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Superconductive behavior of Nb;Se, has been studied in connection with a zigzag chain of Nb.
We use diamagnetic supercurrents as a probe for the effect of crystalline geometry, where the actual
measurements are X; —iX; (a fundamental susceptibility) and |X;| (a third-harmonic susceptibili-
ty). X1 reflects the Meissner effect. In the transition curves of X{ and |X;|, we observed a single
peak, which is characterized by the unusual growth with the increase of measuring amplitude. We
also give the simulated transition curves by means of the weakly coupled chain model. It is inter-
preted that the amplitude-dependent growth of the peak is due to a disorder in the weak couplings.

I. INTRODUCTION

Reduced dimensionality in superconductors brings vari-
ous interesting properties. Lower-dimensional supercon-
ductors are considered as three-dimensional (3D) materials
made of lower-dimensional inclusions bonded by Joseph-
son junctions. For example, the Chevrel compounds! may
be regarded as an aggregate of zero-dimensional (0D) su-
perconducting clusters. A bundle of one-dimensional (1D)
fibers appears in (SN), (Ref. 2) and artificial, proximity-
coupled Nb-Ti fibers.>* The 1D nature of transition-
metal chalcogenides MX; (Ref. 5) and Nb3X, (Ref. 6) is
originated by microscopic metallic chains. The layered
compound TaS,-(pyridine) (Ref. 7) can be viewed as a
stack of very thin films. These systems may show a two-
step superconducting transition.® One is the transition of
individual inclusions (the phase-disorder transition). The
other is the phase-coherent transition over the system,
which is achieved by the Josephson interaction between in-
clusions.

When the magnetic field is applied upon a superconduc-
tor in the temperature region of the second transition, the
motion of flux quanta is restricted by the vortex current
circulating through the Josephson junctions involved. It is
therefore meaningful to see the magnetic response of a su-
perconductor for examining the microscopic networks in a
lower-dimensional superconductor. In our previous
works*%1% we proposed employing a third-harmonic sus-
ceptibility | X3| as a probe for the second transition. The
magnetic approach was also attempted by Deutscher
et al.”’ in studying the topology of superconducting
micronetworks. With artificial proximity-coupled Nb-Ti
fibers,>* the existence of two superconducting transitions
at ~8.5 and ~2 K was confirmed by means of diamag-
netic susceptibility. The 8.5-K transition was caused by
individual Nb-Ti fibers. The parameter |X;| was sensi-
tive only to the 2-K transition.

NbsSe, manifests a quasi-1D property, which directly
comes from a zigzag chain running along the c axis of the
hexagonal crystal.!>~!* Experimentally, when the in-
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clusions are too small to detect the first transition by
means of volume effect, or two transitions are adjacent,
the transition of lower-dimensional superconductors
occurs outwardly in one step. The unusual magnetic
behavior of (SN), was investigated by Oda et al.'> and
Bastuscheck et al.'® Since they referred to the susceptibil-
ity as an effective property of a flux-quanta motion, the
higher-harmonic process was not discussed. In the
present study we apply the |X;| method to a synthetic
1D material for the first time. A brief account of the
present work has been previously reported.!’

II. EXPERIMENTAL

A. Sample preparation

The samples are prepared by the chemical vapor deposi-
tion method, where iodine is used as a transport agent.'®
The starting material is a pressed pellet of sintered po-
lycrystalline Nb;Se, powders. The purity of Nb is 99.9%
and Se is 99.9999%. The pellet is set at the center of a
quartz ampoule (1.5 cm in diameter and 15 cm in length)
together with the transport agent. After evacuation
(5X 10~* Torr), the ampoule is sealed and is placed in the
middle of a horizontal electric furnace. Temperature is
kept at 1000°C, of which the temperature gradient is
3°C/cm along the axis. After a few weeks, tiny needlelike
single crystals grow from the pellet towards the higher
temperature region.

The grown crystals were examined by the x-ray powder
diffraction analysis and identified to be Nb;Se, with hex-
agonal structure, which is consistent with other re-
ports.!>13 The whiskers grow always along the crystallo-
graphic c¢ axis. This was confirmed with the x-ray oscilla-
tion photography.

These crystals were loosely assembled along their ¢ axes
and glued together with GE7031 varnish for adhesion and
electrical insulation between single crystals. Then, the
sample was cut in a rectangular shape (50—100 mg of
Nb3Se4).
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B. Measuring system

The fundamental ac susceptibility X —iX{ is measured
by using a two-phase lock-in analyzer (Ithaco model 393).
The null adjust of the bridge is made at temperature
slightly above the superconducting transition. The phase
of the lock-in analyzer is set to give variation only to the
in-phase signal but not to the out-of-phase signal, when
the variable standard mutual inductance (Tinsley model
4229) of the bridge is altered. This setting was confirmed
not to be affected by the change in coil temperature from
4.2 K down to 1.3 K.!° The null adjust and phase setting
are repeated in each measurement.

