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We present the thickness-dependent electrical properties of mechanically exfoliated single crystal

Ta4Pd3Te16 nanoribbons. By decreasing the nanoribbon thickness in the range of 500–20 nm, we

observed a suppression of superconductivity driven by both the thickness and the external magnetic

field. In particular, for the thinner nanoribbons with the thickness less than 40 nm, there is a non-

zero resistance state extending down to low temperature, followed by the loss of superconductivity

when the thickness is decreased to the order of the coherence length. We found that the theory of a

thermally activated phase slip can well describe the temperature dependence of the resistance

below Tc. The disorder-induced enhanced Coulomb interaction with the decrease in the thickness is

expected to be dominant in the gradual crossover behavior from superconducting to normal or very

weakly insulating behavior in the low-dimensional system. Published by AIP Publishing.
https://doi.org/10.1063/1.5040046

Superconductivity in low-dimensional systems has long

attracted much attention due to their unconventional nature1,2

and the simplicity of theoretical description.3 Numerous stud-

ies have illustrated that the superconductivity can be success-

fully suppressed due to either disorder-induced localization of

Cooper pairs,4 weakening of Coulomb screening,5 or genera-

tion and unbinding of vortex-antivortex pairs6 by decreasing

the size of low-dimensional systems. Furthermore, unlike in

bulk superconductors, the resistance in low-dimensional super-

conductors gradually decreases below the onset temperature of

superconducting transition (Tc) due to the thermally activated

phase-slip (TAPS) and possible quantum phase-slip pro-

cesses.7–9 For example, in the extremely thin amorphous Bi

films,10 the thickness-dependent superconductor-insulator

transition (SIT) can be attributed to the disorder, where the

critical sheet resistance is almost equal to the quantum resis-

tance Rq¼ h/4e2. In comparison, in the rectangular shaped

Nb2PdS5 nanowires with the size much larger than their phase

coherence length,11 a clear cross-sectional area dependent

SIT with quasi-one-dimensional (quasi-1D) superconducting

behavior is observed, and the temperature dependence of resis-

tance below Tc can be described by the TAPS theory without

any signature of quantum fluctuations. Therefore, it still

remains to be fully understood what is the mechanism of driv-

ing the change in superconductivity as their size is reduced

and how about the behavior of resistance below Tc in the low-

dimensional superconductors.

The ternary telluride Ta4Pd3Te16 crystal is a recently

discovered layered superconductor with quasi-1D character-

istics.12,13 The superconducting transition occurs at about

4.5 K, and the coherence length is estimated to be about

15–21 nm along the b-axis.14,15 Soon after this finding, the

scanning tunnelling microscopy (STM),15 thermal conduc-

tivity,16 and Raman scattering17 measurements have pro-

posed several novel features in this multiband system,

including the anisotropic gap structure, the existence of pos-

sible node, and charge-density-wave (CDW). Therefore, the

Ta4Pd3Te16 single crystals should be one of the extremely

attractive candidates for studying the unconventional super-

conducting properties of low-dimensional systems.

In this work, we report the electrical transport measure-

ments on exfoliated single-crystal Ta4Pd3Te16 nanoribbons

with different thicknesses. The results show that the supercon-

ductivity of Ta4Pd3Te16 nanoribbons can be gradually sup-

pressed by decreasing the thickness of nanoribbons, suggesting

a direct and credible experimental evidence of the nature of

thickness-dependent superconductivity in the layered quasi-1D

compound Ta4Pd3Te16. Such a gradual crossover behavior

from superconducting to normal or very weakly insulating

behavior can be also achieved by applying the external mag-

netic field. In addition, the temperature dependence of the

resistance below Tc can be well explained by the TAPS theory.

The Ta4Pd3Te16 crystals were grown using the self-flux

method.13 The flattened needle-like single crystals have the

typical dimensions of about 2.5� 0.25� 0.1 mm3. Because of

the layered quasi-1D characteristics, Ta4Pd3Te16 single crystals

can be cleaved easily into rectangular shaped nanoribbons with

different thicknesses. In our experiments, we used the Scotch

tape method18 to exfoliate Ta4Pd3Te16 from as-grown bulk

crystals onto a Si substrate covered with 300 nm SiO2, in which

the Ta4Pd3Te16 nanoribbons with widths ranging from 200 nm

to 1 lm and lengths from 10 lm to 50 lm were collected.

