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Anomalous phase transition behavior in
hydrothermal grown layered tellurenet
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Sefaattin Tongay & *2

Recent studies have demonstrated that tellurene is a van der Waals (vdW) two-dimensional material with
potential optoelectronic and thermoelectric applications as a result of its pseudo-one-dimensional struc-
ture and properties. Here, we report on the pressure induced anomalous phase transition of tellurium
nanoribbons. The observation of clean phase transitions was made possible with high quality single crys-
talline Te nanoribbons that are synthesized by hydrothermal reaction growth. The results show that phase
transition has a large pressure hysteresis and multiple competing phases: during compression, the phase
transition is sudden and takes place from trigonal to orthorhombic phase at 6.5 GPa. Orthorhombic
phase remains stable up to higher pressures (15 GPa). In contrast, phase transition is not sudden during
decompression, but orthorhombic and trigonal phases co-exist between 6.9 to 3.4 GPa. Gruneisen para-
meter calculations further confirm the presence of co-existing phases and suggest hysteretic phase
change behavior. Finally, orthorhombic to trigonal phase transition occurs at 3.4 GPa which means overall
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Introduction

Tellurium has attracted increasing interest due to its unique
pseudo-one-dimensional structure that gives rise to outstand-
ing thermoelectric' > and electronic®™® properties. In tellurene,
tellurium atoms form helically arranged chains along the
c-axis of the unit cell. These chains are relatively weakly
coupled to each other through van der Waals (vdW) inter-
actions which results in the formation of tellurene sheets
stacked onto each other.” Because of its vdW layered as well as
unique quasi-1D chain like nature, the physical properties of
Te under high pressures could be very different compared to
classical bulk or conventional layered materials systems.
Especially after the successful synthesis of highly crystalline
layered tellurene sheets, it is possible to study their unique
properties under extreme pressures.

While the structural behavior of bulk Te has long been
studied at high pressures,'®"* these studies were performed
on semi-amorphous powders which doesn’t allow one to probe
fundamental properties of these 2D tellurene. Currently, there
is no information on high pressure behavior of 2D tellurene
sheets mostly due to the difficulties in preparation of high-
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pressure hysteresis is around 3.1 GPa.

quality nanoscale samples as well as integration with high
pressure diamond anvil cell (DAC) chamber. Lastly, there is a
controversy in the current literature regarding to tellurium
under high pressure: although it has been established that tell-
urium undergoes phase transition, the phase transition
pressure and the identity of high-pressure phase have been
under dispute.'®'"'31° 8 X ray diffraction used for high
pressure studies is often limited by the amount of samples
that can be loaded into the DAC chamber, leading to low
signal-to-noise ratio in the spectra collected, and ambiguous
interpretation.

With recent advances in the 2D materials field, both issues
with sample synthesis and characterization of high-pressure
phase are readily solved. Multiple techniques have been devel-
oped for preparation of tellurium nanoribbons/nanoplates/
nanocrystals. In particular, facile hydrothermal synthesis
routes have been established for Te nanoribbons with good
control over sample dimensions and high crystallinity.®"°
Meanwhile, Raman spectroscopy has emerged as a powerful
tool for investigation of phase transition since Raman spectra
from different phases are vastly different. One advantage of
Raman spectroscopy over XRD is that the sensitivity of Raman
spectroscopy is significantly higher when sample size is small,
making it an ideal choice for studying pressure-induced phase
transition of nanomaterials.

This work marks the first observation of phase transition
hysteresis in pseudo-one-dimensional tellurene sheets. Our
efforts focus on identification of phase transition in ultrathin
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Te nanoribbons under hydrostatic pressure by Raman spec-
troscopy. Pressure dependent Raman spectra recorded in a
DAC system under different pressure have demonstrated a
sudden change at 6.5 GPa where the characteristic peaks from
trigonal phase Te disappear and two new peaks at 40 and
100 cm™' emerge. However, when the applied pressure is
released, reverse phase transition is observed at a lower
pressure of 3.4 GPa. Our comprehensive Raman peak analysis
along with density functional theory (DFT) simulations reveal
that the high-pressure phase is orthorhombic while the anom-
alous crossover region is caused by co-existence between ortho-
rhombic and monoclinic phases. Results are discussed
together with comprehensive DFT studies to give further
insights into the nature of such anomalous phase transition
effects.

