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ABSTRACT: Layered FeTe2 (l-FeTe2) was supposed to be one of
the most important compounds in the family of two-dimensional
transition-metal dichalcogenides (2D TMDs) owing to the
importance of an iron element and its predicted novel physical
phenomena. However, 2D layered FeTe2 is rarely reported because
of its tendency to be stabilized in three-dimensional marcasite
phase structures. Here, we report, for the first time, a pure and
large-size l-FeTe2 single crystal synthesized successfully in a P3̅m1
hexagonal space group using a solid-state reaction method.
Thermoanalysis and X-ray diffraction (XRD) data after annealing
at different temperatures indicate that l-FeTe2 is a metastable
material. The results of electrical transport, magnetization, and in
situ low-temperature XRD measurements confirm that l-FeTe2
undergoes a first-order isostructural phase transition from 120 to 150 K, and we established a detailed correlation among these
properties of l-FeTe2. l-FeTe2 transforms from an insulating to metallic state at 120 K where the phase transition completes. In
addition, the Shubnikov−de Haas (SdH) oscillation phenomenon is observed under a high magnetic field at 4 K.

■ INTRODUCTION

The large variety of two-dimensional layered transition-metal
dichalcogenides (TMDs) exhibits various exciting physical
phenomena such as topological properties,1,2 charge density
wave,3 valleytronics,4 nonsaturating magnetoresistance,5,6

superconductivity,7,8 and some other properties.9−12 The
family of TMDs has currently become one of the most
extensively studied areas in condensed matter physics owing to
their application potential in various technological fields.13−18

Among the family of TMD materials, the layered binary
tellurides of Co and Ni (CoTe2 and NiTe2) have been
reported many times for their different physical proper-
ties.12,19−22 Especially, since the discovery of 1T-NiTe2 as a
topological material having Dirac semimetallic properties with
the Dirac fermions close to the Fermi energy, it has provided a
new platform to study the type-II Dirac.23−25

On the other hand, an undetected high-temperature phase of
iron ditelluride (FeTe2) was first reported in 1958 and
proposed as layered FeTe2 (l-FeTe2) without any proper
confirmation.26 However, after that the experimental reports
on layered FeTe2 have been rarely published until recently.
Chen et al. prepared layered FeTe2 in nanoflakes with the
marcasite FeTe2 impurity phase observed in the sample.27 It is
to be mentioned that the investigation of the intrinsic physical

properties of l-FeTe2 in the presence of the marcasite FeTe2
impurity phase is difficult.
In this article, for the first time, we have successfully

synthesized a pure and large-size single crystal of l-FeTe2 by a
solid-state reaction method according to the proposed Fe−Te
phase diagram28 and theoretical prediction.29 X-ray diffraction
(XRD) peaks of l-FeTe2 are properly indexed by a hexagonal
crystal lattice with a P3̅m1 space group and the lattice
constants are obtained as a = b = 3.7708 Å, c = 5.7357 Å and α
= β = 90°, γ = 120°. The thermoanalysis and the XRD data
recorded on the samples after annealing at different temper-
atures suggest that l-FeTe2 is a metastable material. The layers
can be clearly observed from scanning electron microscopy
(SEM) images. Both the energy-dispersive X-ray spectroscopy
(EDS) analysis and Rietveld refinement reveal the ratio of Fe
to Te as close to 1:1.8. In addition, the results of the electrical
transport, magnetization and in situ low-temperature XRD
measurements indicate that l-FeTe2 undergoes an isostructural
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phase transition, which induces an insulator−metal trans-
formation at low temperature. After the completion of the
phase transition at 120 K, l-FeTe2 becomes metallic. The
Shubnikov−de Haas oscillation phenomenon is observed
under a high magnetic field at 4 K.

