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Abstract – We investigated the relationship between a charge density wave (CDW) with a tran-
sition temperature (TCDW) of ∼60 K, filamentary superconductivities (SCs) along the a-axis and
the b-axis with transition temperatures (TC’s) of ∼3.5 K, and a bulk SC with a TC below 2.5 K
in ZrTe3, by measuring electrical resistance and magnetization for several crystals synthesized at
different growth temperatures. As the growth temperature increased, the TCDW decreased, the
TC of the bulk SC increased, and the TC’s of the filamentary SCs did not show a clear change.
The anisotropy of the upper critical field (HC2) was different between the filamentary SCs and
the bulk SC. These differences in the growth temperature dependence of TC and the anisotropy
of HC2 indicate that the filamentary SCs are unrelated to the bulk SC. Moreover, the growth
temperature dependence of the transition temperatures indicates that the CDW has a competi-
tive relationship with the bulk SC, but a non-competitive coexistence with the filamentary SCs.
Based on the anisotropies of HC2, we also infer that the filamentary SCs and the bulk SC occur
on quasi-one-dimensional Fermi surfaces and a three-dimensional Fermi surface, respectively, and
that the relationship between the three states in ZrTe3 cannot be explained solely in terms of
conventional competition for a Fermi surface.
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Introduction. – Superconductivity (SC) is an ordered
state of electrons in metals at low temperatures with for-
mation of an energy gap on a Fermi surface (FS). SC
generally exhibits effects such as zero electric resistance,
complete diamagnetism, and a jump in specific heat. How-
ever, an atypical form of SC also exists, having zero electric
resistance but no bulk superconducting properties such as
complete diamagnetism and/or a jump in specific heat,
and is referred to as filamentary SC. For some materials,
filamentary SC is considered to be local SC caused by an
inhomogeneous composition of a crystal [1]. On the other
hand, in materials exhibiting a filamentary SC transition
at a higher temperature and a bulk SC transition at a
lower temperature, it has been proposed that filamentary
SC is a precursor to bulk SC, indicating an unconventional
superconducting mechanism [2–4]. However, the validity
of this suggestion remains unclear because direct evidence
has not been obtained.

Charge density wave (CDW) is another ordered state
of electrons with an energy gap on an FS. The relation-
ship between SC and CDW has been investigated in many
materials by changing their properties by impurity dop-
ing or pressure application. Most of these results showed
that either SC or a CDW is enhanced while the other is
suppressed, which has been ascribed to competition for an
FS by SC and CDW [5,6]. On the other hand, a recent
study proposed that CDW is not necessarily in competi-
tion with SC [7]. Moreover, another study suggested that
the incommensuration of CDW may affect the relation-
ship between SC and CDW [8]. Therefore, there may be
a mechanism that defines the relationship between CDW
and SC besides competition for an FS, and the relation-
ship between the two states is still a major research topic
in condensed matter physics.

ZrTe3 provides a stage to address the above open
questions. ZrTe3 is a low-dimensional material with a
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chain structure along the b-axis, and has flat quasi-one-
dimensional Fermi surfaces (q1D FSs) perpendicular to
the a∗-direction, and a cylindrical three-dimensional Fermi
surface (3D FS) along the c′∗-direction [9–11]. ZrTe3 ex-
hibits a CDW transition at ∼63 K, with a correspond-
ing increase in resistance along the a-axis and the c′-axis
but no increase along the b-axis [12]. The CDW vector is
(1/14, 0, 1/3) according to the result of electron diffrac-
tion [13]. From this anisotropic increase in resistance and
the CDW vector, it is evident that the CDW forms on
the q1D FSs. Furthermore, ZrTe3 exhibits a filamentary
SC transition and a bulk SC transition below 4 K. It
was reported that the resistance along the a-axis fell to
zero at 2–4K [2,3,14]. On the other hand, at the same
temperature, the resistance along the b-axis did not de-
crease, and no detectable diamagnetic signal was observed
by magnetic susceptibility measurements. From these re-
sults, a model for the filamentary SC along the a-axis
was proposed. In addition, a superconducting specific-
heat jump was observed at ∼1.3 K, indicating a bulk SC
transition [2].