2D vdW tellurium growth

vdW Te nanoribbons were synthesized by hydrothermal reac-
tion growth.®?%?! In a typical process, 100 mg sodium tellurite,
15 pL hydrazine, and 50 pL ammonia were mixed with DI
water and in an autoclave. The autoclave is then sealed and
heated at 160 °C for 20 hours. After cooling and removal of
excess reagents and byproducts, the resulting Te nanoribbons
are characterized by SEM, TEM, EDX, and Raman spec-
troscopy. SEM image shown in Fig. 1a demonstrates needle-
like features with length varying between 0.1 and 100 pm. Our
low magnification TEM image (Fig. 1b) also shows 1D struc-
ture of the Te nanoribbons, and the selected area electron
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diffraction (SAED) pattern ([—110] zone axis) recorded from
these nanoribbons indicate that the lattice parameters are
d(001) = 0.589 nm and d(110) = 0.221 nm respectively (Fig. 1b
inset). EDS spectrum collected from the sample shows only Te
signals other than background from substrate, confirming the
elemental composition of the Te nanoribbons (Fig. 1c). Raman
spectrum from these hydrothermal Te also confirms the trigo-
nal phase and high crystallinity as the FWHM of Raman peaks
are below 5 cm™' (Fig. 1d). Furthermore, angle-resolved
Raman spectroscopy (ARS) measurements on these Te nano-
ribbons show that all three Raman peaks demonstrate strong
angle-dependent intensities, which are consistent with
literature.>*> Overall results suggest that Te nanoribbon from
hydrothermal reaction is indeed trigonal vdW phase Te with
high crystallinity.

Phase transition under pressure

Next, we have studied the material behavior under hydrostatic
pressure in DAC chamber. Te nanoribbon samples were dis-
persed in 4:1 mixture of methanol and ethanol as pressure
media to introduce hydrostatic pressure. The dispersed sample
was then loaded into the DAC gasket and aligned with the
optical path of the Raman spectrometer. The pressure near Te
vdW sheets were measured using fluorescence of ruby as a
pressure gauge. The pressure in the gasket was gently
increased and Raman spectra of Te were recorded at each
pressure point. As shown in Fig. 2a, phase transition of Te
nanoribbon was observed at 6.5 GPa during compression as
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Fig. 1 Characterization of hydrothermal Te nanoribbons a. SEM image of hydrothermal Te nanoribbons. b. Low magnification TEM image of Te
nanoribbons. Inset: SAED pattern of Te nanoribbons. c. EDS spectrum of Te nanoribbons. d. Raman spectrum of Te nanoribbons. Inset: Structural
model of trigonal phase Te. e. Polar plots of 92, 121, and 142 cm™ peak intensities of Te nanoribbons.
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Fig. 2 Pressure induced phase transition of tellurium nanoribbons. a—b. Raman spectra of Te nanoribbon during a. compression and b.
decompression. c. Schematics of diamond anvil cell. d—e. Contour plot of Te nanoribbon Raman intensity during d. compression, e.
decompression. f. Pressure dependence of 40 cm™ Raman peak position during compression (black) and decompression (red).

evidenced by a sudden change in Raman spectrum: the 92,
121, and 142 cm™" peak of trigonal phase Te disappeared and
two new peaks at 40 and 100 cm™' emerged. The phase tran-
sition pressure of 6.5 GPa is consistent with previously
reported results, and the 100 em™" Raman peak after phase
transition is in good agreement with the theoretical predic-
tions and experimental observations for the characteristic
Raman peak of orthorhombic Te at high pressure."® We find
that further increasing pressure up to 14 GPa does not yield
any changes in the Raman spectra, implicating that there is no
additional phase transition in this pressure range.

