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y in single-crystalline ZrTe3−x (x #
0.5) nanoplates†

Jie Wang, ‡ab Min Wu,‡*a Weili Zhen,ab Tian Li,a Yun Li,ac Xiangde Zhu,a Wei Ning*a

and Mingliang Tian*ad

Superconductivity with an unusual filamented character below 2 K has been reported in bulk ZrTe3 crystals,

a well-known charge density wave (CDW)material, but still lacks in its nanostructures. Here, we systemically

investigated the transport properties of controllable chemical vapor transport synthesized ZrTe3−x

nanoplates. Intriguingly, superconducting behavior is found at Tc = 3.4 K and can be understood by the

suppression of CDW due to the atomic disorder formed by Te vacancies. Magnetic field and angle

dependent upper critical field revealed that the superconductivity in the nanoplates exhibits a large

anisotropy and two-dimensional character. This two-dimensional nature of superconductivity was

further satisfactorily described using the Berezinsky–Kosterlitz–Thouless transition. Our results not only

demonstrate the critical role of Te vacancies for superconductivity in ZrTe3–x nanoplates, but also

provide a promising platform to explore the exotic physics in the nanostructure devices.
Two-dimensional (2D) layered transition metal dichalcogenides
(TMDs) have attracted extensive attention owing to their
plethora of remarkable physical properties,1–3 including
superconductivity,4–6 charge density wave (CDW),7–9 Mott
insulator,10–12 topological phase,13–15 moiré electronics etc.16–19

Among the TMDs, zirconium tellurium compounds have
attracted increasing research interest because of the existence
of different compositions and properties. ZrTe was theoretically
proposed to be a non-abelian topological semimetal with triply
degenerate nodes,20,21 and experimentally demonstrated to
possess multiple Fermi surfaces with light effective masses by
the measurement of quantum oscillations.22 Massless Dirac
fermions and negative magnetoresistance were observed in
topological material candidate ZrTe2.23–25 Although the topo-
logical nature of ZrTe5 remains a puzzle, a number of inter-
esting phenomena have been discovered in transport
experiments, such as log-periodic oscillations,26 the quantum
Hall effect,27 four-fold splitting of the non-zero Landau levels,28
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gigantic magneto-chiral anisotropy,29 etc. Another fascinating
composition is layered ZrTe3, which was known for decades as
a CDW material.30

ZrTe3 crystallizes in TaSe3-type structure (space group P21/
m), which consists of a quasi-one-dimensional chain along the
b-axis and quasi-two-dimensional layer along the ac plane.31

Electronically, a resistance anomaly associated with the
formation of the CDW state due to Fermi surface nesting is
established at 63 K in ZrTe3 crystals.30 More importantly, la-
mentary superconductivity below Tc = 2 K is observed at
ambient pressure when the CDW is quenched.32 To increase the
superconducting transition temperature Tc, metal atom inter-
calation,33 element substitution34 and pressure32 have been
widely used. However, most studies on the superconductivity of
ZrTe3 were focused on the bulk crystals, and experimental
evidence for the superconductivity in low-dimensional ZrTe3
nanoplates or nanowires was rarely reported. Previous studies
uncovered that the mechanically exfoliated ZrTe3 nanowires
display a semiconducting behavior,35 and the ZrTe3 nano-
ribbons prepared by chemical vapor deposition exhibit an
unexpected ferromagnetism coming from structural imperfec-
tion and edge-states.36 These observations limit the possibilities
for unveiling the superconducting state in ZrTe3 nano-
structures. Therefore, whether the superconductivity survives in
the ZrTe3 nanostructures is still unknown.

