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Abstract
In this work, the origin of the highly anisotropic superconducting transition in ZrTe3, where the
resistance along the a axis,Ra, is reduced at 4 K but those along the b axis,Rb, and ¢c axis,Rc′, are
reduced at 2 K, was exploredwith the application of amagneticfield and pressure by the electrical
resistancemeasurements.We found that the behavior of the upper criticalfield and its anisotropy as
well as the pressure dependence determined by theRameasurements are quite similar to those ofRb.
Moreover, the excess conductivity forRb indicates anomalous behavior. These results support an
unconventional origin for the anisotropic transition rather than conventional superconducting
fluctuation. The reduction inRa is due tofilamentary superconductivity(SC) induced by locally
bound electron pairs (local pairs), which correspond to bi-polarons, and the transition ofRb

corresponds to the emergence of bulk SC originating from theCooper pairs triggered by the transfer
of the local pairs.

1. Introduction

Up to now, the coexistence and competition between charge density waves (CDWs) and superconductivity (SC)
have been amajor research topic in the field of condensedmatter physics. Indeed, CDW transitions have been
observed in low-dimensionalmaterials such as transition-metal di- and trichalcogenides [1–4], which have
chain and layered crystal structures, as well as cuprates [5–8].Many compounds exhibit SC behavior at low
temperatures in theCDWordering state [9, 10]. In some cases, theCDWand SC states are suppressed or
enhanced by pressure, indicating that their peculiar electronic structures due to low dimensionality can play a
crucial role with regard toCDWand SC coexistence and competition. It is of interest and value to reveal the
mechanismof suchCDWs and SC.

Among these compounds, ZrTe3 has attracted considerable attention owing to its unique electronic
structures, which originate from the low dimensionality of the crystal structure [11, 12]. Strikingly, when the
temperature is reduced below theCDW transition temperatureTCDW (=63 K), a highly anisotropic resistive
transition in the SChas been observed. The resistanceRa along the a axis starts to decrease at 4 K,whereas the
resistancesRb andRc′ along the b and ¢c axis, respectively exhibit relatively rapid reductions at 2 K [13, 14]. Since
magneticmeasurements have shown that a diamagnetic signal is not observed down to 2 K [14], the reduction of
Ra can arise from filamentary SC rather than bulk SC. This unusual behavior can be explained by two scenarios,
conventional superconducting fluctuation and SC induced by locally bound electron pairs (local pairs). In the
former, the reduction inRa is attributed to afluctuation in the bulk SC enhanced by the lowdimensionality. In
the latter, the transitions ofRa and ¢Rb c, correspond tofilamentary and bulk SC, which originate from the
formation of local pairs, namely bi-polarons, andCooper pairs induced by the transfer of the local pairs,
respectively, owing to a peculiar electronic structure after the CDWtransition [15]. At thismoment, it remains
unclear which interpretation is acceptable.Moreover, although formation of the local pairs has been discussed as
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a possiblemechanism of high-temperature SC for a long time [16–18], experimental indications are still limited.
In this sense, investigations on SC in ZrTe3 can provide important insights regarding the presence of local-pair
induced SC.

To understand SC inmore detail, we discuss the influence of pressure and themagnetic field on the SC in
ZrTe3, as determined viaRa andRbmeasurements. The experimental results are shown in section 3. In
section 3.1, the pressure–temperature (P–T) phase diagram is constructed. The behaviors of the upper critical
fields Hc2 are discussed using theGinzburg–Landau (GL) theory in sections 3.2 and 3.3.We found that the
temperature and pressure dependences of Hc2 obtained byRameasurement is similar to those obtained byRb

measurement.Moreover, to explore the peculiar properties of the filamentary SC, the Hc2 curves and Hc2

anisotropy are assessedwith severalmodels based on theGL theory. Additionally, in the analysis of the
superconducting fluctuationwith theAslamazov and Larkin (AL) theory (section 3.4), the excess conductivity of
Rb seems to have a one-dimensional (1D) character, although the bulk SC is observed in this current
configuration. As discussed in section 4, by taking into consideration previous studies, we conclude that our
results indicate unconventional origins for the anisotropic superconducting transition, which is attributed to
local-pair-induced SC rather than conventional superconducting fluctuation.