In the measurement of |X; |, the lock-in analyzer locks
to an external reference frequency, which is 3 times the
exciting frequency f. The amplitude of signal is deduced
from the vector summer of the lock-in analyzer by using
in-phase and out-of-phase signals. |X;| can be measured
as an amplitude of the third-harmonic component in off-
balance signal of the bridge, being usually very small. We
paid careful attention to adjusting zero points of in-phase
and out-of-phase signals to get the precise vector sum.

The sample is mounted in a Lucite holder to fix the
direction of magnetic field to the ¢ axes. Then the sample
is directly immersed in a liquid-helium bath. Calibrations
of the Ge thermometer located near the sample were made
with respect to a helium vapor pressure. We developed an
approximate relation between a Ge resistance R and a cor-
responding temperature T as

13 .
log;oT = 3 ¢;(InR /100 ~! . (1)

i=1

This formula is convenient compared to a relation?

N .
InR = 3 a;(InT) !, (2)
i=1
because one can directly calculate a temperature from the
measured resistance. With the calibrated points, we per-
formed the least-square fit to Eq. (1). The uncertainty of
the thermometer was estimated to be +£10 mK in absolute
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FIG. 1. X; vs T. The ac magnetic field is applied perpendicu-
lar to ¢ axis of Nb;Se,.
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FIG. 2. X} vs T. The ac magnetic field is applied parallel to ¢
axis of Nb3Se4.

value and the resolution was better than 0.1 mK. The
voltage drop of the thermometer is fed into a digital
voltmeter with the resolution of 0.1 uV (Takeda model
TR6877). The voltmeter is controlled by a microcomput-
er (Hewlett-Packard model HP-85). Thus we can immedi-
ately find the temperature.

III. RESULTS AND DISCUSSION

A. Fundamental susceptibility

Superconductive Nb;Se, may respond in a nonlinear
manner against an external ac magnetic field. In the
present study we observed the response at two different
frequency channels. One is at a fundamental frequency f,
and the other is at a third-harmonic frequency 3f.

The ac fundamental susceptibility was measured with
respect to temperature T as well as to the amplitude of
external magnetic field y. In Fig. 1 are shown the typical
results of real-part susceptibilities X}, where the magnetic
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FIG. 3. X{ vs T. The ac magnetic field is applied perpendic-
ular to ¢ axis of Nb;Se;.
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FIG. 4. X{ vs T. The ac magnetic field is applied parallel to
¢ axis of Nb;Se,.

field (f=147 Hz) was applied perpendicular to ¢ axis.
Figure 2 shows X obtained with the field parallel to the ¢
axis. In both figures, the vertical scales are normalized to
the X} value taken at the lowest T and at the smallest A.
Clearly, the Meissner effect appears. In Figs. 3 and 4 the
X/ transition curves are shown for fields perpendicular to
and parallel to the ¢ axis, respectively. X forms a peak
during the transition. This peak grows with the increase
in hg. When h, is small, the transition curve is not
smooth. At lower temperatures, X{ has the tail.

There are noticeable differences between the two cases
(perpendicular and parallel field). (a) The Meissner effect
is more clearly brought out in Fig. 1 than in Fig. 2. X in
Fig. 1 saturates at temperatures lower than 1.5 K, but X
in Fig. 2 gradually increases even at lower temperatures.
(b) When h increases, the transition curve shifts, but the
extent of diamagnetism is not altered at the lowest tem-
perature. The transition curves in Fig. 2 are less depen-
dent on A, compared to those in Fig. 1. (c) The peak for-
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FIG. 5. Frequency dependence of X) in superconducting
transition of Nb;Se,.
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FIG. 6. Frequency dependence of X;' in superconducting
transition of Nb;Se,.

mation is more evident in the perpendicular field (Fig. 3)
than in the parallel field (Fig. 4). (d) Compared to the
transition curves in the parallel field, those in the perpen-
dicular are sharper but more sensitive to 4y. Note that
similar differences were also reported in fibrous (SN),.!?