In this work, we carried out comprehensive electrical trans-
port measurements on chemical vapor transport (CVT) synthe-
sized ZrTe3−x nanoplates, which were characterized by scanning
electron microscopy (SEM), energy dispersive X-ray (EDX)
spectroscopy and Raman spectroscopy. The ZrTe3−x nanoplates
show a superconducting transition at Tc = 3.4 K, which was
Nanoscale Adv., 2023, 5, 479–484 | 479
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attributed to the existence of Te vacancies that are determined
by using the EDX spectrum. Moreover, the superconducting
behavior in ZrTe3−x nanoplates shows strong anisotropy with
magnetic eld orientation and 2D characteristics of that are
consistent with the Berezinskii–Kosterlitz–Thouless (BKT)
transition. Our results signify that ZrTe3−x nanoplates offer an
opportunity for discovering novel phenomena in the nano-
structure devices.

Usually, the chemical vapor deposition method was
employed to grow high-quality nanoplates/nanowires of layered
TMDs.37 Very recently, it had been demonstrated that the CVT
method also can be used to directly prepare thin akes of TMDs
with comparable quality by slowing down the growth rate.38,39

Moreover, because of the CVT growth progress in an evacuated
ampule, it is a useful way to grow ambient sensitive materials.40

Thus, in this work, we utilized the CVT approach to synthesize
the ZrTe3 nanoplates in a neck ampule with iodine as a trans-
port agent (to slow down the reaction rate, the ingredients are
separated in the ampule), as shown in Fig. 1(a). 5 g Zr pieces and
100 mg I2 were placed in an evacuated quartz tube, together
with 0.3 g Te located at the position of the narrow neck of
a quartz tube with a diameter of less than 1 cm. The evacuated
ampule was placed into a horizontal two zone furnace, where
the source zone was heated to 540 °C and the growth zone was
heated to 450 °C at a rate of 1 °C per minute. Aer 150 minutes,
the furnace was cooled down to room temperature. To study the
transport properties, the grown ZrTe3 nanoplates were trans-
ferred onto the conventional SiO2/Si substrates in the glovebox,
and then onto patterned electrodes by standard electron-beam
lithography and li-off techniques. To prevent contamination
or oxidation, the devices were covered with poly (methyl meth-
Fig. 1 Synthesis and characterization of ZrTe3−x nanoplates. (a) Schema
SEM image of as-grown ZrTe3−x nanoplates on pure silicon. Scale bars: 2
ratio of the nanoplates determined by using the EDX spectrum. (d and e) M
of ZrTe3−x nanoplates.

480 | Nanoscale Adv., 2023, 5, 479–484
acrylate) layers on the surface before the transport
measurements.

Fig. 1(b) shows the SEM image of the as-grown nanoplates on
a pure silicon substrate, where most are rhombus or parallelo-
gram shaped. However, when transferred onto SiO2/Si
substrates, the shapes of nanoplates changed into trapezoid
(see the upper inset of Fig. 2(a)). The corresponding EDX data
are shown in Fig. 1(c). Apparently, the nanoplates are composed
of Zr and Te with an atomic ratio less than 1 : 3, indicating the
presence of Te deciencies in the nanoplates, and the stoichi-
ometry should be ZrTe3−x (x # 0.5). Fig. 1(d) and (e) show the
elemental mappings measured by EDX, from which Zr and Te
atoms are uniformly distributed across the nanoplates. More
structural characterizations (HRTEM and SAED) about ZrTe3−x

nanoplates can be seen in the ESI Fig. S1.† The typical Raman
spectra of synthesized ZrTe3−x nanoplates are shown in Fig. 1(f).
Four obvious Raman peaks are found at u1 = 83 cm−1, u2 = 106
cm−1, u3 = 141 cm−1, and u4 = 212 cm−1, which are consistent
with the previous reports.31,33

Fig. 2(a) shows the temperature dependence of nanoplate
resistance under a zero magnetic eld. Metallic behavior was
observed above 4.5 K, below which the resistance begins to
decrease and it drops to zero at 2.3 K (as indicated by the
enlarged R(T) curve in the bottom inset of Fig. 2(a)), indicating
the occurrence of a superconducting transition in ZrTe3−x

nanoplates. To quantitatively analyze the superconductivity, the
“50% criterion” was used to dene Tc (upper critical eld Bc) as
the temperature (magnetic eld) at which the resistance drops
to 50% of the normal state value. In this case, Tc is about 3.4 K,
which is larger than that of bulk ZrTe3 crystals.28 Supercon-
ductivity transport of different samples can be seen from ESI
tic for growing ZrTe3−x nanoplates by the controlled CVT method. (b)
0 mm. (c) The chemical element ratio of the three samples. (c) Atomic
apping images of Zr and Te elements, respectively. (f) Raman spectrum