2. Experimental

Single crystals of ZrTe3were prepared using the iodine (I2) vapor transportmethod [15]. The crystal structure is
shown infigure 1(a). Chains consisting of ZrTe3 prisms formed along the b axis. In thefigure, upright and
inverted chains are alternately arranged along the a axis, forming layers. The layers are stacked perpendicularly
to the ab plane (along the ¢c axis), where the ¢c axis is tilted slightly from the c axis because of themonoclinic
crystal structure. Band structure calculations predicted quasi-one-dimensional (Q1D) Fermi surface (FS) sheets,
a three-dimensional (3D) sheet, and a vanHove singularity (vHS), which consists of the intersection ofQ1D and
3D (Q1D+3D) FSs, [12] as shown infigure 1(b).

The electrical resistivity wasmeasured using a standard four-terminalmethod. The typical crystal sizes used
in the experiments conducted in this studywere 1×0.5×0.01 mm3. Four goldwires 20 μm in diameter were
attached to the cleaved surfaces of the samples using carbon paste. To detect the anisotropic SC transition,Ra

andRbweremeasuredwith 0.1 mAof AC current directed along the a axis for samples 1and 3 and along the b
axis for 2 and é4, respectively. For themeasurements conducted under ambient pressure, 1and 2were
mounted on the same sample holder and the data were recorded simultaneously. For the pressure
measurements, samples 3 and 4 and lead (Pb), whichwas used as themanometer [19], were set in a piston-
cylinder-type pressure cell with the pressuremedium (Daphne 7373). The experiments were carried out using
3He and dilution refrigerators with an SCmagnet.

Figure 1. (a) Schematic of ZrTe3 crystal structure. The unit cell parameters are a=5.8948 Å, b=3.9264 Å and c = 10.109 Å and
β=97.32° [11]. (b) Schematic of ZrTe3 Fermi surface [12].
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3. Results

3.1.P–T phase diagram
At room temperature, the resistivities of all ZrTe3 samples were roughly estimated under 0 kbar. as 1.5, 1.0, 0.4
and 1.0×10−6Ωm−1 for é1–é4, which are in good agreement with those of the previous report [20].
Figures 2(a) and (b) show the temperature dependence of theRa andRb under various pressures, respectively.
For I a, the resistance reducedwith decreasing temperature and then suddenly increased at approximately
70 K.No visible anomaly was observed for I b. This behavior is attributed to theCDWtransition. Further, as
the CDWforms along the direction between the a and c axes [21], the anomaly in theRb is extremely small [14].
In this study, when pressure was applied,TCDW shifted to the high-temperature side.

Figures 2(c) and (d) show theRa andRb at various pressures in the low-temperature region, respectively,
which are plotted as a function of temperature on a log scale. For 0 GPa, theRadrops to zero at 2.2 K,while the
Rb decreases to zero at 1.4 K. The highly anisotropic SC transitions are reflected by thefilamentary and bulk
nature of the SC.Note that the filamentary SC occurs along the a axis and no visible anomaly in the specific heat
[15]. On the other hand, the zero resistance for I b at 1.4 K corresponds to the bulk SC transition, where a
specific heat anomaly has previously been observed [15]. For I a, the small drops of resistancewere observed
at 0.50 GPa. At 0.82 GPa, however, no reductions in resistance were observed, even at temperatures lower than
0.1 K.On the other hand, for I b, no resistance dropswere observed at pressures higher than 0.50 GPa.

AP–T phase diagram can be constructed from the above data, as shown infigure 3. Note thatTCDW was
defined as the onset temperature of the resistance anomaly. For the SC transition, we definedTc(onset) and
Tc(R=0) as the intersection between the extrapolation from the high temperatures and the tangent line at half
of the normal state resistance, and the extrapolation of the tangent line to zero resistance, respectively, as shown
in the inset offigure 4(c). As the pressure was increased,TCDW also increases, while theTc of thefilamentary SC
reduced; these results conform to behavior reported in the previous study [22]. This behavior and the resistivity
agreement at room temperature ensuremeasurement reproducibility of themeasurements. Strikingly, theTc of
the bulk SC also decreases in the samemanner as that of the filamentary SC. Thismeans that the origin of the
bulk SC can be related to that of the filamentary SC.Moreover, asTc seems to be negatively correlatedwith the
TCDW, both the SC phases can compete with theCDWphase.

Figure 2. (a), (b)Temperature dependence of resistance for various pressures in I a (1 and 3) and I b (2 and 4), respectively. (c),
(d)Temperature dependence of resistance in low temperature region on logarithmic scales.
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3.2. Upper criticalfields
Figures 4 (a) and (b) show the temperature dependence ofRa andRb, respectively, for variousmagnetic fields,
whichwere appliedwith respect to the ab plane (along the ¢c axis) under ambient pressure.When themagnetic
field increases above 0.2 T for I a,Tc is shifted to the low temperature side and the transition became broad.