■ EXPERIMENTAL SECTION
A stoichiometric amount of high-purity Fe (99.9% metals basis) and
Te powders (99.9% metals basis) with a molar ratio of 1:2 was mixed
and ground thoroughly for 2 h in a glovebox. The mixed powder was
uniformly pressed into a pellet with a diameter of 10 mm and sealed
in a vacuum quartz tube. Initially, the sample was heated in a muffle
furnace from room temperature to 900 °C for 6 h and then cooled to
770 °C for 24 h. The sample was further cooled from 770 to 650 °C
for 72 h and kept at 650 °C for 24 h. Finally, the quartz tube was
taken out of the furnace and quenched into ice water. The bright
single crystals were collected from the product and analyzed with
various characterization techniques. It must be noted that the
quenching temperature, 650 °C, is extremely important to obtain
FeTe2 with a layered crystal structure.
Equipment. X-ray diffraction (XRD) measurements at room

temperature were carried out on a Bruker D8 Advance X-ray
diffractometer using Cu Kα radiation at 40 kV and 40 mA. To obtain
low-temperature XRD data, a Bruker liquid nitrogen cryostat was
incorporated into a VENTEC 500 2D detector for creating a low-
temperature atmosphere around the sample. The temperature during
the measurements was smoothly controlled to remain constant within
±1 K.
Thermoanalysis measurement was performed on a 0.148 g sample

inside an Al2O3 crucible using a Netzsch STA 2500 instrument from
50 to 400 °C at a heating rate of 5 °C/min in a stream of nitrogen.

Before starting the measurement, the sample was put in a glovebox for
a long time to keep it dry and avoid oxidation.

An FEI Versa3D scanning electron microscope (SEM) was used to
observe the micromorphology of the samples. In addition, energy-
dispersive X-ray spectroscopy (EDS) was recorded to analyze the
elemental content of Fe and Te.

Raman spectroscopy measurements were carried out on a
Nanofinder 30 instrument using a laser wavelength of 532 nm. A
liquid nitrogen cryostat was used to keep the temperature between
100 and 300 K. During the measurement process, we chose the
warming cycle from 100 to 300 K and recorded the spectra in the
frequency range of 110−170 cm−1.

The electrical transport and magnetoresistance (MR) measure-
ments were performed using a physical property measurement system
(PPMS-14, Quantum Design Inc.). The standard four-probe method
was employed for the resistivity measurements using the silver paint
as electrodes on the samples. The magnetization measurement was
performed using a superconducting quantum interference device
(MPMS3, Quantum Design Inc.).

■ RESULTS AND DISCUSSION
The XRD data is recorded on the l-FeTe2 single crystal and
plotted in Figure 1a. The (00l) diffraction peaks are observed
alone in the single crystal XRD pattern, which indicates that
the growth orientation is along the c axis and the quality of the
single crystal is good enough for further experiments. To reveal
the detailed crystallographic structure of the compound, we
carried out the Rietveld refinement on the powder diffraction
patterns using Fullprof software. All of the XRD peaks can be
properly indexed by the l-FeTe2, layered hexagonal crystal
structure with a P3̅m1 space group symbol, which is in
agreement with the theoretical calculation.29 The weighted

Figure 1. XRD pattern at room temperature. (a) XRD pattern of the l-FeTe2 single crystal, only (00l) Bragg diffraction peaks are observed. (b)
Rietveld refinement results of the powder XRD data. (c) Schematic structure of l-FeTe2 viewed from side and top. The red and blue spheres
represent Te and Fe, respectively, while the white portion inside the red sphere represents Te vacancies. (d) EDS spectrum confirms the ratio of
elements Fe and Te.
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profile agreement factor (Rwp) of the Rietveld refinement is
3.45%. As shown in Figure 1b, the small difference between the
observed and calculated pattern confirms that the selected
initial crystal structure model is correct. The obtained lattice
constants are a = b = 3.7708 Å, c = 5.7357 Å and α = β = 90°, γ
= 120°. The result of Rietveld refinement confirms that the
ratio of Fe and Te is 1:1.73. Moreover, based on the Rietveld
refinement result, we have drawn the crystal structure model of
the l-FeTe2, which is shown in Figure 1c. The layers are
stacked along the c axis, and each layer is composed of an edge-
sharing FeTe6 octahedron with six Te atoms surrounding each
Fe atom. On the other hand, as shown in Figure 1d and Table
S1 of the Supporting Information, the EDS characterization
suggests that the ratio of Fe and Te is 1:1.81 in the presence of
10% Te vacancy, which is consistent with the Rietveld
refinement result.
To visualize the surface morphology of this compound, SEM

