transition. The superconducting
transition temperature (T¢) increased to a maximum 4.2 K with pressures up to 32 GPa. Compared with BiTel, the
structural phase transition of BiTeCl occurs at a relatively lower pressure due to the weaker Rashba effects, where
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the inner chemical pressure is affected by the replacement of I with CI.

1. Introduction

Strong spin orbital interactions play important roles in the formation
of novel quantum states [1-3]. In the 1950s, Dresselhaus and Rashba
determined the bulk spin orbit coupling (SOC) of odd parity in the
electron's momentum p for non-centrosymmetric semiconductors [4,5].
The odd parity in p SOC with broken inversion symmetry is referred to as
Rashba SOC and it has led to many discoveries and innovative concepts
regarding the spin galvanic effect, spin Hall effect, topological insulators,
Majorana fermion, Dirac materials, and cold atom systems [6].

The Rashba energy, Eg, and the momentum offset of split states, kg,
are two key operating characteristics for assessing the Rashba coupling
strength as: ag = 2Egr/kg. In conventional Rashba semiconductors, the
parameter ag is in the order of 1071 eVA [7-9]. However, a much larger
parameter ag is required for room-temperature applications of spin-
tronics devices. The bismuth tellurohalides BiTeX (X = Cl, Br, I) possess
bulk and surface states with large Rashba SOC, and they have attracted
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increasing attention recently. These three compounds share two simi-
larities: a non-centrosymmetric layered structure with broken inversion
symmetry; and quite similar electronic structures, where both the
valence and conduction band states are characterized by splitting in
terms of their energy and momentum. Materials containing one or more
heavy elements are also expected to exhibit a topological phase transi-
tion, where the band inversion should be derived from the SOC inter-
action that underlies the Rashba effect. Recently, it was suggested that
the Rashba effect can be used to produce a p-wave superconductor with
very special edge-states such as Majorana bound states. High pressure is a
powerful method for generating new quantum states in many topological
materials [10-18]. A pressure-induced topological state and super-
conducting state have also been reported for BiTel [19,20]. It is not clear
whether topological superconductivity is induced in these materials. The
order of the bulk gap value in BiTeX (X = Cl, Br, I) at ambient pressure is:
BiTeCl > BiTeBr > BiTel, whereas the order of the Rashba parameter
value is the reverse (BiTeCl < BiTeBr < BiTel) and it increases with the
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Fig. 1. (a, b) Resistivity of a single BiTeCl crystal as a function of temperature in the low pressure phase, showing the maximum resistivity at 2.8 GPa and the initial superconductivity
transition at 6.8 GPa (c, d) Resistivity of a single BiTeCl crystal as a function of temperature in the high-pressure range from 14 to 54.8 GPa.

atomic number of the halogen elements [21].

In this study, we determined the superconductivity induced in BiTeCl
by pressure at the transition from a Rashba type semiconductor to an
insulating state. The ambient phase of BiTeCl crystallizes into a non-
centrosymmetric layered structure with a hexagonal space group P6zmc
[22]. Thus, we investigated its structural evolution including local
structure distortion at high pressure by using Raman spectroscopy and
high pressure synchrotron X-ray diffraction (XRD).

2. Methods

Single crystals of BiTeCl were grown using the Bridgeman method.
The Te powder, Bi, and Cl reagents were mixed together at an appro-
priate stoichiometric ratio, before the mixture was ground thoroughly in
an agate mortar to ensure homogeneity. The mixture was sealed in an
evacuated quartz tube under 10™* Pa and heated to 660 °C for 24 h,
followed by slow cooling at a rate of 12°C/h to 100 °C before quenching
to room temperature [20].

The electronic transport properties of BiTeCl were measured using
four-probe electrical conductivity methods in a diamond anvil cell (DAC)
made of CuBe alloy. The diamond culet had a diameter of 300 pm. Au
wires with a diameter of 18 um were used as electrodes. The T301
stainless steel gasket was compressed from a thickness of 250 to 40 pm,
and then drilled with a hole measuring 150 pm in diameter. Cubic BN
used as an insulating layer was pressed into this hole and a small hole was
drilled in the center with a diameter of 100 pm as a sample chamber,
where NaCl fine powder was loaded as a pressure transmitting medium
and a single BiTeCl crystal with dimensions of 60 pm x 60 pm x 15 pm. A
piece of ruby was also loaded as a pressure marker. The DAC was placed
inside a Maglab system with automatic temperature control. A ther-
mometer was mounted near the diamond to monitor the temperature.
The high pressure Hall coefficients were measured using the Van der
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Paul method.