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Anisotropic superconducting behavior in ZrTe3−x nanoplates. (a) Temperature dependence of resistance. Upper inset: SEM image of
a typical device. Bottom inset: Enlarged R–T curve around the superconductivity critical temperature. (b and c) The temperature-dependent
resistance under a magnetic field parallel to and perpendicular to the sample plane, respectively. (d) Temperature-dependent Bc2 for the
magnetic field parallel to and perpendicular to the sample plane with the red curves showing the theoretical fitting by the standard GL model.
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Fig. S2–S5.† Previous studies have demonstrated that high
growth temperature and doping can enhance the super-
conducting transition temperature Tc of bulk ZrTe3 through
inducing disorders that suppress the CDW state.34,41 Super-
conductivity and charge density waves are in signicant
competition and the existence of charge density waves is
detrimental to superconductivity. In our samples, by intro-
ducing appropriate tellurium vacancies, we found that the
charge density wave was signicantly suppressed and the
superconductivity emerged during transport measurements,
which is consistent with previous results, such as element
substitution, intercalation and high pressure. Therefore, we
conclude that the observed superconductivity with higher Tc in
ZrTe3−x nanoplates can be ascribed to the presence of Te
vacancies determined from the EDX spectrometry (Fig. 1(c) and
ESI Table S1†).

To study the anisotropy of superconductivity in ZrTe3−x

nanoplates, we investigated the temperature dependence of
resistance when different magnetic elds are parallel and
perpendicular to the sample plane and the results are presented
in Fig. 2(b) and (c). In both congurations, the superconducting
transition temperature shis to a lower temperature with the
© 2023 The Author(s). Published by the Royal Society of Chemistry
increase in the magnetic eld. The magnetic eld that
completely suppresses the superconductivity is about 2.5 T for
the parallel eld direction (Bkab), which is 5 times larger than
that for the perpendicular scenario (Btab, ∼0.5 T). The large
anisotropy of the upper critical eld indicates 2D characteristics
of superconductivity in ZrTe3−x nanoplates. In addition, the
dependence of the out-of-plane upper critical eld on
a temperature close to Tc displays a linear behavior, as shown in
Fig. 2(d), which is in accordance with the standard Ginzburg–
Landau (GL) theory:42

Bc2;tðTÞ ¼ F0

2pxGLð0Þ2
�
1� T

Tc

�
(1)

where F0 and xGL(0) are the ux quantum and GL coherence
length, respectively. The estimated GL coherence length from
the tting curve (Fig. 2(d)) is about 29.6 nm. For the in-plane
eld scenario, the temperature dependence of the upper critical
eld follows the 2D GL behavior:43

Bc2;kðTÞ ¼ F0

ffiffiffiffiffi
12

p

2pxGLð0Þdsc

�
1� T

Tc

�1=2

(2)
Nanoscale Adv., 2023, 5, 479–484 | 481
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where dsc is the superconducting thickness. As depicted in
Fig. 2(d), the extracted dsc is about 28.4 nm and smaller than the
GL coherence length, which is consistent with the expectation
for a 2D superconductor.