images have been recorded and are displayed in Figure 2. As
the crystal has been grown along the ab plane, the cross-
sectional micromorphology is taken along the c axis, which
clearly indicates the layered structure of this compound, as
shown in Figure 2a. The same observation in an enlarged area
as indicated by the white triangle in Figure 1a is shown in
Figure 2b. In Figure 2c, a terraced structure is observed in the
same area when we rotate the sample stage by 30°. The
terraced structure may evolve as the crystal growth stopped
suddenly due to the quenching of the sample at 650 °C. To
observe the micromorphology of the (001) face, we dissociated
a single crystal along the ab plane (see Figure S1a in the
Supporting Information) and show the corresponding SEM

image in Figure 2d, which again demonstrates the layered
structure of the compound along the (001) face.
The thermogravimetric (TG)-differential thermal analysis

(DTA) of the polycrystalline l-FeTe2 in the temperature range
of 50−400 °C provides useful data to assess the stability of its
structural phase, as exhibited in Figure 3a. The DTA curve and
the corresponding derivative plot showing the exothermic
behavior from 50 to 270 °C suggest a continuous
decomposition of l-FeTe2 in this temperature range. To
correlate the structural phase with the DTA data, we have
annealed the as-grown sample (25 °C) at different temper-
atures such as 140, 200, and 400 °C for 4 h, and the XRD data
have been recorded on each sample. The corresponding data
along with the XRD of the as-grown sample are plotted in
Figure 3b, which clearly indicates a structural phase trans-
formation as we increase the annealing temperature. When the
annealing temperature is 200 °C, the structure can completely
be decomposed into marcasite FeTe2 and FeTe phases, as
properly indexed in the corresponding plots in Figure 3b. A
possible reason for this high-temperature decomposition of
FeTe is the presence of a 10% Te vacancy in the sample, as
mentioned earlier. Hence, the XRD data supports the DTA
characteristics below 270 °C. However, the scenario is different
above 270 °C, where the DTA curve shows endothermic
behavior but the XRD plot of the 400 °C annealed sample
reveals no new characteristic peak, which suggests the absence
of any new phase. Overall, combining the results of
thermoanalysis and XRD data after annealing at different
temperatures, we may propose that l-FeTe2 is a metastable
material.

Figure 2. SEM images of the l-FeTe2 single crystal. (a, b) Cross-sectional micromorphology of the l-FeTe2 single crystal along the c axis. (c) Sample
stage is rotated by 30° to record the SEM image on the same area. The white triangle and the arrow in (a−c) mark the same position. (d)
Micromorphology of the (001) face.
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We have used the standard four-probe method to study the
electrical transport properties of l-FeTe2, as shown in Figure 4.
The temperature dependence of the resistance data is plotted
from 2 to 300 K in Figure 4a. The resistance plot reveals a
discontinuous jump at 150 K, which is also observed around
the same temperature in high-pressure electrical transport
measurement from 0.66 to 10.2 GPa (see Figure S2 in the
Supporting Information). Furthermore, l-FeTe2 becomes
metallic when the temperature reaches below 120 K. To
investigate the magnetic behavior of l-FeTe2, we have recorded
the temperature dependence of magnetization (M−T) data
along H∥c in zero-field-cooled (ZFC) and field-cooled (FC)
modes at 100 Oe in a temperature range of 2−300 K and
plotted in Figure 4b. Interestingly, both ZFC and FC plots
clearly exhibit a discontinuous change in magnetization in the
same temperature range, which is consistent with the electrical
transport properties. With decreasing temperature, the M−T
curves show additional features, which again can be correlated
with the electrical transport properties. Both FC and ZFC
curves begin to oscillate at 155 K, as shown by the enlarged
view of the corresponding M−T plots in the inset of Figure 4b.
As we decrease the temperature further, a discontinuous jump
is observed at 126 K. For more discussion, we have plotted the
magnetic hysteresis loop (M−H) data of layered FeTe2 from
110 to 140 K in Figure S3 in the Supporting Information.
However, there is no significant change observed in hysteresis
loops around 125 K. As shown in Figure S3, the M−H curves
in different temperatures have obvious hysteresis before and
after 126 K, which indicates that the material shows weak

ferromagnetism in the c-axis direction. Combined with the
analysis of Figure 4b, we can conclude that there is a
ferromagnetic transition above 300 K, which is highly
consistent with the theoretical prediction that there is robust
ferromagnetism with the Curie temperature surpassing 423 K
in monolayer two-dimensional FeTe2.