The relationship between the CDW, the filamentary SC
and the bulk SC in ZrTe3 has been investigated in previous
studies [2,3,15–17]. For example, the filamentary SC and
the bulk SC were investigated by measurement of resis-
tance and specific heat [2,3]. Based on the results, it was
proposed that the filamentary SC is a precursor to the bulk
SC. Moreover, it was reported that substitution of a small
amount of Se atoms for Te atoms suppresses the CDW and
enhances a bulk SC, showing the competition between the
CDW and the bulk SC [15]. However, the whole picture
of the relationship between the three states remains un-
clear due to the following problems: i) The filamentary SC
and the bulk SC were not distinguished in some previous
studies. ii) No experimental results have been obtained
to determine the relationship between the filamentary SC
and the bulk SC. iii) The knowledge obtained in previous
studies relates to the relationship between two of the three
states, and is fragmentary. iv) It has not been determined
where the SCs occur on the FSs. This information is im-
portant for discussing the relationship between the CDW
and the SCs, because they are associated with opening of
an energy gap on the FSs.

To solve the above problems in ZrTe3, we observed the
CDW transition and the filamentary SC transition by elec-
trical resistance measurements and the bulk SC transition
by magnetization measurements separately in the present
study. Specifically, we measured the transition tempera-
tures of the three states for several ZrTe3 crystals synthe-
sized at different growth temperatures, and investigated
the relationship between the three states by comparing the
growth temperature dependence of the transition temper-
atures. It was reported that the growth temperature can
be used as a tuning parameter to vary the CDW and the
bulk SC in ZrTe3 [17]. Furthermore, the anisotropies of
upper critical field (HC2) for the filamentary SC and the
bulk SC were measured in the present study to investigate

the relationship between the SCs, and where the SCs oc-
cur on the FSs because HC2 contains information about
the FS where SC forms.

Experimental. – We prepared four kinds of ZrTe3 sin-
gle crystals synthesized at 740, 780, 820, and 860 ◦C by
vapor phase transport. First, we sealed the materials of
Zr (0.354 g, 99.9%), Te (1.483 g, 99.999%) and I (4 mg/cc,
99.8%) in four evacuated quartz tubes with inner diame-
ters of 1.5 cm and lengths of 18 cm. Each tube was then
heated so that the temperature of materials at one end
of the tube was 740, 780, 820, or 860 ◦C, and the tem-
perature at the other end was 40 ◦C lower. The reason
for making the temperature gradient smaller than that of
previous reports (∼100 ◦C) is to obtain crystals formed at
almost the same temperature from one tube. After main-
tained at the temperature for seven days, the tubes were
quenched in water. In this way, we obtained single crys-
tals with typical dimension of 0.5 mm×1 mm×0.05 mm at
the hotter end. It was confirmed by single-crystal X-ray
diffraction that the crystals were ZrTe3.

The temperature dependence of the resistance along
the a-axis and b-axis from 2 to 280 K was measured using
a dc four-probe technique. Two ribbon-shaped fragments
whose longest sides were along the a-axis and the b-axis
were cut from one crystal. We measured the resistance
along the longest side of each fragment while heating
from 2 to 280 K. The temperature was measured using
a Cernox resistance sensor. Moreover, for ZrTe3(860 ◦C),
we measured the resistance under static magnetic fields
(0–6T) parallel to the a-axis, b-axis and c′-axis after
zero-field cooling.

The magnetic properties were measured using a
MPMS SQUID magnetometer (Quantum Design). For
ZrTe3(740 ◦C) and ZrTe3(860 ◦C), we used the part of the
crystal remaining after removing samples for the resistance
measurements. The temperature dependence of the mag-
netic susceptibility (χ) was measured from 1.8 to 8 K, ap-
plying a static magnetic field of 2 G parallel to the a-axis.
In addition, the magnetic field dependence of the mag-
netization was measured at 2 K. The magnetic field was
applied parallel to the a-axis, b-axis and c′-axis.