It is well known that an appearance of X| means a dis-
sipative state of sample. There are some cases where the
dissipation is caused by the frequency-dependent mecha-
nism, such as eddy current loss. So, we examined the
dependence of ac susceptibility with another Nb;Se, sam-
ple. The results shown in Figs. 5 and 6 do not give an ap-
preciable difference for three different frequencies: 46,
147, and 467 Hz. Thus the X and X{ profiles shown in
Figs. 3 and 4 rule out the possibility of employing an ef-
fective conductivity model.?!

B. Third-harmonic susceptibility

Diamagnetic shielding currents play a more prominent
role in |X;3| than in X;. The |X3;| measurements were
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FIG. 7. |X;| vs T. The ac magnetic field is applied perpen-
dicular to ¢ axis of Nb;Se,.
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FIG. 8. |X3| vs T. The ac magnetic field is applied parallel
to ¢ axis of Nb;Se,.

performed with respect to T as well as s,. In Figs. 7 and
8 we show, respectively, the transition curves of Nb;Se, in
terms of |X3| in the fields perpendicular to and parallel
to the ¢ axis. In Fig. 7 the |X;| curves at 83 and 262
mOQOe are not smooth with respect to 7. Good reproduci-
bility indicates that this is not due to an experimental er-
ror. When A, increases up to 829 mOe, the |X;| curve
grows and changes smoothly over the wider temperature
region. In the case of the parallel field (see Fig. 8) the
| X3| behavior is very similar to the perpendicular field.
However, the peak height is appreciably lower than that
of Fig. 7. Comparing the |X;| curve (Figs. 7 and 8) with
the X{ curve (Figs. 3 and 4), one can acknowledge the
close similarity, except the peak positions and heights.
Since |X;| does not appear in an ordinary superconduc-
tor, the present results could be related to the 1D crystal-
line morphology of Nb;Se,.

C. Weakly coupled chain model

The crystal structure of Nb;Se, is characterized by the
Nb chains running along the ¢ axis. The distance between
the Nb atoms in a chain is metallic, but the interchain dis-
tance exceeds the metallic distance. This is the structural
origin of quasi-1D nature. It is useful to model the speci-
men as an aggregate of 1D chains that are weakly coupled
through the Josephson-type junctions.

In Fig. 9 we approximate the specimen by a 10X 10
mesh of randomly coupled chains. In the figure, the verti-
cal bars correspond to the zigzag chains and the horizon-
tal symbols represent the Josephson junction. Here, we
suppose that the direction of applied magnetic field is per-
pendicular to the c¢ axis. The coupling strength is con-
sidered to be slightly randomized within the system. The
sources of randomness are (1) the superconducting fluc-
tuation effect in the 1D system, (2) the grain size, (3) the
crystal imperfection such as dislocation, (4) the junction
resistance, (5) the electronic mean free path, and (6) the
proximity effect. We take these effects into consideration
in terms of distribution in the transition temperatures and
the Josephson critical currents.
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FIG. 9. Schematic diagram of the weakly coupled chain
model. The field is applied perpendicular to ¢ axis. The vertical
lines represent the Nb chains and the horizontal symbols
represent the weak coupling between the chains.

In regard to the magnetic behavior of (SN),, two dif-
ferent interpretations were reported.!>!® One is based on
the tunneling junction between (SN), fibers, and the other
is based on the proximity junction. This indicates that the
interaction type is still controversial.

Here we attempt to find the overall picture of the ran-
domly coupled 1D system on the basis of the tunnel-type
coupling. For a tunnel junction, the critical current densi-
ty at temperature 7T is given by

7A(T)

J(T)= h
(T) 2eR tan

A(T)
T (3)

At temperatures near T, J(7T) shows a linear temperature
dependence. In the following discussion we restrict the
temperature region to the vicinity of superconducting
transition. We assign the critical current of the Josephson
junction located at the upside of region (i,j) by

Jogij(1=T/f;;To), T <fi;To 4)

T D= \o, T54,,T, . 5)

Here f;; and g;; are the independent parameters
representing the distribution in the transition temperatures
and the critical currents at T=0. For all sets of (i,j), f;;
and g; ; form a Gaussian distribution of a mean value 1.0
and a standard deviation 0.1.