30 As the temperature
continues to decrease below 300 K, part of the iron ions tend
to show an antiferromagnetic exchange from a ferromagnetic
exchange, so the magnetism decreases as the temperature
decreases, as shown in Figure 4b. As the temperature decreases
to126 K, this antiferromagnetic exchange leads to a sudden
decrease in magnetic properties. The absolute decrease of
magnetism is about 10−3 order of magnitude, which indicates
that this antiferromagnetic exchange does not play a dominant
role and the whole material still shows ferromagnetism.
Therefore, there are obvious magnetic hysteresis loops in
M−H curves before and after 126 K, as shown in Figure S3. It
is worth to be mentioned that electrical transport and magnetic
phenomena show a similar feature in a slightly different
temperature interval, which is very surprising as both
mechanisms are not exactly similar in nature. The reason for
this discontinuous change will be discussed in detail below. We
have also measured the magnetoresistance (MR) data at 4 K
from 0 to 13 T and plotted it in Figure 4c. MR is defined as
MR = (Rxx (H) − R0)/R0, where Rxx (H) denotes the resistivity
in a magnetic field and R0 = Rxx (0). The blue and red colors
represent the experimental data and the fitted curve,
respectively. A Shubnikov−de Haas (SdH) oscillation can be
clearly observed at a higher magnetic field, as shown by the
fitted curve in Figure 4c. Furthermore, the MR value nearly
saturates at a field ≥9 T. To demonstrate a clear picture of the
periodic SdH oscillation behavior, we have subtracted a
smooth polynomial background from the fitted curve in Figure
4c and plotted the resultant curve (ΔMR) as a function of an
inverse of the magnetic field (1/B) in Figure 4d. The plot
displays a clear SdH periodic oscillation behavior as expected.
In addition, the Fast Fourier transform (FFT) spectrum of the
ΔMR vs 1/B plot is revealed in the inset of Figure 4d, which
indicates the presence of a single major band at 40 T in the
range up to 600 T. The MR data at 2 K also show the same
phenomena (see Figure S4 in the Supporting Information).
To explore the reason for the discontinuous jump observed

in the resistance and magnetization plots from 120 to 150 K in
Figure 4a,b, we carried out the in situ low-temperature XRD
measurement on the sample in the temperature range of 90−
300 K and plotted the results in Figure 5a. In the whole
temperature range and experimental error range, the structure
can be indexed to a hexagonal crystal structure with a P3̅m1
space group. However, there is a noticeable change in the
(004) characteristic peak observed at 130 K, as shown in
Figure 5b. As we decreased the temperature from 300 to 90 K,
a new subtle peak appears beside the (004) peak at 130 K.
Subsequently, the new peak becomes dominant at 120 K, while
the (004) peak is gradually reduced. Finally, the (004) peak
vanishes and the new peak becomes the characteristic peak of
l-FeTe2 at 110 K. To check it further whether a possible
structural transition occurred below 200 K, we calculated the
lattice constants at different temperatures (see Table S2 in the
Supporting Information). The change in lattice constants as a
function of temperature is plotted in Figure 5c, which
demonstrates that a/a250K and c/c250K (a250K and c250K are the
lattice constant values at 250 K) have a nonlinear
discontinuous change at 150 and 120 K, respectively.

Figure 3. Thermoanalysis and XRD data after annealing at different
temperatures of l-FeTe2. (a) TG and DTA curves of l-FeTe2 from 50
to 400 °C in a nitrogen atmosphere. (b) XRD data of l-FeTe2 after
annealing at different temperatures for 4 h.
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Furthermore, the a/c curve plotted in Figure 5c has a peak at
150 K, which rapidly decreases with the decrease in
temperature. To extract more information from the (004)
characteristic peak, we calculated the peak positions of the
(004) peak from 100 to 250 K (see Table S3 in the Supporting
Information). The position of the (004) Bragg peak changes
with temperature and appears as a mirror image of c/c250K in
Figure 5c. Furthermore, we carried out a low-temperature
Raman study from 80 to 300 K (see Figure S5 in the
Supporting Information). It also exhibits the same discontin-
uous change of the Raman shift at the temperatures
corresponding to the changes observed in the XRD measure-
ment.
Note that similar discontinuous changes in a, c, and c/a are