Figure 3.Temperature-pressure phase diagramof ZrTe3. The triangles and squares indicate Tc and TCDW, respectively. The closed and
open symbols indicate the Tc determined by the onset and resistance drop temperatures, respectively.

Figure 4. (a), (b)Temperature dependence of resistance under variousmagnetic fields for I a (é1) and I b (é2), respectively. (c),
(d)Magnetic-field dependence of resistance under variousmagneticfields for I a (é1) and I b(é2), respectively. The inset shows
the definition of Hc2(onset) and Hc2(R=0).
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Moreover, for I b,Tc decreases with increasingmagnetic field. Figures 4 (c) and (d) show the
magnetoresistance results for several temperatures for I a and I b, respectively. For I a, the resistance
curve exhibits a steep increase atmagnetic fields 0.2 T at 0.4 K,while for I b, this increase occurs formagnetic
fields above 0.04 T.Using the criteria shown in the inset offigure 4(c), we defined the upper criticalfield
Hc2(onset) and Hc2(R=0). Figure 5(a) shows the phase diagram for ¢H c . The open and closed symbols
represents the Hc2 derived from the temperature and themagnetic-field dependencemeasurements,
respectively.

The upper criticalfield can be associatedwith two different types of suppressionmechanism of SC, i.e. the
Pauli paramagnetic and orbital effects. In the formermechanism, the SC states are broken by Zeeman splitting
for spin singlet pairings [23]. For Bardeen–Cooper–Schrieffer (BCS) superconductors, the Pauli paramagnetic
limit can be obtained as m= D =H T2 1.84P B c, where mB is the Bohrmagneton andΔ= k T1.76 B c is the
BCS energy gap in theweak coupling limit. For example, by substituting =T 3.4 Kc for Hc2(onset)with I a,
m HP0 is estimated as 6.07 T, which is significantly larger than the Hc2(onset) value of∼0.9 T obtained from linear
extrapolation toT=0 K.On the other hand, in the latter case, the SC is suppressed by increased kinetic energy

Figure 5. (a), (b), (c)Phase diagramof ZrTe3 for themagneticfieldH // c underP=0, 0.12 and 0.37 GPa, respectively. Circles and
diamonds indicate Hc2(R=0) and Hc2(onset) for I a, respectively. Triangles indicate Hc2(R=0) and Hc2(onset) for I b. Closed
and open symbolsmean that Hc2 is determined by use of themagnetic field and temperature dependencemeasurements, respectively.
Dashed, dashed-one dotted, and dashed-two dotted lines indicate the results of fitting of theGL, coupled filament SC, and isolated
filament SCmodel, respectively.
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due to the orbital current to exclude themagnetic field. The upper criticalfield determined by the orbital effect at
T=0 K is given by [24]

m
m
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where t is the reduced temperatureT Tc. The results of the calculations are in good agreement with the
Hc2(onset) and Hc2(R=0) curves for I a and I b over the entire temperature range, as shown infigure 5(a).
The m HP0 and m H0 c2

orb(T=0) results for all the Hc2(onset) and Hc2(R=0) values are summarized in table 1.
These results indicate that the orbital effect is dominant for suppression of both the bulk and filamentary SC,
when amagnetic field is applied.

To investigate thefilamentary SC further, the Hc2 curves were comparedwith those predicted by amodel
based onGL theory [26]. This theory proposes two types offilamentary SC, where the SCfilaments are either
coupled or isolated. In the former case, the SCfilaments interact via the Josephson coupling and the I paths can
be enclosed. As a result, Hc2 is expected to be proportional to -∣( ) ∣T T Tc c nearTc. On the other hand, SC
filaments are decoupled in the latter case. Thus, the screening Ipath is not enclosed, leading to suppression of the
orbital effect. In that case, Hc2 is proportional to -∣( ) ∣T T Tc c

1 2. Therefore, the difference between these two
types offilamentary SC ismost significantly pronounced nearTc. As shown by the plot infigure 5(a), the coupled
modelfits the obtained datamore closely than the isolatedmodel. Further, the deviation between the coupled
model and our data at low temperatures is irrelevant because themodels are valid nearTc only.