To further uncover the dimensionality of superconductivity
in ZrTe3−x nanoplates, we performed the angle dependent
superconducting transition measurements. Fig. 3(a) shows the
magnetic eld direction dependence of nanoplate resistance at
T = 1.8 K, where q is the tilted angle between the direction of
current and magnetic eld B, as schematically illustrated in the
inset of Fig. 3(a). With decreasing angle q, the superconducting
transition shis to a high magnetic eld and the upper critical
eld reaches a maximum at q = 0° (Fig. 3(b)). It has been veri-
ed that the upper critical eld in a 2D superconductor is
signicantly enhanced when the magnetic eld is parallel to the
sample plane,44 which is consistent with our results, as shown
in Fig. 3. Furthermore, the relationship between q and upper
critical eld Bc2 exhibits a sharp cusp, as plotted and shown in
Fig. 3(b). All these experimental pieces of evidence enable us to
deduce that the observed superconductivity in ZrTe3−x nano-
plates has a 2D nature. For a superconductor with 2D charac-
teristics, the angle dependent Bc2 can be well described by using
the Thinkham model:44,45.

����Bc2ðqÞsinq
Bc2;t

����þ
�
Bc2ðqÞsinq

Bc2;k

�2

¼ 1 lim
x/N

(3)

As indicated by the red solid curve in the inset of Fig. 3(b),
the experimental data can be well captured by using the
Thinkham model. It is worth pointing out that the 3D aniso-
tropic GL model46 is also utilized to t Bc2(q), as indicated by the
blue solid curve in the inset of Fig. 3(b). Obviously, the tting
cannot describe the Bc2(q) curve.

It is well known that the transport properties for 2D char-
acteristic superconductivity feature a BKT transition that is
characterized by the BKT temperature TBKT.47 Fig. 4(a) shows the
Fig. 3 Angular dependence of transport properties in ZrTe3−x nanopla
measured at T = 1.8 K. Inset: Schematic of angular-dependent resistance
T = 1.8 K, 2.4 K, and 3.2 K. Inset: Comparation between the Thinkham m

482 | Nanoscale Adv., 2023, 5, 479–484
I–V curves on a log–log scale with temperature ranging from 2.4
K to 4.6 K. The V–I dependence is found to obey a power-law, V
f Ia, and a represents slopes of the curve when the current
approaches the linear region. The linear line has a slope of 1 in
the high temperature region (4.4–4.6 K), which means the
complete disappearance of superconductivity. The dashed line
corresponds to V f I3 at the BKT transition. The temperature
dependence of the exponent a is shown in Fig. 4(b). It can be
seen that the value of a increases rapidly with T < Tc, and
approaches 3 at a temperature of ∼3.17 K, which is thus iden-
tied as TBKT. In addition, according to the BKT model, the R(T)
curve under a zero magnetic eld at just above TBKT follows the
Halperin–Nelson equation:42

R ¼ R0exp

0
@�bt�1

2

1
A (4)

where R0 and b are material-specic parameters, and

t ¼ T
TBKT

� 1 As shown in Fig. 4(c), the R(T) data can be well

tted by using eqn (3), yielding TBKT = 3.16 K, which is highly
consistent with the value obtained from the power-law analysis
of the I–V curves. The existence of the BKT transition provides
further strong evidence for the 2D nature of superconductivity
in ZrTe3−x nanoplates.

In conclusion, we have presented systematic transport
properties of CVT grown ZrTe3−x nanoplates. The super-
conducting transition is found at T = 3.4 K due to the existence
of Te vacancies in the nanoplates, as revealed by the EDX
spectrum. Meanwhile, the observed superconductivity exhibits
large anisotropy with the magnetic eld direction and features
the 2D nature of the superconducting transition that was
demonstrated by the existence of the BKT transition. Our results
suggest thin akes of layered TMDs prepared by CVT provide
a viable way to study the potential properties in the
nanostructures.
tes. (a) Resistance as a function of magnetic field at different angles
measurement. (b) Angle-dependent upper critical field Bc measured at
odel (red line) and GL model (blue line) within ±10.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The BKT transition in ZrTe3−x nanoplates. (a) Voltage dependence of current from 2.4 K to 4.6 K. The dashed line corresponds to Vf I3. (b)
Temperature dependence of the exponent a extracted from V–I curves in (a). The BKT temperature is about TBKT = 3.17 K as indicated by the
dashed line. (c) At B = 0, the R(T) curve can be well fitted by using the Halperin–Nelson formula above TBKT, which yields TBKT = 3.16 K.
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