also observed in other materials, which have been related to a
first-order isostructural phase transition.31−40 The isostructural
phase transition is found in both layered and nonlayered
materials. It is a first-order structural phase transition where
the lattice constants and the unit cell volume have a nonlinear
change with the change of external conditions such as
temperature and high pressure. Different from the conven-
tional first-order phase transition, the symmetry of the crystal
and the space group remains unchanged throughout the phase
transition. In some materials, physical properties can be
changed by rearranging the electronic structure due to the
subtle distortions and deformations caused by the isostructural
phase transitions. The isostructural phase transition of a
layered structure material, represented by 2H-MoS2, is
characterized by lateral sliding of adjacent layers and a
nonlinear change of the lattice constants.31,33 Whereas for

the nonlayered three-dimensional (3D) materials, the lattice
constants and the cell volume only change with the change in
external conditions before and after phase transforma-
tion.34−36,40 It must be emphasized that for 2H-phase layered
materials, the space group of both 2Hc and 2Ha phases is P63/
mmc, which indicates that the space group does not change
before and after the isostructure phase transition, as mentioned
earlier.
In analogy with the character of an isostructural phase

transition, we found similar experimental results in l-FeTe2.
According to the low-temperature XRD data of l-FeTe2, in
Figure 5, the lattice constants a/a250K, c/c250K, and a/c show
nonlinear changes with the decrease of temperature. However,
the space group P3̅m1 of l-FeTe2 does not change in the whole
temperature range. Meanwhile, the electrical transport and
magnetic properties of l-FeTe2 change from 120 to 150 K.
These results experimentally confirm that the isostructure
phase transition occurs in l-FeTe2 in the temperature range of
120 to 150 K.
In addition, a statistical analysis of the Fe−Te bonds at

different temperatures and the corresponding explanation can
be presented for the isostructural phase transition of l-FeTe2.
Figure 6 shows the bond lengths of Fe−Te1 and Fe−Te2, the
relative value of the bond lengths between Fe−Te1 and Fe−
Te2 (Fe−Te1/Fe−Te2), and the full-width at half-maxima
(FWHM) of the (004) peak from 100 to 250 K. The bond
lengths of Fe−Te1 and Fe−Te2 having nonlinear changes with
decreasing temperature and the ratio of Fe−Te1/Fe−Te2, close
to 1, indicates a slight distortion in the FeTe6 regular
octahedra.

Figure 4. Electrical transport phenomenon and magnetic properties of l-FeTe2. (a) Temperature-dependent resistance plot from 2 to 300 K. (b)
Temperature-dependent magnetization (M−T) plot along H∥c at the 100 Oe field from 2 to 300 K. The inset shows the enlarged view of the
corresponding M−T curve from 110 to 170 K. (c) Experimental MR data and the fitted SdH oscillation curve at 4 K. (d) Residual signals of ΔMR
after subtracting background from the fitted SdH oscillation curve. The inset displays the FFT spectrum of the ΔMR vs 1/B plot.
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In Figure 6, we have also found that the changes in Fe−Te1/
Fe−Te2 and FWHM are correlated with each other. As we
lower the temperature from a high value to 160 K, the FWHM
and the corresponding internal stress increase with decreasing
temperature and reach their maximum around 170 K. As we all
know, the FWHM is associated with the internal stress of the
material. With further lowering the temperature, FWHM
decreases and Fe−Te1/Fe−Te2 increases abruptly at 150 K,
corresponding to the opposite trend observed in the change in
Fe−Te1 and Fe−Te2 bond lengths with temperature. More-
over, this opposite trend in the change of the Fe−Te bond
length further indicates the shift of a Fe atom position in the
FeTe6 octahedron. The displacement of Fe atoms changes the
stress state inside the FeTe6 octahedron and releases the
increased stress with the decrease in temperature. A slight
increase of FWHM and Fe−Te1/Fe−Te2 at 120 K again
suggests a subtle displacement of the Fe atom in the FeTe6
octahedra. This change is also reflected in the sudden increase
of cell parameter c.
Overall, we believe that the increase in the internal stress