TheH–T phase diagrams obtained under 0.12 and 0.37 GPa are shown infigures 5(b) and (c), respectively.
The Hc2 curves are quite similar to that for 0 GPa and fit theGL expression (equation (2))well. Therefore, the
suppressionmechanismof SC for application of themagnetic field is unchanged by pressure. All the

m H

T

d

d
0 c2 and

Hc2
orb(0) values are also summarized in table 1.

3.3. Angular dependence of Hc2

For the filamentary SC, the angular dependence of Hc2 wasmeasured. Figure 6(a) shows themagnetic-field
dependence of the resistance for various angles at 0.4 K under 0 GPa. The field anglefwas defined as the angle
between the b axis andmagnetic field, as shown in the inset of figure 6(b).When themagnetic field was tilted
from the 90° direction ( ¢H c ), the resistive transitionwas shifted to the high-field side. Figure 6(b) shows the
f dependence of Hc2(R=0) for I a. The Hc2(R=0) values in the vicinity of 0° are approximately two
times greater than those at highf, indicating anisotropic SC.We tentatively compared the data with two
different theoreticalmodels, the anisotropic GL (AGL)model [27] and the two-dimensional (2D)model. For
the AGLmodel, the anisotropy of SC is included as that of Hc2 or the effectivemass. Thef dependence of Hc2

is described as

f f f f
+ =^ 
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2

where ^Hc2 and
Hc2 are the upper critical fields for the perpendicular and parallel field directions relative to SC

layers, respectively. On the other hand, in the case of 2D superconductors, the layers of which are connected via
Josephson coupling, thef dependence of the criticalfield is given by [28]

Table 1. Slopes of Hc2 curve near Tc (dH/dT), Tc, and Hc2
orb(0) for P=0, 0.12, and 0.37 GPa, respectively.

0 GPa 0.12 GPa 0.37 GPa
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=
( )H
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c ( )H 0c2
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m

=
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c ( )H 0c2
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(K) (T K−1) (T) (T) (K) (T K−1) (T) (K) (T K−1) (T)

I // b Hc2(R=0) 1.37 −0.043 0.04 2.52 0.9 −0.021 0.02 — — —

Hc2(onset) 1.87 −0.081 0.11 3.44 1.4 −0.074 0.096 0.63 −0.043 0.019

I // a Hc2(R=0) 2.2 −0.11 0.18 4.14 1.4 −0.064 0.10 0.6 −0.041 0.017

Hc2(onset) 3.4 −0.341 0.80 6.07 2.8 −0.241 0.55 1.5 −0.106 0.11
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The solid and dotted curves infigure 6(b) correspond to the calculated results of the AGL and 2Dmodels,
respectively. At lowf, the Hc2(R=0) values are close to those of the AGLmodel (equation (3)), but tend to
agreewith the 2Dmodel (equation (4)) at highf. Remarkably, the anisotropy direction, as well as the
g = ~^H H 2.2c2 c2 in thefilamentary SC, agree reasonably well with the result of γ∼3 obtained for the bulk
SC [14], indicating similarity between the filamentary and bulk SCs.

To explore the peculiar properties of the filamentary SC, we compared the azimuthalf dependence data
with the theoreticalmodel [26]. As thefilamentary SCmodel is very simple [26], it can provide useful clues
concerning the behavior of the filamentary SC. In the case that SCfilaments are arranged in a rectangular lattice,
Hc2 is expected to exhibit a uniquef dependence of Hc2, with aminimumvalue for the azimuthal anglef=45°
well belowTc. This behavior corresponds to variation of Hc2 with a 90° period. On the other hand, nearTc, thef
dependence is identical to that of theAGLmodel (equation (3)). In our results forT Tc∼0.4 (figure 6), Hc2

variedwith a 180° periodwhich is consistent with the AGLmodel. This can indicate that the SCfilaments cannot
be arranged regularly.

3.4. Excess conductivity
To investigate the SCfluctuation, we extracted the excess conductivity from the resistance data. Figures 7 (a) and
(b) show the temperature dependence of the normalized excess conductivity s sD 0=(σ–s0)/s0, where s0 is
the conductivity under various pressures, for I a (at 5 K) and I b (3 K), respectively. Tc(R=0) valueswere
used. The s sD 0 curves were found to be qualitatively similar for pressure variations in both current
configurations. According to the AL theory [29], the excess conductivity due to SCfluctuation is given by

sD µ
- -⎛

⎝⎜
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⎠⎟ ( )T T

T
, 53D

c

c

1
2

sD µ
- -⎛

⎝⎜
⎞
⎠⎟ ( )T T

T
, 61D

c

c

3
2

for 3D and 1D superconductors, respectively. The dashed lines infigure 7 are calculations for the 3D and 1D
cases, which have been included to facilitate a qualitative comparison in the temperature dependence. For I a,
the experimental results agree with the 1DALmodel, which is consistent with a previous report [30]. For I b,
the temperature dependence corresponds to the 1D rather than the 3Dmodel, although the bulk SC is observed
in this I configuration.