Figure 1(a) shows a scanning electron microscopy (SEM)

image of a typical Ta4Pd3Te16 nanoribbon with a thickness of

about 150 nm, which is of uniform width. To examine the

quality of the exfoliated nanoribbons, we used transmission

electron microscopy (TEM) to observe the high-resolution

TEM image and electron diffraction pattern as shown in
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Figs. 1(b) and 1(d), respectively. It is obvious that the exfoli-

ated nanoribbon is of a well-resolved chainlike structure along

the b-axis and single crystal nature without any granular-like

structure. In addition, the nanoribbons are relatively stable in

the air with an oxidation layer of about 2–3 nm on the surface

(no shown here). The thickness and width of nanoribbons were

measured using atomic force microscopy (AFM). The chemi-

cal composition was determined by energy dispersive X-ray

spectroscopy analysis (EDX), and the atomic ratio of Ta:Pd:Te

is 4:3:16 within the measurement precision (63%–5% depend-

ing on the elements measured), as shown in Fig. 1(c), in agree-

ment with the expected value.

To assess the electronic properties of Ta4Pd3Te16 nanorib-

bons, the contact electrodes were patterned on the nanoribbons

using standard ultraviolet lithography followed by electron

beam evaporation of Ti/Au (10/100 nm) in sequence. Then,

the transport measurements were carried out from room tem-

perature to 2 K with a Quantum Design Physical Properties

Measurement System (PPMS) equipped with a 9 T supercon-

ducting magnet. The resistance of each sample was obtained

by a standard four-terminal configuration with the driving cur-

rent of 0.5–1 lA flowing along the b-axis and the magnetic

fields aligned parallel to the c-axis of the nanoribbon.

Figures 2(a) and 2(b) show the temperature dependence

of resistance for the typical superconducting sample S1 and

non-superconducting sample S8, respectively. With the tem-

perature cooling from room temperature to about 10 K, all

the R–T curves show a positive slope (dR/dT> 0), indicating

a metallic characteristic. Moreover, the fitting results about

these R(T) data reveal that they almost obey R¼R0þAT2

from 35 K to 5 K, as shown in the inset of Fig. 2(a). It is one

of the features of Fermi liquid, consistent with that reported

from the bulk crystal.13 When the temperature is below 5 K,

the R–T curves show a strong thickness-dependent feature,

as clearly shown in Fig. 2(c). For the thickest nanoribbon S1

(500 nm), a superconducting transition takes place with the

Tc of about 4.1 K. When the thickness of the nanoribbon is

decreased to about sub-20 nm which is close to the estimated

coherence length,14,15 the superconducting transition disap-

pears completely, signifying a normal or very weakly

insulating behavior [the inset of Fig. 2(b)]. For clarity, Tc

versus the inverse of the nanoribbon thickness (1/d) is plot-

ted in Fig. 2(d) for the superconducting samples. It is obvi-

ous that there is a linear empirical relation between Tc and 1/

d, as observed in 2D films.19,20 Then, we can easily deduce

that in the limit of d !1, Tc¼ 4.2 K, which is very close to

the measured in bulk crystals. Here, we noted that the width

of the nanoribbon is much larger than its phase coherence

length. Therefore, these results indicate that the crucial

parameter in driving the suppression of superconducting

transition may be the thickness rather than the cross sectional

area of the nanoribbons.

From Fig. 2(c), we also noticed that with the decrease in

Tc, the corresponding superconducting transition width is

broadened followed by the appearance of a non-zero resis-

tance state for the thinner nanoribbons. For the thicker nano-

ribbons S1 and S2 whose thicknesses are larger than 100 nm,

the evolution of resistance below Tc is very quick. For the

nanoribbon of about 55 nm thickness, the transition below Tc

first remains relatively narrow and then becomes wide.

However, when the thickness is decreased to be less than

40 nm, the superconducting transition below Tc is further

broadened and remains a non-zero resistance state. Note that

the superconducting transition is suppressed gradually as the

thickness decreases, which is different from the sharp transi-

tion in the bulk crystal. Here, the transition below Tc can be

FIG. 1. (a) SEM image of a typical Ta4Pd3Te16 nanoribbon obtained by

mechanical exfoliation. (b) High-resolution TEM image of a randomly selected

nanoribbon (inset of the panel). (c) and (d) The energy dispersive X-ray spectra

and the electron diffraction pattern of the nanoribbon.