High-pressure Raman experiments were conducted using a single
crystal BiTeCl with dimensions of 70 pm x 70 pm x 20 pm in a DAC using
a Renishaw inVia Raman microscope at a laser wavelength of 532 nm and
spectral resolution of ~1 em™!. Silicon oil was used as the pressure
medium. The diamond culet measured 300 pm in diameter. The T301
stainless steel gasket was compressed from 250 pm to 40 pm and a hole
measuring 140 pm in diameter was drilled in the center. A tiny ruby was
placed beside the specimen to measure the pressure.

High pressure synchrotron XRD experiments were performed at the
Institute of High Energy Physics, Chinese Academy of Sciences, at a
wavelength of 0.6199 A in a symmetric DAC with a culet that measured
300 pm in diameter. The T301 steel gasket was pre-indented from
250 pm to ~40 pm and a hole was drilled in the center with a diameter of
150 pm. The sample was placed in the hole with silicon oil as a near
hydrostatic pressure transmitting medium. Ruby balls were placed near
the sample as pressure markers. The XRD patterns were acquired with a
MAR 3450 image plate detector. The two-dimensional image plate pat-
terns were converted into one-dimensional 26 versus the intensity data
using the Fit2D software package [23].

3. Results and discussion
3.1. High pressure electrical transport properties of a single BiTeCl crystal

Fig. 1 shows the changes in the resistivity of a single BiTeCl crystal as
a function of temperature up to 54.8 GPa, which indicates that the re-
sistivity exhibited metallic behavior below 0.8 GPa, as reported previ-
ously [20,24]. The lower resistivity at ambient pressure is usually
attributed to the carriers due to defects. We observed that the resistivity
increased dramatically by six orders of magnitude at low temperature
from ambient pressure to 2.8 GPa, as shown in Fig. 1a, thereby indicating
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Fig. 2. (a, b) Magnetic field dependence of the superconductivity transition by a single BiTeCl crystal at 14 GPa and 28 GPa with an applied magnetic field H perpendicular to the a-b
plane. (c) The magnetic field versus T&**. The blue circle and magenta circle denote the experimental data obtained at 14 GPa and 28 GPa, respectively. The solid lines indicate fits to the
data based on the Werthdamer-Helfand-Hohenberg theory. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

a phase transition from a Rashba type semiconductor to an insulating
state. As the pressure increased further, the resistivity gradually
decreased and superconductivity appeared at 6.8 GPa when metallic
behavior was exhibited (Fig. 1b). However, we noted that the first
appearance of superconductivity occurred in a normal insulating state in
our previous study [25]. This difference may be explained mainly by the
different defects in the BiTeCl samples used in the two studies. T¢
increased up to 32 GPa and then remained stable up to 54.8 GPa, as
shown in Fig. 1c and d.
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The superconductivity was validated based on resistance measure-
ments obtained under a variable external magnetic field, as shown in
Fig. 2. Fig. 2a and b show that T; decreased as the magnetic field H
applied perpendicular to the a-b plane of the BiTeCl single crystal
increased at 14 GPa and 28 GPa, which demonstrates that the transition
was to superconductivity. The magnetic field versus T&*® is shown in
Fig. 2c. The upper critical field ppH2(0) values at 14 GPa and 28 GPa
were 5.63 T and 4.44 T, respectively, which we estimated using the
Werthdamer-Helfand-Hohenberg formula [26].
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Fig. 4. Raman spectra obtained for BiTeCl as a function of pressure.
3.2. High pressure structural transitions in a BiTeCl crystal (Fig. 3). The ambient phase of BiTeCl crystallizes into a non-
centrosymmetric layered structure with a hexagonal P6smc space
High pressure angle dispersive XRD (ADXRD) measurements of group. The first pressure-induced structural transition was observed
BiTeCl were obtained to determine the source of the different quantum above 6.7 GPa and the second structural transition was observed above
state transitions with respect to the changes in the crystal's structure 34.4 GPa, as shown in Fig. 3.

214



M.L. Jin et al.