Figure 6. (a)Magnetic-field dependence of resistance for variousf at 0.4 K under 0 GPa. (b)Angular dependence of Hc2(R=0) for
I a. The inset shows the definition off.
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4.Discussion

Wenowdiscuss the origins of the bulk and filamentary SCs from the perspective of the electronic structure.
Recent ARPESmeasurements have shown that theQ1DFSs vanish as a results of the CDWformation (see
figure 1(b)) and, simultaneously, a large enhancement in the electronic density of states near the vHS can be
observed at the Fermi energy (EF) below TCDW [31]. As has been shown infigure 3,TCDW increases when theTc

values of both SCs decrease with increasing pressure. This indicates that the remainingQ1D+3DFSs are related
to the emergence of the SC, rather than the 3DFSs.

In the band calculations [12], the energy dispersions of theQ1D+3DFSs in the vicinity of the vHS are almost
flat, corresponding to vF∼0, where vF is the Fermi velocity. It is known that a vHS at EF can have FS instabilities
that introduce a SC state [32, 33]. If electron pairs ofQ1Dparts of the FSs are formed, the spatial size of the

correspondingwave packet can be estimated based on the Pippard coherence length x ~ v

k T0
F

B c
, where ÿ and kB

denote the Planck andBoltzmann constants, respectively [25]. As vF∼0, x0 is expected to be very small, yielding
electron pairs with very short coherence length that tend to be localized. Such local pairs correspond to bi-
polarons consisting of electrons bound by strong electron–phonon interaction [16–18]. As they have Bose
characters, the local pairs can condense into a SC state analogous to the superfluid state of 4He II [34].

In ZrTe3, the local pairs form along the a axis; this is becauseQ1DFS consists of electrons in the narrow band
originating from the px orbitals of the Te(2)–Te(3) chain parallel to the a axis, as has been shown infigure 1(a).
With decreasing temperature, local pairs are induced and phase coherence develops gradually, causing broad
resistive transition along the a axis. In thismanner, the unique electronic structure of ZrTe3 favors SC as a results
of the local pair formation.

Furthermore, several theories have predicted that, in the case of narrow-andwide-band hybridization, the
local pairs in the narrow band can induceCooper pairs spontaneously among the electrons of thewide band
[16, 17]. In ZrTe3, as the 3DFS is derived fromwide-band electrons, such hybridization is realized in the vicinity
of vHS [12]. If a large number of local pairs are induced as the temperature decreases, the local pairs of the
narrow band are transfered to thewide-band states of theQ1D+3DFSs, inducing Cooper pairs. This behavior
yields the bulk SC. In fact, this picture corresponds to a crossover between thefilamentary and bulk SCwith
varying temperature, which explains the anomalous behavior of the specific heat well, as was discussed in a
previous report [15].

The inseparable relationship between the two types of SC induced by the local andCooper pairs is consistent
with the implications of our results. As shown infigure 5, the Hc2 curves of the filamentary SCwere quite similar
to those of the bulk SC.Moreover, thefilamentary SC phasewas decreased in the samemanner as the bulk phase,
when the pressure was increased. As regards the anisotropy of Hc2, the direction and γ value of thefilamentary
SC are in agreement with those of the bulk SC.

In ZrTe3, the onset temperature ofRa ismuch higher than that ofRb by∼3 K. This behavior indicate that
bulk SC coherence is not easy to establish because coupling between the SCfilaments is veryweak because of a

Figure 7. (a), (b)Temperature dependence of normalized excess conductivity for I a and I b, respectively. The dashed lines
indicate the results calculated for 1D and 3D cases using theAL theory.
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very short coherence length. This is consistent with their extremely short coherence length of less than 10Å for
thefilamentary SC, which suggested by the specific heatmeasurements [15].