with decreasing temperature and its maximum value, which the
crystal structure can sustain at a certain temperature, plays a
key role in the presence of the isostructural phase transition in

l-FeTe2. The Fe atoms’ slight displacement results in a slight
distortion of the FeTe6 octahedra, releasing the internal stress
and reducing the energy of the system. Meawhile, the
displacement of Fe atoms leads to the redistribution of the
electronic structure and results in the change in physical
properties of the material. The slight distortion of FeTe6
octahedra could be caused by the combination of high-
temperature quenching and inhomogeneous distribution of Te
atom vacancies in the upper and lower Te atom layers.
It is important to mention that the changes in lattice

constants a/a250K, c/c250K, and a/c in Figure 5c are closely
related to the transitions observed in electrical transport and
magnetization plots in Figure 4a,b. First, the discontinuous
jump and the oscillation in the magnetization curve at 150 K
can be correlated to the change in the lattice constant a/a250K,
which ensures the beginning of the isostructural phase
transition. On the other hand, as we cool the sample from
150 K, the lattice constant c/c250K first increases abruptly at 120
K and then decreases with further decrease in temperature. In
analogy with this, the electrical transport property also changes
from an insulating to metallic state, and the magnetization
value suddenly drops at the same temperature near 120 K,
which further establishes a clear correlation between these
properties.

■ CONCLUSIONS
In summary, for the first time, we have successfully synthesized
a pure and large-size single crystal of layered l-FeTe2 by a solid-
state reaction method according to the Fe−Te phase diagram
and theoretical prediction. On the other hand, the Rietveld
refinement results corresponding to the powder XRD pattern

Figure 5. Evolution of the in situ low-temperature XRD pattern. (a)
Low-temperature XRD plots from 90 to 300 K. (b) Evolution of the
(004) characteristic peak in the corresponding XRD plots from 90 to
300 K. (c) Temperature dependence of the lattice constant values and
the peak position of the (004) characteristic peak.

Figure 6. Bond lengths of Fe−Te1 and Fe−Te2, the relative value of
the bond lengths between Fe−Te1 and Fe−Te2 (Fe−Te1/Fe−Te2),
and the full-width at half-maxima (FWHM) of the (004) peak from
100 to 250 K. The schematic of Fe−Te1 and Fe−Te2 bonds has been
shown in Figure 1.
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provide the detailed crystallographic structure with lattice
constant values. In addition, they also indicate that the
elemental composition of Fe and Te is close to 1:1.8, which is
confirmed by the EDS measurement. The purity of the single
crystal can provide a guarantee for further exploration of the
physical properties of l-FeTe2. The layered structure can be
clearly observed from the SEM images. Thermoanalysis and
XRD data after annealing at different temperatures indicate
that l-FeTe2 is a metastable material. The SdH oscillation
phenomenon has also been demonstrated for this compound
under a high magnetic field at 4 K. Furthermore, it is observed
from the electrical transport, magnetization, and in situ low-
temperature XRD measurements that l-FeTe2 undergoes a
first-order isostructural phase transition at low temperature.
More importantly, the electrical state is transformed from an
insulating to metallic state when the phase transition is
complete at 120 K. Overall, a correlation has been established
among the electrical transport properties, magnetization, and
low-temperature XRD results of l-FeTe2.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c00467.

l-FeTe2 single crystal dissociated along the a−b direction
and the location of point data and mapping data
collected on the (001) face of EDS (Figure S1); the
result of EDS analysis of Fe and Te elemental
compositions at each point and their average on the l-
FeTe2 single crystal, which is shown in Figure S1 (Table
1); the electrical transport measurements under high
pressure in diamond anvil cells from 0.66 to 10.2 GPa
(Figure S2); the field dependence of magnetization (M−
H) at different temperatures with the H ⊥ a−b plane
(Figure S3); the experimental MR data and the fitted
SdH oscillation curve at 2 K, which indicates that the
SdH oscillation can be observed at a lower temperature
(Figure S4); the Raman spectra of l-FeTe2 at various
temperatures from 100 to 250 K (Figure S5); and the
list of the calculated lattice constants and the peak
positions and FWHM of (004) characteristic peaks of l-
FeTe2 under different low temperatures (Tables S2 and
S3) (PDF)
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