Upon reaching 14 GPa, the pressure in the DAC gasket was
slowly released and Raman spectra of Te were recorded again
at each pressure point. The results presented in Fig. 2b suggest
that a reverse phase transition from high-pressure phase to tri-
gonal phase has occurred in this process as evidenced by dis-
tinct Raman peaks from both phases.

However, careful examination of these Raman spectra
reveals that phase transition during decompression exhibited
hysteresis-like features: the phase transition point during
pressure decompression was observed at 3.4 GPa, which is sig-
nificantly lower compared to phase transition pressure during
compression at 6.5 GPa (Fig. 2d and e). Additionally, the
Raman spectrum underwent a sharp change from trigonal
phase to high-pressure phase during compression, but during
decompression, the transition was not as sharp. Notably, we
observed characteristic peaks from trigonal phase as well as

one peak at 40 cm™' in one Raman spectrum recorded at

This journal is © The Royal Society of Chemistry 2019

3.4 GPa, suggesting co-existence of both phases. Moreover,
the 40 cm™" Raman peak exhibited slightly different pressure
dependence in  compression/decompression  processes
(Fig. 2f): during compression, 40 cm™" peak redshifts as the
pressure increases and the peak position changes linearly with
pressure between 6.5 and 15 GPa. The same peak exhibits a
linear blueshift with decreasing pressure, but only between 15
and 6.9 GPa. Below 6.9 GPa, the 40 cm™" peak shows minimal
shift as the pressure decreases until phase transition to trigo-
nal phase occurs at 3.4 GPa.

To summarize, the phase transition of Te nanoribbons
exhibit hysteretic behavior as evidenced by: 1. a significantly
lower phase transition pressure between trigonal and high-
pressure phase; 2. observation of co-existing phases; 3.
unusual pressure dependence of 40 cm™" Raman mode during
decompression. We speculate that the origin of such unusual
phase transition is competition between multiple phases near
6.5 GPa. As multiple Te phases have been reported near 6.5
GPa, it is possible that they have similar formation energy at
that pressure and co-existing phases can form. Determining
the identities of each phase before/after phase transition will
be critical for revealing the nature of hysteretic phase change
behavior.

We focused our theoretical efforts on determination of Te
phases above 6.5 GPa, as well as between 6.9 and 3.4 GPa. Six
Te structures (Table S17) are selected as possible candidates
and their normal mode phonon frequencies at different
pressure points are calculated by density-functional theory

Nanoscale, 2019, 11, 20245-20251 | 20247
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Fig. 3 DFT simulations of different Te phases under pressure. a—c. Simulated Raman modes of a. trigonal, b. orthorhombic, and c. monoclinic
phases. d. Pressure dependence of formation energy from different Te phases between 0 and 9 GPa. e. Pressure dependence of the volume from

different Te phases during compression and decompression.

(DFT) simulations (Fig. 3a-c, see S1f for full results). The
normal mode phonon frequences include both Raman and IR
active modes. To compare with theoretical predictions, Raman
spectra collected in DAC experiments are carefully analyzed by
plotting their peak position and FWHM against pressure
during both compression and decompression (Fig. 4) For the
low pressure phase, we find that the simulated A,, A;, and E
modes from trigonal phase correlate well to 92, 121, and
142 cm™" peaks, and the pressure dependencies of predicted
modes also agree with our experimental observations (Fig. 3a
and 4a). These agreements are further proof that the low-
pressure phase is the trigonal phase. Likewise, the simulated
results of the orthorhombic A, mode and B,;, mode fit well
with the 40 and 100 cm™" Raman peaks in terms of both peak
position and pressure dependence (Fig. 3b and 4b), which con-
firms the presence of the high-pressure, orthorhombic phase
above 6.5 GPa. However, DFT simulations also suggest that
there should be additional Raman modes for the ortho-
rhombic phase above 6.5 GPa, which were not observed on our
experiments. One possible explanation for this inconsistency
is that the Raman peak intensity is extremely low during DAC
experiments, therefore some of these peaks could have been
undetected due to the low signal-to-noise ratio.