On the other hand, a similar two-stage resistive transition of SC has been reported in theQ1Dmaterials
family such as Tl2Mo6Se6 andNa2Mo6Se6 [35, 36]. As temperature decreases, the resistivity reduces but does not
become zero in Tl2Mo6Se6. This behavior can be explained by appearance of SCfluctuation owing to a highly 1D
crystal structure.When the temperature is lowered further, such 1D SCbundles become coupledwith each
other and establish 3Dphase coherence, showing the zero-resistive transition due to the bulk SC.However, the
onset temperature of the SCfluctuation is higher than that of the bulk SC by only∼1 K, indicating that 3D SC
correlation developsmore easily than it does in ZrTe3. Therefore, the coherence length of the SCfluctuation is
expected to be longer than that in ZrTe3. Thisfinding suggests that thefilamentary SC in ZrTe3 can arise from
the local pairs as a limit for a very short coherence length rather than the ordinary Cooper pairs.

Our results regarding the excess conductivity are in agreement with the 1DALmodel rather than the 3D
model, for both the I configurations. This agreement is reasonable for I a, because the SC channel develops
along the a axis, indicating that the fluctuation is derived from the highly 1D SC.On the other hand, for I b,
the disagreement with the 3Dmodel is unexpected, as the bulk SC can originate from the 3DFS. Similar
behaviors have been observed in the cuprates and suggest the existence of 1D conducting channels in the
compound [37]. However, as such a 1D conducting channel is expected along the a axis in ZrTe3, thisfinding
cannot explain our results. Instead, this anomalous behaviormay indicate that the conventional fluctuation
theory is not appropriate for our data. According to the local-pair induction scenario, the bulk SC emerges in
addition to thefilamentary SC. Thus, we speculate that such thismixing of two kinds of SC, that is, the
unconventionalmechanism of the bulk SC increases the complexity of the fluctuation phenomena. This
behavior can yeild unusual excess conductivity, corresponding to deviation from the 3DALmodel.

Here, we summarize the above discussions and consider the origin of the filamentary SC. In our results, the
pressure dependencies ofTc (figure 3) and Hc2 (figure 5), as well as themagnetic field angular dependence of Hc2

(figure 6) of the filamentary SC are similar to those of the bulk SC, indicating a connection between these types of
SC. These discussions are not sufficient to concludewhether the filamentary SC can be regarded as afluctuation
in the bulk SC enhanced by low dimensionality alone or local-pair-induced SC.However, the discussion of the
electronic structure based on the band structure calculation [12] andARPESmeasurements [31] indicates that
theQ1D+3DFSs after the CDW transition are relevant to an SC emergence that favors local-pair formation.
The comparisonwith the SC transition in Tl2Mo6Se6 suggests that the filamentary SC in ZrTe3 can be attributed
toCooper pairs characterized by extremely short coherence lengths.Moreover, the excess conductivity observed
in this study (figure 7) and the anomalous specific heat [15] suggest that bulk SCfluctuation does not agree with
conventional fluctuation theory. Therefore, from a comprehensive perspective, it is reasonable to conclude that
our results favor the local-pair-induced SC scenario rather than conventional SC.

The Hc2 of thefilamentary SC is worth noting as it can reflect the characteristics of the local pair-induced SC.
Usually, for Josephson-coupled superconductors, the Hc2 values at low temperatures are large. In previous
studies, they exceeded Hp [38, 39]when amagnetic fieldwas applied to the Josephson-coupled SC chains or
layers, because the orbital current pathwas enclosed by the Josephson junctions, suppressing an increase in the
kinetic energy. In contrast to the behavior reported in those studies, although the SC filaments were coupled by
the Josephson effect in this study, the Hc2 curves indicate that the orbital pair-breaking effect played a dominant
role in the SC. Theweakness of thefilamentary SC under the influence of amagnetic fieldmay be unique to
ZrTe3. As the local pairs are confinedwithin narrow SCfilaments having extremely small cross-sectional area (as
a result of highly 1D electronic structure of ZrTe3), a critical value for the screening current can be obtained
more easily than for other high-dimensional superconductors. Thismay be the reasonwhy the Hc2 curves of the
filamentary SC are dominated by the orbital pair-breaking effect.

Several theoreticalmodels of local pair-induced SChave predicted that Hc2 is determined by the Pauli
paramagnetic effect [40] and that the Hc2 curve has upward curvature and shows no saturation behavior at low
temperatures [41]. However, our results show that the Hc2 curves are in good agreement with those expected
based on consideration of the orbital effect. This discrepancymay be due to the difference in dimensionality. In
all the theoreticalmodels, a 2D electron system is assumed.However, in ZrTe3, FSs inwhich electrons haveQ1D
characteristics play a crucial role. As has been discussed above, the small critical current in thefilamentary SC
canmake a significant contribution to the behavior of the corresponding Hc2.