FIG. 2. Thickness-dependent superconductivity of the Ta4Pd3Te16 nanorib-

bons at zero magnetic field. (a) and (b) The R–T curves for the nanoribbons

of S1 and S8. The corresponding inset shows the expanded view of the low-

T data confirming the resistive signature of the Fermi liquid for sample S1

and very weakly insulating behavior for sample S8, respectively. (c) Low-T

parts of the normalized resistance (R/RN) versus temperature for various

samples with different thicknesses. RN is the normal state resistance at 5 K,

and the thicknesses are about 500, 140, 55, 35, 26, 22, 20, and 18 nm for

sample S1–S8, respectively. The red solid lines are the fitting to the theory

of thermally activated phase slips with the following fitting parameters.

Transition temperatures are Tc¼ 4.1, 3.9, 3.6, 3.2, and 2.9 K. Coherence

lengths are n(0)¼ 5.2, 13.0, 11.6, 18.6, and 22.7 nm. (d) Tc as a function of

1/d for various superconducting samples. The solid line is the fitting to a lin-

ear empirical relation.
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attributed to TAPS processes,7,11 which was formalized by

Langer and Ambegaokar and reexamined by McCumber and

Halperin (LAMH).21,22 Such processes have been depicted

to be

RLAMH ¼
p�h2X
2e2kT

e�DF=kT ; (1)

where X ¼ ðL=nÞðDF=kTÞ1=2ð1=sGLÞ is the attempt frequency,

DF ¼ 8
ffiffiffi
2
p

=3
� �

ðH2
c=8pÞAn is the free energy barrier for phase

slips, sGL ¼ p�h=8kðTc � TÞ is the Ginzburg Landau relaxation

time, and nðTÞ ¼ nð0Þð1� T=TcÞ�1=2
is the coherence length.

L, Hc, and A are the length, the thermodynamic critical field,

and the cross-sectional area, respectively. The theoretical fits

based on the formulations to account for TAPS are shown in

Fig. 2(c) as the red solid lines. Here, the extracted coherence

length is basically consistent with the reported experimental

results and gradually increases with the decrease in thickness,

which should be due to the suppression of Tc partially. The

agreement between the data and the model of phase slips

strongly suggests that the TAPS theory can well describe the

temperature dependence of the resistance below Tc for the

Ta4Pd3Te16 nanoribbons.

Then, we investigated the influence of the external mag-

netic field on superconducting transition for the supercon-

ducting nanoribbons with different thicknesses. Figures 3(a)

and 3(b) show the temperature dependence of resistance at

various magnetic fields for two representative superconduct-

ing samples S2 and S4, respectively. With the applied mag-

netic field increasing, Tc shifts to a lower value and the

superconducting transition width increases. Here, the behav-

ior of the magnetic field-induced superconducting transition

is qualitatively similar to that driven by the reduction in the

thickness as shown in Fig. 2(c), which suggests that the sup-

pression of superconductivity in both cases has the same

physical origin in the Ta4Pd3Te16 nanoribbons.23 On the

other hand, we noticed that the superconductivity in thinner

sample S4 is suppressed more dramatically than that in

thicker sample S2. To clarify this phenomenon, the upper

critical magnetic fields were acquired through the classical

criterion of R/RN¼ 90%, where RN is the normal state resis-

tance at 5 K. The extracted Hc2 of several nanoribbons with

different thicknesses is shown in Fig. 3(c). Then, we used the

linear extrapolations rather than the Werthamer-Helfand-

Hohenberg (WHH) theory24 to estimate the corresponding

T¼ 0 upper critical magnetic fields [Hc2(0)]. We can see that

Hc2(0) decreases from about 2.6 T to 1.7 T with the thickness

decreasing from 500 nm to 35 nm. Furthermore, in a series of

nanoribbons with the thickness ranging from about 180 nm

to 40 nm, Hc2(0) almost decreases monotonically with the

thickness decreasing, as shown in Fig. 3(d). In a word, the

Hc2(0) of Ta4Pd3Te16 nanoribbons can be restrained by the

reduction in the thickness, which might be partially due to

the suppression of Tc.