Focusing on the pressure region between 3.4 and 6.9 GPa
during decompression where the abnormal Raman peak

20248 | Nanoscale, 2019, 11, 20245-20251

pressure dependence was observed. Raman spectra collected
within this pressure range still resembles orthorhombic phase,
but the pressure dependence of peak positions is significantly
different.

The simulated pressure dependence of the volumes from
the different Te phases for compression and decompression
(Fig. 3e) are provided and the Griineisen parameter for each
pressure region is calculated to better demonstrate the small
difference between pressure regions. Above 6.9 GPa, the
Griineisen parameter calculated for the 40 cm™" peak is —1.35
during compression and —1.43 during decompression. The
small difference of 5.9% between the two figures suggest that
their corresponding phases are the same orthorhombic phase.
In the 3.4-6.9 GPa pressure range, the Griineisen parameter
for the 40 ecm™" peak is only —0.02, significantly larger com-
pared to that of the higher-pressure range. We speculate that
this is caused by the formation of a metastable monoclinic
phase that co-exists with the orthorhombic phase in this
pressure range. DFT simulations suggest that this phase is
unstable below 4 GPa as evidenced by a negative phonon fre-
quencies (Fig. Slet). DFT simulations also suggest that the
monoclinic phase above 6.5 GPa can’t retain its monoclinic
structure, suggesting that it is only stable between 4 and 6.5
GPa. Simulated Raman modes of monoclinic phase (Fig. 3c)
consist of multiple A modes, one of which is located ~95 cm™"

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Raman peak analysis during pressure induced phase transition. a—b. Raman peak position and FWHM of a. trigonal phase and b. high-
pressure phase during compression. c—d. Raman peak position and FWHM of c. trigonal phase and d. high-pressure phase during decompression.
Different phase regions are indicated by transparent background: blue: trigonal; yellow: orthorhombic; green: monoclinic + orthorhombic.

and has a small pressure dependence similar to experimental
results. However, no Raman mode close to 40 cm™" is pre-
dicted for the monoclinic phase, which provides further evi-
dence that the intermediate phase can’t be the monoclinic
phase alone. For this reason, we speculate that the 40 cm™
peak observed between 3.4 and 6.9 GPa during decompression
originates from the orthorhombic phase, and its abnormal
pressure dependence is caused by co-existence of monoclinic
and orthorhombic phases.

To investigate the phase stability of the phase transitions
observed in Te, we calculated the formation energy (Er)
between 0 to 9 GPa of the three phases we experimentally
observed. E¢ of the trigonal phase is set as a zero reference
in the calculation and the results are presented in Fig. 3d. At
low pressure (<3 GPa), both orthorhombic and monoclinic
phases have positive formation energy, suggesting trigonal
phase should be the stable phase in this pressure range.
Near 4 GPa, the E; of the monoclinic phase suddenly
decreases and becomes similar to the E; of the trigonal
phase, which matches with the phase transition pressure from
monoclinic to trigonal phase during decompression. As for
the orthorhombic phase, its E; decreases with increasing
pressure, although it remains positive even at 9 GPa.
However, we note that the E; above 6 GPa is below 15 meV
per atom, which is smaller than thermal energy at room

This journal is © The Royal Society of Chemistry 2019

temperature (k7 ~ 25 meV), suggesting that the
orthorhombic phase could be the stable phase in this
pressure regime. Overall, the simulated E¢ trend of different
phases are consistent with the observed phase transition
pressures.