Journal of Physics and Chemistry of Solids 128 (2019) 211-217

000 e L 28GPal o
20GPa
v 18GPa
16.2GP4
)
. 14GPa
G
\>-
mx
-0.01 — -0.01
11.4GPs3
-0.02 ————1 002
2 3 4 5
B/T
1E7 ¢ 2
s (b) ;
1000000 o o o o .
100000 | ;
g i
g 10000 r | o
3 1000 r . 4@5
= F ] o
2 100 | =
g — 9 Resistivity/ 20K 6 =
& 10 r —@— Resistivity/ 280K |
@ R, o
1r
—9—0—0—9—0 |
0.1 H . ] L ] -10
- (c)
a2 | Y
x 40F -
I\\Q I
38 |
36 |
3.4 |
1 N 1 B 1 N 1 N
0 30 40 50

Pressure/ GPa

Fig. 5. (a) Hall resistance obtained for BiTeCl as a function of the applied pressure, which shows the approximately linear behavior with a transition from a negative slope to a positive
slope. (b) Resistivity obtained for a single BiTeCl crystal at temperatures of 20 K and 280 K up to 54.8 GPa, and with the Hall coefficient Ry fixed at 20 K as a function of pressure. The
transition from a Rashba semiconductor state to an insulator-like state is indicated by the maximum resistivity Pc ~2.8 GPa. The Hall coefficient Ry changed from negative to positive
above 28 GPa. (c) Superconducting transition temperature (T,) as a function of pressure. The first superconducting transition appeared at ~6.8 GPa with T onset at 3.4 K, followed by

extension into the region up to 54.8 GPa.
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Fig. 7. Superconducting transition temperature (T,) and carrier density at 20 K for (a)
BiTeCl and (b) BiTel as a function of pressure.

Raman spectroscopy was performed to obtain insights into the local
structural changes at high pressure, as shown in Fig. 4. Raman spec-
troscopy is sensitive to local bond vibrations and symmetry breaking, so
it provided evidence of the changes in the properties of BiTeCl under high
pressure. The ambient pressure phase of BiTeCl has seven Raman active
modes (2A; + 2E; + 3Ejy). Sklyadneva et al. [27] stated that both of the
E-type (E; in BiTeCl) modes involve in-plane vibrations of the Bi, Te, and
Cl layers, where the lower E mode has a larger contribution from the
vibration of the Cl atom. The highest observed mode was A; symmetry
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[27], which is produced by the motion of the Bi and Te sublattices against
each other along the polar axis. This A; mode is independent of the
halogen atom, so it is at approximately the same frequency in BiTeBr and
BiTel, i.e., around 152 cm ™! [20,28]. We observed three primary phonon
modes in BiTeCl, with the lower E} mode at 99.7 cm™!, the higher E?
mode at 122.4 cm’l, and the A; mode at 156.2 cm ™. All three modes
shifted to high frequencies below 5.5 GPa, while the E3 mode softened
and disappeared at 2.4 GPa. Interestingly, a metal-like to insulator-like
transition occurred at 2.8 GPa, which is close to the pressure where E2
disappeared. This softening may have contributed to the superconduc-
tivity promoted by strong electron—phonon coupling. Above 5.5 GPa, the
emergence of new modes and the disappearance of the A; and E} modes
in the Raman spectra indicated a transition to a high pressure phase.
Above 33.6 GPa, no Raman modes were detected in the measurement
range (<300 cm ™) for BiTeCl, which may be attributed to the second
phase transition, as observed by ADXRD above 34.4 GPa. Previous XRD
measurements and calculations for BiTel indicated an orthorhombic
Pnma structure above 8.9 GPa and a tetragonal P4/nmm structure above
16 GPa [20]. Similarly, an orthorhombic Pnma structure above 6.7 GPa
was determined for BiTeBr [28]. The Pnma phase is considered to occur
for BiTeX (X = Cl, Br, I) compounds at high pressures because most
V-VI-VII semiconductors crystallize into this structure [29,30]. According
to the high pressure ADXRD analysis of BiTeCl, as shown in Fig. 3, we
considered a phase transition from the hexagonal P6smc structure to an
orthorhombic Pnma structure above 5.5 GPa, and a second phase tran-
sition to a higher symmetric structure with a possible cubic unit cell.