Now, we turn to the physical origin of the observed

crossover behavior from superconducting to normal or very

weakly insulating behavior. First, we note that the normal

state resistance at the transition point is much smaller than

the quantum resistance Rq � 6.45 kX and the thickness of the

Ta4Pd3Te16 nanoribbon is larger than its phase coherence

length, excluding the possibility of quantum fluctuations.25,26

Second, it is well-known that in the 1D limit, the disorder-

induced Coulomb repulsion of electrons will be enhanced

with the thickness decreasing, which can localize the elec-

tronic states and preclude the formation of Cooper pair-

ing.4,27 Hence, the superconductivity will be suppressed

resulting from the depression of the magnitude of the order

parameter by the enhanced Coulomb repulsion. The theories

also predict that DTc¼Tc–Tc0 is linear with 1/d, and eventu-

ally, superconductivity is destroyed as Tc drops continuously

to zero from the bulk value Tc0.28 We found that our experi-

mental results are consistent with such a linear behavior, as

shown in Fig. 2(d). In addition, as observed in single crystal

Sb2Te3 nanoflakes,29 the increasing disorder in the supercon-

ducting nanoribbons with thickness decreasing can be eluci-

dated by the decreasing slope of normalized resistance R(T)/

R300 (no shown here), where R300 is the resistance at 300 K.

Therefore, we can conclude that the increasing disorder with

the reduction in the nanoribbon thickness may play a crucial

role in the suppression of superconducting transition in the

quasi-1D compound. In our study, however, the accompany-

ing non-zero resistance state is of a metallic state or a very

weak insulating state rather than a clear insulating state as

observed in Nb2PdS5 nanowires,11 which suggests that the

degree of disorder may be not enough to cause a clear SIT in

the quasi-1D Ta4Pd3Te16 nanoribbons. Note that for this pur-

pose, an alternative experiment about the influence of Gaþ

irradiation on the properties of Ta4Pd3Te16 nanoribbons has

been carried out. The measurement results indicate that a

clear insulating behavior or SIT could occur in the supercon-

ducting nanoribbon due to the increase in disorder by the

Gaþ irradiation, which is not the main content here and will

be published elsewhere.

FIG. 3. (a) and (b) The R–T curves of the nanoribbons S2 and S4 at different

magnetic fields, respectively. (c) The Hc2–T phase diagrams of several

superconducting samples (S1, S2, S3, and S4), where the solid lines are the

linear fits to the data and the dashed lines are the extension of the linear fit-

ting to Hc2(0). (d) Hc2(0) versus d for series of superconducting samples

with the thicknesses ranging from 180 nm to 40 nm.
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On the other hand, because the Ta4Pd3Te16 crystal is

stacked of many quasi-1D chains coupled to each other, the

enhanced disorder-induced Coulomb repulsion competes

with the interchain coupling in the chain with the thickness

decreasing. As a result, Tc decreases gradually and then the

non-zero resistance state appears, accompanying the loss of

superconductivity at last when the thickness is decreased

from about 500 nm to sub-20 nm that is close to the order of

the coherence length. Similarly, the suppression of supercon-

ductivity by the applied magnetic field can be also qualita-

tively understood by the above-mentioned scenario. When

the external magnetic field penetrates the nanoribbon, the

interchain Josephson-like coupling can be suppressed and

the Coulomb interaction in the chains will be dominant in

the suppression of the amplitude of the order parameter,

leading to the suppression of superconductivity in the quasi-

1D compound Ta4Pd3Te16.

In summary, the transport properties of single crystal

Ta4Pd3Te16 nanoribbons with different thicknesses have

been investigated. The nanoribbons exhibit a clear

thickness-dependent suppression of superconductivity when

the nanoribbon thickness is decreased from about 500 nm to

sub-20 nm. We found that the temperature dependence of

the resistance below Tc can be explained by the TAPS theory,

and the gradual crossover behavior from superconducting to

normal or very weakly insulating behavior can be mainly

attributed to the enhanced Coulomb interactions induced by

the moderate increase in disorder with the reduction in the

nanoribbon thickness. Furthermore, the preliminary experi-

mental results from the Gaþ irradiated Ta4Pd3Te16 nanorib-

bons suggest that it is quite necessary to understand the

nature of SIT in the Ta4Pd3Te16 nanoribbons with a chainlike

structure by inquiring into the effect of the degree of disorder

in the following work.
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