The fundamental origin of anomalous pressure hysteresis
in vdW tellurene sheets is less straight-forward. One potential
explanation is related to the energy activation barrier differ-
ences across three competing trigonal, monoclinic, and ortho-
rhombic phases. During the compression, if the energy barrier
between trigonal-orthorhombic phase transition is very close
but less than that of trigonal-monoclinic transition, the
material will naturally undergo trigonal-orthorhombic tran-
sition. For decompression, however, the material is stable in
orthorhombic phase high-pressures and seeks to transform
into other phases to lower its energy. In this particular phase,
crystal structure, and local strain environment, our data
suggests that the energy barrier is lower for orthorhombic-
monoclinic phase compared to orthorhombic-trigonal tran-
sition. In other words, these results suggest that the energy
barrier is not isotropic but direction (compression vs. decom-
pression) dependent. Here, future work is needed in the
community to address some of the open questions to
better illustrate hysteresis mechanism and how competing
phases co-exist.

Nanoscale, 2019, 11, 20245-20251 | 20249
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Conclusion

High pressure studies shows that vdW Te sheets display anom-
alous pressure behavior compared to other vdW layered
material systems. The onset of trigonal to orthorhombic phase
transition is quite different under compression (~6.5 GPa) and
decompression (~3.4 GPa). During decompression process,
there exist co-existing pressure range (6-3 GPa) where multiple
phases compete with each other. DFT simulations together
with Griineisen parameter analysis suggest that the intermedi-
ate region between 3.4 and 6.9 GPa is a co-existing phase
between orthorhombic and monoclinic phases. Results pre-
sented offer the first pressure studies on highly crystalline
vdW tellurene sheets and extend our understanding of this
unique layered material system.

Methods

Hydrothermal synthesis

All chemicals are purchased from Sigma Aldrich and used as
received. In a typical process, 100 mg sodium tellurite, 16 pL
hydrazine, and 50 pL ammonia are combined in 10 mL de-
ionized water in an autoclave. The autoclave is then sealed and
maintained at 160 °C for 20 hours. After cooling to room
temperature, the reaction mixture is centrifuged to isolate the
precipitate, which is then rinsed with deionized water several
times to remove excess reagents and impurities. The collected
Te nanoribbons are then dispersed in select solvents for
characterization (Raman, SEM, TEM, EDS) and DAC
experiments.

Microscopy characterization

Scanning electron microscopy (SEM) and energy-dispersive
X-ray spectroscopy (EDS) measurements were performed with
AMRAY 1910 Field Emission SEM with working distance of
11-14 mm and an acceleration voltage of 20 kV. Transmission
electron microscopy (TEM) image and diffraction patterns
were recorded with FEI Titan 80-300 TEM at 300 keV with a
spherical aberration corrector. SAED patterns were
collected with a 10 pm aperture and a camera length of
380 mm. Results were processed with DigitalMicrograph
3 software.

Diamond anvil cell measurements

Hydrostatic pressure up to 15 GPa was applied to sample with
a diamond anvil cell (DAC). Te nanoribbons and powder were
dispersed in 4 : 1 mixture of methanol and ethanol as pressure
media to introduce hydrostatic pressure. The sample was then
placed in the gasket hole with 0.25 mm diameter. The pressure
in the gasket was manually regulated and calibrated with ruby
fluorescence. Raman spectra were recorded on a home-made
Raman spectrometer with a 532 nm excitation laser in the
backscattering configuration with 2400 mm™" grating. The
spot size of focused laser was ~1 um and laser power was
2.30 mW.

20250 | Nanoscale, 2019, 11, 20245-20251
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Density functional theory calculations

All simulations are based on density-functional theory (DFT)
using the projector-augmented wave (PAW) method as
implemented in the plane-wave code VASP.>*7® All the simu-
lations were performed using the vdW-DF-optB88 exchange-
correlation functional, that provides an excellent description
of the non-local van der Waals interactions in materials.>”>°
All other pertinent details, including simulation parameters
and the detailed discussion of the DFT results can be found in
the ESL¥
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