The small critical current of thefilamentary SCmay have an effect on themagnetic response. Previous
magneticmeasurements have shown that a diamagnetic signal is not observed down to 2 K [14]. Thismay
indicate that SCfilaments are not coupled, which seems to contradict our results. In the filamentary SC, the
critical value of the current can be very small, and the screening current will be small even if SC filaments are
coupled. This will cause difficulty in detecting the diamagnetic response in the filamentary SC.
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5. Conclusion

Bymeasuring the resistance of ZrTe3with different I configurations under an applied pressure andmagnetic
fields, we showed thefilamentary and bulk SCnature, which shows resistive transition along the a axis at 4 K and
along the other axes at 2 K. The Hc2 curves, Hc2 anisotropy, and pressure evolution obtained from the
measurement for I a were quite similar to those for I b, indicating that the origin of the filamentary SC can
be linked to that of the bulk SC.Moreover, the bulk SCfluctuation exhibited unusual behavior. The results
suggest that the emergence offilamentary and bulk SC is a consequence of local-pair formation and local-pair
inducedCooper pairs.

Acknowledgments

The authors would like to thank SYasuzuka, K Ichimura andTMatsuura for helpful discussion.

References

[1] Wilson J A,Disalvo F J andMahajan S 1975Adv. Phys. 24 117
[2] Monceau P,OngNP, Portis AM,Meerschaut A andRouxel J 1976Phys. Rev. Lett. 37 602
[3] Sambongi T, TsutsumiK, Shiozaki Y, YamamotoM,Yamaya K andAbe Y 1977 Solid State Commun. 22 729
[4] TsutsumiK, Takagaki T, YamamotoM, Shiozaki Y, IdoM, Sambongi T, Yamaya K andAbeY 1977 Phys. Rev. Lett. 39 1675
[5] WiseWD, BoyerMC,Chatterjee K, KondoT, Takeuchi T, IkutaH,Wang Y andHudson EW2008Nat. Phys. 4 696
[6] Hanaguri T, LupienC,Kohsaka Y, LeeDH,AzumaM,TakanoM,TakagiH andDavis J C 2004Nature 430 1001
[7] ShenKM et al 2005 Science 307 901
[8] Chang J et al 2012Nat. Phys. 8 871
[9] Berthier C,Moline P and JeromeD1976 Solid State Commun. 18 1393
[10] KawabataK 1985 J. Phys. Soc. Japan 54 762
[11] Furuseth S and FjellvagH1991Acta Chem. Scand. 45 694
[12] Felser C, Finckh EW,KleinkeH, Rocker F andTremelW1998 J.Mater. Chem. 8 1787
[13] NakajimaH,NomuraK and Sambongi T 1986PhysicaB 143B 240
[14] Takahashi S, Sambongi T andOkada S 1983 J. Phys. (Paris) Colloq. 44C3-1733
[15] YamayaK, Takayanagi S andTanda S 2012Phys. Rev.B 85 184513
[16] Ranninger J andRobaszkiewicz S 1985PhysicaB 135B 468
[17] Robaszkiewicz S,Micnas R andRanninger J 1987Phys. Rev.B 36 180
[18] Micnas R, Ranninger J andRobaszkiewicz S 1990Rev.Mod. Phys. 62 113
[19] EilingA and Schilling J S 1981 J. Phys. F:Met. Phys. 11 623
[20] Takahashi S, Sambongi T, Brill JW andRoarkW1984 Solid State Commun. 49 1031
[21] EagleshamD J, Steeds JWandWilson J A 1984 J. Phys. C: Solid State Phys. 17 L697
[22] YomoR, Yamaya K, AblizM,HedoMandUwatoko Y 2005Phys. Rev.B 71 132508
[23] ClogstonAM1962Phys. Rev. Lett. 9 266
[24] WerthamerNR,Helfand E andHohenberg PC 1966Phys. Rev. 147 295
[25] TinkhamM1996 Introduction to Superconductivity (NewYork:McGraw-Hill)
[26] Turkevich LA andKlemmRA1979Phys. Rev.B 19 2520
[27] LawrenceWE andDoniach S 1971Proc. 12th Int. Conf. on LowTemperature Physics ed EKanda (Japan: Academic)p 361
[28] TinkhamM1963Phys. Rev. 129 2413
[29] Aslamazov LG and Larkin A I 1968Phys. Lett. 26A 238
[30] YamayaK, YonedaM, Yasuzuka S,Okajima Y andTanda S 2002 J. Phys.: Condens.Matter 14 10767
[31] Yokoya T, Kiss T, Chainani A, Shin S andYamaya K2005Phys. Rev.B 71 140504(R)
[32] Labble J and Friedel J 1966 J. Phys. (Paris) 27 153
[33] Labble J and Bok J 1987Europhys. Lett. 3 1225
[34] Alexandrov A S, Ranninger J andRobaszkiewicz S 1986Phys. Rev.B 33 4526
[35] Bergk B, Petrovic A P,WangZ,Wang Y, SalloumD,Gougeon P, PotelM andLortz R 2011New J. Phys. 13 103018
[36] Petrovic A P, AnsermetD, ChernyshovD,HoeschM, SalloumD,Gougeon P, PotelM, Boeri L and Panagopoulos C 2016Nat.