Results. – Figure 1 shows the results of resistance mea-
surements along the a-axis and b-axis for ZrTe3(740 ◦C),
ZrTe3(780 ◦C), ZrTe3(820 ◦C), and ZrTe3(860 ◦C). As
shown in fig. 1(a), (c), (e), (g), all the samples showed
an anisotropic temperature dependence of the resistance
above 5 K, as seen in previous studies [3,12,17]. The resis-
tance along the a-axis showed an increase at about 60 K
due to the CDW transition. The temperature deriva-
tive of the resistance (dR/dT ) along the a-axis showed
a dip corresponding to the resistance increase as shown
in the inset. We define the CDW transition temperature
(TCDW) as the temperature at which the dR/dT drops
most, because the opening of a CDW gap at TCDW causes
a sharp drop in dR/dT in CDW conductors [18]. As shown
in fig. 1(i), the TCDW decreased with increasing growth
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Fig. 1: Results of resistance measurements along the a-axis and b-axis for ZrTe3(740 ◦C), ZrTe3(780 ◦C), ZrTe3(820 ◦C), and
ZrTe3(860 ◦C). (a), (c), (e), (g): typical temperature dependence of the resistance from 8 to 280 K normalized by the resistance
at 280 K. The inset shows the temperature derivative of the resistance (dR/dT ) normalized by the resistance at 280 K along the
a-axis. TCDW is defined as the temperature at which the dR/dT drops most. (b), (d), (f), (h): typical temperature dependence
of the resistance below 6K normalized by the resistance at 8K. The measurement below 8K was performed with a smaller
current than that above 8K. TC is defined as the temperature at which R(T )/R(8K) = 0.5. The current density was several
hundred milliamperes and several amperes per square centimeter for the measurement along the a-axis and b-axis, respectively.
When the current density was further reduced, the change in TC was at most 0.1 K. (i) TCDW and RRR(= R(280 K)/R(8K))
along the b-axis as a function of crystal growth temperature. (j) TC’s for the filamentary SCs along the a-axis and the b-axis as
a function of crystal growth temperature.

temperature. The resistance along the b-axis showed a
metallic temperature dependence over the entire tempera-
ture range above 5 K (fig. 1(a), (c), (e), (g)). The residual
resistance ratio (RRR = R(280 K)/R(8 K)) decreased with
increasing growth temperature (fig. 1(i)), which is consis-
tent with a previous report that high growth temperature
induces lattice disorder [17]. As shown in fig. 1(b), (d),
(f), (h), all the samples exhibited a sharp drop in resis-
tance along the a-axis and b-axis below 5 K due to the SC
transition. The SC transition temperatures (TC’s) along
both axes did not show a clear change with increasing
growth temperature as shown in fig. 1(j).

Figure 2(a)–(f) shows the temperature dependence of
the resistance below 6 K under various magnetic fields
for ZrTe3(860 ◦C). The TC’s along the a-axis and b-axis

decreased as the magnetic field in each direction increased.
Figure 2(g), (h) shows the temperature dependence of the
HC2’s. We define HC2 for R(T )/R(8 K) = 0.5. It is con-
sidered that the demagnetization has almost no effect on
the HC2’s because the demagnetizing field is much smaller
than the applied magnetic field when SC breaks. In both
the I ‖ a and I ‖ b cases, the HC2’s increased in the order
c′-axis, b-axis and a-axis. The ratios for HC2’s at 2 K are
expressed as

I ‖ a HC2 a : HC2 b : HC2 c′ =
2.96 T : 0.66 T : 0.40 T = 1 : 0.22 : 0.14, (1)

I ‖ b HC2 a : HC2 b : HC2 c′ =
5.13 T : 2.71 T : 1.48 T = 1 : 0.53 : 0.29. (2)
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Fig. 2: (a) Temperature dependence of the resistance of ZrTe3(860 ◦C) under various magnetic fields. The current (or resistance)
is along the a-axis, and the field is parallel to the a-axis (I ‖ a, H ‖ a). (b) I ‖ a, H ‖ b. (c) I ‖ a, H ‖ c′. (d) I ‖ b, H ‖ a.
(e) I ‖ b, H ‖ b. (f) I ‖ b, H ‖ c′. (g), (h): temperature dependence of the HC2’s parallel to the a-axis, b-axis, and c′-axis for
ZrTe3(860 ◦C), obtained from resistance measurements for I ‖ a and I ‖ b. We define HC2 for R(T )/R(8K) = 0.5.

Thus, the ratio for HC2’s parallel to the a-axis, b-axis and
c′-axis was different in the I ‖ a and I ‖ b cases, although
the order of HC2’s was the same.