The Hall resistance analysis of BiTeCl versus the magnetic field at
20 K as a function of the applied pressure is shown in Fig. 5a. The Hall
resistance exhibited approximately linear behavior as a function of a
strong magnetic field. The slope had a negative value that increased with
the applied pressure and it changed to a positive slope above 28 GPa,
thereby indicating that the carrier changed from electron dominant to
hole dominant under pressure. The resistivity at 20 K and 280 K, the Hall
coefficient Ry at 20 K, and T¢ as functions of pressure are shown in
Fig. 5b and c. The transition from a Rashba semiconductor state to an
insulating state occurred in the ambient phase, as indicated by the
maximum of resistivity at Pc ~2.8 GPa. The first superconducting tran-
sition appeared at ~6.8 GPa with T¢ onset of 3.4 K, where the structure
transformed from the P63mc phase into the Pnma phase. T¢ increased
from 3.4 to 4.1 K below 28 GPa, where the pressure range of Ry also
increased with the pressure. T¢ and Ry remained stable at higher pres-
sures up to 54.8 GPa.

Figs. 6 and 7 compare the single BiTeCl and BiTel crystals in terms of
their resistivity at 280 K, carrier density at 20 K, and T¢ as functions of
pressures. For BiTel with the ambient phase of P3m1, the topological
phase transition resulted in a V-shaped change in the resistivity at P¢
~2 GPa [20]. By contrast, for BiTeCl with the ambient phase of P63mc,
the transition from a Rashba semiconductor with a metal-like behavior to
an insulator-like state yielded a A-shaped change in the resistivity at P¢
~2.8 GPa, with much higher resistivity than BiTel. A previous structural
study [31] indicated that a semi-ionic model with a polar axis along the
atomic stacking direction can be employed to describe the structure of
BiTeX (X = Cl, Br, I), with a corrugated (BiTe)" layer and X~ anions in the
ambient phase. The larger resistivity of BiTeCl may be explained by the
stronger electron binding force induced by the smaller unit cell and the
smaller ionic size of Cl™ compared with that of I". The first structural
phase transition pressure for BiTeCl (>5.5 GPa) was lower than that for
BiTel (>7.5 GPa). The smaller unit cell and ionic size could introduce
additional inner chemical pressure in BiTeCl, as well as contributing to
the weaker Rashba SOC due to the conventional expectation that heavy
elements have reasonably high atomic SOC. Theoretically, it has also
been demonstrated that the Rashba parameter [21] is smaller for BiTeCl
than that for BiTel, while that for BiTeBr is intermediate, and the order of
the structural transition pressures [32] is the same as that stated above
(BiTeCl < BiTeBr < BiTel), where it increases with the atomic number of
the halogen elements. We found that in the BiTeX system, compounds
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with weaker Rashba effects exhibited structural transitions at lower
pressures. The second structural phase transition pressure was much
higher for BiTeCl (34.4 GPa) than that for BiTel (16 GPa). Above the first
structural transition pressure, the resistivity of both compounds
decreased with pressure to the 107! mQ x cm level. Similarly, super-
conductivity appeared in both compounds after the structural phase
transitions, as shown in Fig. 7. For BiTeCl, T¢ increased to a maximum as
the carrier density increased below 28 GPa, where both the T¢ and carrier
density remained stable after the carrier types transformed from n
dominant to p dominant. By contrast, for BiTel, the superconductivity
appeared when the carrier density increased to a maximum, and T¢ then
decreased as the carrier density remained stable. BiTel is considered to be
a superconductor near the Rashba-type topological transition where it is
transformed from a Rashba-type semiconductor. Similar to BiTel, the
superconductivity of BiTeCl appears close to the insulator-like phase
where it is also transformed from a Rashba-type semiconductor.

4. Conclusions

In this study, we performed resistivity, Hall coefficient, synchrotron
XRD, and Raman spectroscopy analyses of a BiTeCl crystal as a Rashba
material at high pressures up to 54.8 GPa. We successfully observed
pressure-induced transitions by this spin orbital interaction compound
from a Rashba-type semiconductor to an insulator-like state, followed by
a classical quantum condensation (i.e., superconductivity). We system-
atically compared the properties of BiTeCl and BiTel. In the BiTeX sys-
tem, compounds with weaker Rashba effects exhibit structural transitions
at lower pressures and superconductivity appears after the structural
phase transition.
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