When an external sinusoidal magnetic field 4 (¢) is im-
posed upon the network, the magnetic field begins to enter
the network through the junctions. In the region (i,j) the
magnetic field at time 7 is expressed by b; ;(#), which is
set to zero at f;, =0 (the initial state). We sequentially
generate & (1) =hosin2wft,) for k=1—-128, where
tr=(k —1)/128f. We define b;o(#;) as equal to A(z).
For each row (i), the magnetic field enters the network
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step by step. We examine the magnetic field difference
D, j(t;) between neighboring regions separated by the
junction (i,j), where -Di,j(tk)=bi,j(tk—1)—'bi,j—l(tk)- The

J

bi,j(tk—-l)7 IDi,j(tk)‘ S41TJ,"]'(T)/C

b,-’j(tk )= bi,j-—l(tk )+477'J,~’j(T)/C, Di,j(tk )> 47TJ,~J(T)/C

Nb;Se4 1187

relation between D, ;(#;) and J; ;(T) reduces to three cases.
Then, the magnetic field b; ;(#;) can be determined by the
following criteria:

(6)
@]

bi,i—l(tk)—477'Ji,j(T)/C, Di,j(tk)< —41TJ,-J(T)/C . ®)

Thus we can determine b; ;(z;) in a manner that enables
the shielding of D, ;(#;) by the Josephson diamagnetic
current J; ;(T). The procedure is executed for all regions
(i=1-10, j=1—10). The magnetic field B(#;) is evaluat-
ed by averaging the local magnetic fields as

B(tk)—_—- Zb,"j(tk)s,‘,j/zsi,j s (9)
ij i,j

where S; ; is a cross-sectional area of region (i,j) and the
area is assumed to be the same for all regions. This pro-
cess is repeated for another period of ac magnetic field to
find a stationary behavior. The generated B(¢) is
transformed into the magnetization M (¢). The Fourier
expansion of M (t) is expressed by

M= 3 holX,sin2mnfo)+ X cos2anfn)] . (10)

n=1

From this expression, X}, X{, and |X3| =(X3>+X3*)1/2
are estimated by the Fourier analysis at 51 points of tem-
perature. We carried out these calculations by using five
different relative values of A (90, 50, 30, 10, and 5), while
Jo is kept constant. As shown in Fig. 10, we get the tran-
sition curves of X, X, and |X3|, where the temperature
scale is arbitrary.

From the simulated curves of Fig. 10, one can see the
following superconductive behaviors. (a) X reflects the
Meissner effect and the curve shifts toward lower tem-

[

peratures as kg increases. (b) The peak of X| grows with
the increase in hy. (c) When hg is small, the calculated
points of X' are rather scattered. The X{ curve becomes"
smooth at higher amplitudes and has the tail at lower
temperatures. (d) The behavior of |X;| is very similar to
that of X{. (e) The temperature corresponding to the top
of the peak is not the same in X{ and |X3|. The items
(a)—(e) explain well the observed profiles of Xi, X{, and
| X3| of NbsSe,. We have also performed the model cal-
culations with 20X 20, 30 % 30, and 40X 40 networks. Re-
sults are essentially the same as the 10X 10 case. Since we
have not specified frequency in the calculation, the curves
in Fig. 10 are naturally frequency independent. This is
consistent with the experimental results (see Figs. 5 and 6).
We emphasize that the drastic peak growth of X{ and
| X3| could not be reproduced without considering ran-
domizing parameters f;; and g;;. The unusual behavior
of ac response among various lower-dimensional super-
conductors is considered to be connected with the crystal-
line geometry, and the response of superconducting micro-
networks is effectively characterized by the appearance of
|X3|. In particular a weak randomness of couplings be-
tween inclusions is responsible for the amplitude-
dependent growth of the X{" and | X3| peaks.

The present calculation is focused upon the cases where
the crystalline ¢ axis is perpendicular to the direction of
magnetic field. In the case of parallel field, the diamag-
netic currents are circulating in a percolating network. It
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FIG. 10. Simulated results of the fundamental and third-harmonic susceptibility in terms of randomly coupled superconducting
chains (Fig. 9). Results reproduce the observations well (Figs. 1 and 3).
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becomes difficult to expel the magnetic field by complet-
ing a superconducting diamagnetic loop. This effect plau-
sibly leads to the less-prominent Meissner effect and to
the smallness of the peak height both in X{ and |X;].
The calculation suggests that the peak growth in Figs. 4
and 8 is also related to a disorder in the weak couplings.
Although the qualitative explanation can be thus given, it
is generally difficult to evaluate the diamagnetic flow pat-
tern in a complicated system. In recent years the fractal
approach has been attempted for the diamagnetism of su-
perconducting percolating clusters, but theoretical treat-
ment has thus far been limited to the dc diamagnetic sus-

T. ISHIDA, K. KANODA, H. MAZAKI, AND I. NAKADA 29

ceptibility.”2~2% Modification of the theory is needed to
deal with the present parallel-field case. We hope that the
ac measurement would also give a useful probe to examine
the recent models.
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