Figure 3(a) shows the temperature dependence of the
χ. ZrTe3(860 ◦C) and ZrTe3(820 ◦C) exhibited a remark-
able decrease in χ due to a bulk SC transition below 2.5 K.
ZrTe3(780 ◦C) exhibited a slight decrease below 2 K and
ZrTe3(740 ◦C) exhibited no decrease. Figure 3(b) shows
the magnetization as a function of magnetic field at 2 K for
ZrTe3(860 ◦C). Magnetic hysteresis was observed for each
magnetic field direction as shown in the inset, indicating
type-II superconductivity. As shown in the whole graph,
when the magnetic field increased, the absolute value of
the magnetization along the c′-axis decreased most rapidly
and that along the a-axis decreased as rapidly as that
along the b-axis. For example, when the magnetization is

−0.01 emu/cm3, the magnetic field parallel to the a-axis,
the b-axis and the c′-axis was 585, 555 and 296 Oe, respec-
tively. Thus, the anisotropy of HC2 at 2 K is expressed as

HC2 a ≈ HC2 b > HC2 c′ , (3)

although it is difficult to determine the values of HC2 from
the magnetic hysteresis.

Discussion. – In the temperature dependence of the
resistance, all the samples exhibited an SC transition at
∼3.5 K (see fig. 1(b), (d), (f), (h), (j)). On the other hand,
in the temperature dependence of the χ, ZrTe3(740 ◦C)
and ZrTe3(780 ◦C) did not exhibit a clear diamagnetic
signal due to an SC transition, while ZrTe3(820 ◦C) and
ZrTe3(860 ◦C) did below 2.5 K (fig. 3(a)). From these re-
sults, the SC transition in the R-T curve indicates a fila-
mentary SC transition and that in the χ-T curve indicates
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Fig. 3: (a) Temperature dependence of the magnetic
susceptibility (χ) during heating after zero-field cool-
ing for ZrTe3(740 ◦C), ZrTe3(780 ◦C), ZrTe3(820 ◦C), and
ZrTe3(860 ◦C). The applied magnetic field is 2G and parallel
to the a-axis. We obtained the χ without a demagnetization
factor correction. (b) Magnetization as a function of magnetic
field at 2K for ZrTe3(860 ◦C) when the magnetic field increases.
The inset shows the whole magnetic hysteresis loop. We sub-
tracted the background magnetization.

a bulk SC transition. Thus, we observed the filamentary
SC and the bulk SC separately.

In previous studies, the filamentary SC transition has
been observed in the R-T curve only along the a-axis, and
the SC is considered to be composed of superconducting
filaments along the a-axis [2,3,14]. On the other hand, we
found a filamentary SC transition in the R-T curves not
only along the a-axis but also along the b-axis (fig. 1(b),
(d), (f), (h)). Furthermore, the ratio for HC2’s parallel to
the a, b and c′-axes varied depending on whether I ‖ a
or I ‖ b (eqs. (1), (2)). These results suggest that an-
other filamentary SC extending along the b-axis develops
in addition to that along the a-axis in our samples.

Possible explanations for the identity of the filamentary
SCs along the a-axis and the b-axis include a local SC

caused by the inhomogeneity of TC for the bulk SC, a
fluctuation or precursor of the bulk SC, and an SC with a
filament structure unrelated to the bulk SC. In our results,
for the filamentary SCs, the HC2’s increased in the order
c′-axis, b-axis and a-axis (fig. 2(g), (h), eqs. (1), (2)). On
the other hand, for the bulk SC, the HC2 parallel to the
a-axis and that parallel to the b-axis were almost the same
and that parallel to the c′-axis was the smallest (eq. (3)).
The samples used for these HC2 measurements were pre-
pared from the same crystal. Moreover, as the growth
temperature increased, the TC’s for the filamentary SCs
did not show a clear change while the TC for the bulk
SC decreased (fig. 1(j), fig. 3(a)). Based on these dif-
ferences in the anisotropy of HC2 and the growth tem-
perature dependence of TC, the filamentary SCs can be
identified as SCs with filament structures unrelated to the
bulk SC.

We discuss the relationship between the CDW and the
SCs. The CDW was suppressed while the bulk SC was
enhanced as the growth temperature increased (fig. 1(i),
fig. 3(a)). This result indicates that the CDW and the
bulk SC compete. On the other hand, the TC’s for the
filamentary SCs were independent of growth temperature
(fig. 1(j)). This indicates that the CDW coexists non-
competitively with the filamentary SCs.