Commun. 7 12262
[37] Han SH,Axnas J, Zhao BR andRappO2004PhysicaC 408 679
[38] Yonezawa S, Kusaba S,MaenoY, Auban-Senzier P, Pasquier C, BechgaardK and JeromeD2008 Phys. Rev. Lett. 100 117002
[39] KanoM,MoriH,Matsubayashi K, ItoiM,HedoM,MurphyT P, Tozer SW,Uwatoko Y andNakamura T 2012 J. Phys. Soc. Japan

81 024716
[40] Domanski T,MaskaMMandMierzejewskiM2003Phys. Rev.B 67 134507
[41] MierzejewskiM andMaskaMM2004Phys. Rev.B 69 054502

10

New J. Phys. 19 (2017) 063004 S Tsuchiya et al

https://doi.org/10.1080/00018737500101391
https://doi.org/10.1103/PhysRevLett.37.602
https://doi.org/10.1016/0038-1098(77)90055-2
https://doi.org/10.1103/PhysRevLett.39.1675
https://doi.org/10.1038/nphys1021
https://doi.org/10.1038/nature02861
https://doi.org/10.1126/science.1103627
https://doi.org/10.1038/nphys2456
https://doi.org/10.1016/0038-1098(76)90986-8
https://doi.org/10.1143/JPSJ.54.762
https://doi.org/10.3891/acta.chem.scand.45-0694
https://doi.org/10.1039/a802948b
https://doi.org/10.1016/0378-4363(86)90106-3
https://doi.org/10.1051/jphyscol/1983102
https://doi.org/10.1103/PhysRevB.85.184513
https://doi.org/10.1016/0378-4363(85)90533-9
https://doi.org/10.1103/PhysRevB.36.180
https://doi.org/10.1103/RevModPhys.62.113
https://doi.org/10.1088/0305-4608/11/3/010
https://doi.org/10.1016/0038-1098(84)90416-2
https://doi.org/10.1088/0022-3719/17/27/001
https://doi.org/10.1103/PhysRevB.71.132508
https://doi.org/10.1103/PhysRevLett.9.266
https://doi.org/10.1103/PhysRev.147.295
https://doi.org/10.1103/PhysRevB.19.2520
https://doi.org/10.1103/PhysRev.129.2413
https://doi.org/10.1016/0375-9601(68)90623-3
https://doi.org/10.1088/0953-8984/14/44/374
https://doi.org/10.1103/PhysRevB.71.140504
https://doi.org/10.1051/jphys:01966002703-4015300
https://doi.org/10.1209/0295-5075/3/11/012
https://doi.org/10.1103/PhysRevB.33.4526
https://doi.org/10.1088/1367-2630/13/10/103018
https://doi.org/10.1038/ncomms12262
https://doi.org/10.1016/j.physc.2004.03.107
https://doi.org/10.1103/PhysRevLett.100.117002
https://doi.org/10.1143/JPSJ.81.024716
https://doi.org/10.1143/JPSJ.81.024716
https://doi.org/10.1103/PhysRevB.67.134507
https://doi.org/10.1103/PhysRevB.69.054502

	1. Introduction
	2. Experimental
	3. Results
	3.1. P–T phase diagram
	3.2. Upper critical fields
	3.3. Angular dependence of Hc2
	3.4. Excess conductivity

	4. Discussion
	5. Conclusion
	Acknowledgments
	References