We discuss where the filamentary and bulk SCs occur
on the FS from the anisotropies of HC2. We found that
the anisotropies of HC2 for the SCs are as expressed in
eqs. (1)–(3). Based on the anisotropic Ginzburg-Landau
theory, the anisotropy of HC2 is expressed as

HC2 a : HC2 b : HC2 c′ =
φ0

2πξbξc′
:

φ0

2πξc′ξa
:

φ0

2πξaξb

= ξa : ξb : ξc′ , (4)

where φ0 is flux quantum, and ξa, ξb and ξc′ are the coher-
ence lengths in the a-axis, b-axis and c′-axis, respectively.
When the SC gap is isotropic and there is no decrease
in ξ due to a short mean-free path and the small size of
superconductor, ξ is proportional to the Fermi velocity
(vF) according to the Pippard’s model, and therefore the
anisotropy of HC2 is expressed as

HC2 a : HC2 b : HC2 c′ ≈ vFa : vFb : vFc′ . (5)

Applying eq. (5) to eqs. (1)–(3), the anisotropies of vF for
the filamentary SCs and the bulk SC are expressed as

filamentary SC (a-axis),
vFa : vFb : vFc′ ≈ 1 : 0.22 : 0.14, (6)

filamentary SC (b-axis),
vFa : vFb : vFc′ ≈ 1 : 0.53 : 0.29, (7)

bulk SC, vFa ≈ vFb > vFc′ , (8)

assuming isotropic SC gaps and no decrease in ξ’s. ZrTe3
has flat q1D FSs perpendicular to a∗ and a cylindrical
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3D FS along c′∗ [9–11]. It is expected that the vFa is
much larger than the vFb and the vFc′ on the q1D FSs
and the vFc′ is much smaller than vFa and vFb on the
3D FS. Therefore, eqs. (6)–(8) imply that the filamentary
SCs and the bulk SC occur on the q1D FSs and the 3D
FS, respectively. Because of the difference in the ratios for
vF’s, the places where the filamentary SCs along the a-axis
and the b-axis develop may be different on the remainder
of the q1D FSs after the CDW transition.

From the growth temperature dependence of the transi-
tion temperatures and the discussion on FSs, we infer that
the CDW and the bulk SC compete in ZrTe3 although the
CDW and the bulk SC occur on the q1D FSs and the
3D FS, respectively. Moreover, it is implied that the fila-
mentary SCs along the a-axis and the b-axis which occur
on the q1D FSs coexist non-competitively with the CDW
and the bulk SC. This relationship cannot be explained
solely in terms of competition for an FS and there may be
another mechanism that defines the relationship between
CDW and SC.

Conclusion. – We investigated the relationship be-
tween the CDW, the filamentary SCs and the bulk SC
in ZrTe3 by measuring resistance and magnetization for
crystals synthesized at 740, 780, 820, and 860 ◦C. The
resistance along the a-axis showed an increase at 51–62 K
due to the CDW transition, and the TCDW decreased with
increasing growth temperature. The resistance along both
the a-axis and b-axis exhibited a sharp drop at ∼ 3.5 K due
to the filamentary SC transitions, and the TC’s were in-
dependent of the growth temperature. The HC2 values
obtained by resistance measurements under a magnetic
field increased in the order c′-axis, b-axis and a-axis for
both I ‖ a and I ‖ b, but the ratio for HC2’s parallel to
the a, b and c′-axes varied for I ‖ a or I ‖ b. The zero
resistance along the b-axis and the difference in the ratios
for HC2’s suggest that another filamentary SC extending
along the b-axis develops in addition to that along the
a-axis in our samples. The samples synthesized at 820 ◦C
and 860 ◦C exhibited a remarkable decrease in χ due to
the bulk SC transition below 2.5 K, but the samples syn-
thesized at 740 ◦C and 780 ◦C did not. The magnetic hys-
teresis showed that the HC2 for the bulk SC parallel to
the a-axis and that parallel to the b-axis were almost the
same, and that parallel to the c′-axis was the smallest.
Based on the differences in the anisotropy of HC2 and the
growth temperature dependence of TC between the fila-
mentary SCs and the bulk SC, the filamentary SCs can
be identified as SCs with filament structures unrelated
to the bulk SC. The growth temperature dependences
of transition temperature indicate that the CDW has a
competitive relationship with the bulk SC, but coexists

non-competitively with the filamentary SCs. From the
anisotropies of HC2, we infer that the filamentary SCs
and the bulk SC occur on the q1D FSs and the 3D FS,
respectively.
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