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Motivated by the observation of superconducting behavior in 4 Å carbon nanotube-zeolite composites, we
use Monte Carlo simulations to evaluate the Meissner effect in a system of coupled one-dimensional super-
conducting wires. We model the system by using an anisotropic Ginzburg-Landau free energy functional, with
distinct transverse and longitudinal coupling constants. By varying the degree of anisotropy, we obtain behav-
iors ranging from independent wires with suppressed superconducting transition, to an isotropic superconduct-
ing system. We numerically evaluate the Meissner effect for finite-sized superconducting domains. Comparison
with the experimental data for carbon nanotube-zeolite composite shows the size of the phase-coherent, su-
perconducting domains to be small, i.e., on the order of one or a few transverse coherence lengths. We provide
a consistent estimate of the material parameters for the nanotube-zeolite composite, ranging from the penetra-
tion length of transverse magnetic field to the longitudinal and transverse coherence lengths.
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I. INTRODUCTION

Superconductivity in carbon nanotubes represents a com-
petition between electron-phonon coupling strength, which
favors small-diameters,1 and fluctuation effects,2 which be-
come more and more dominant as the nanotube diameter
decreases. In the limit of very small diameter carbon nano-
tubes, such as the 4 Å nanotubes fabricated using the zeolite
template,3 it could very well be that the fluctuation effects
would completely suppress the superconducting transition.4

The carbon nanotube-zeolite composite is therefore a most
interesting system, since when the 4 Å carbon nanotubes are
embedded in the ordered one-dimensional �1D� pores of the
Aluminophosphate-five �AFI� zeolite, the wall-wall separa-
tion is 9.6 Å, small enough for Josephson coupling between
the nanotubes to occur. This composite therefore represents a
new paradigm for superconducting systems. In contrast to
the high Tc superconductors where the basic superconducting
element is the two-dimensional �2D� CuO plane, here the
basic element is the 1D carbon nanotube, ordered into two-
dimensional hexagonal arrays through the molecular struc-
ture of AFI zeolite, with precise and regular separations be-
tween the nanotubes. Indeed, superconducting behavior was
observed in this composite, in which the Meissner effect in-
dicates a rather high Tc�10 to 15 K. However, the fluctua-
tion effects were also evident, as no sharp transition was
observed.4

In this work, we use Monte Carlo simulation5 to directly
evaluate the Meissner effect in a system of 1D superconduct-
ing wires, Josephson coupled to form a finite, anisotropic
superconducting system,6,7 modeled by an anisotropic three-
dimensional �3D� Ginzburg-Landau �GL� free energy func-
tional. Our numerical evaluation of the Meissner effect is
accompanied by a comparison with the experimental data for
carbon nanotube-zeolite composites, showing the size of the
phase coherent, superconducting domains to be small, i.e., on
the order of one or a few transverse coherence lengths. Based

on the available experimental data and numerical simulation
results, a consistent estimate of the penetration length of
transverse magnetic field, plus the longitudinal and trans-
verse coherence lengths, is obtained. In what follows, the
main results are stated in Sec. II, followed by the formulation
of the model and the relevant approach for numerical com-
putation in Sec. III. Derivation of the formulas for the mag-
netic moment and magnetic susceptibility and their numeri-
cal evaluation are presented in Sec. IV, and the verification of
the numerical calculation against known results is shown in
Sec. V. In Sec. VI we present two relevant order parameters
and their variations with temperature and model parameter
values. By using our model, in Sec. VII we estimate the
coherence lengths and magnetic penetration length of the
nanotube-zeolite composite system, and compare the predic-
tions of the model with experimental data of Ref. 4. In Sec.
VIII the paper concludes with a few observations. Due to the
intent of being self-contained, this paper has all the model
details. But for those readers interested only in the physical
implications of the model, Secs. II and VII are designed to be
rather complete in describing the theory-experiment com-
parisons.

II. STATEMENT OF MAIN RESULTS

Compared to the numerical simulation in Ref. 4 which is
essentially 1D, the present work is based on an anisotropic
3D GL model, in which Josephson coupling between the
superconducting nanowires is explicitly taken into account.
By varying the interwire coupling strength,we obtain behav-
iors ranging from independent nanowires with suppressed
superconducting transition, to an isotropic superconducting
system. Numerical evaluation of the gap parameter shows
that there is not much change from the 1D �Ref. 4� to the 3D
model because the gap parameter measures the magnitude of
local condensation,which is only weakly affected by the in-
terwire coupling. But the present 3D simulation shows the
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diamagnetic response to be greatly enhanced by the interwire
coupling that stabilizes the global phase coherence and maxi-
mizes the coherent diamagnetic response of the persistent
current. That the diamagnetic response is size dependent in
small systems indicates that the magnetic-field-induced sup-
pression of superconductivity is also size dependent in these
systems. Based on these numerical results for small 3D sys-
tems, the experimental data for the suppression of diamag-
netic susceptibility4 can be used for estimating various ma-
terial parameters, from the characteristic size of the
superconducting domain �on the order of 100 Å� to the lon-
gitudinal and transverse coherence lengths �on the order of
1000 Å and 100 Å,respectively�, supplemented with an esti-
mate of the penetration length of the transverse magnetic
field �on the order of 1 micron� and a Wentzel-Kramers-
Brillouin �WKB� tunneling probability between the wires
��1/100, for the ratio between the longitudinal and trans-
verse masses�. The above estimates of the material param-
eters are consistent because they yield the right order of mag-
nitude for the quenching �depairing� field ��2 Tesla� as
observed experimentally.4 We emphasize that the parameter
estimation is made possible in the present anisotropic 3D GL
model. The small domain size compared to the penetration
length indicates that the absolute value of the diamagnetic
susceptibility must be very small ��10−4 /4��, and hence the
diamagnetic moment has to be measured in the high-field
regime, approaching the quenching field. This indicates that
the experimental data for diamagnetic susceptibility should
be compared with the numerical results obtained for high
fields. While qualitative agreement is seen in such a compari-
son, there is also a visible discrepancy that the numerically
obtained temperature variation of the diamagnetic suscepti-
bility is rather linear whereas experimentally the variation is
much more nonlinear.4 This is attributed to the GL model
itself in which a linear temperature dependence is assumed
down to zero temperature, although such linear dependence
usually works only in the vicinity of the transition tempera-
ture Tc.

III. THE ANISOTROPIC GL FREE ENERGY AND ITS
ISOTROPIZATION AND DISCRETIZATION

The GL theory, based on a macroscopic wave function �,
provides a simple but versatile description of
superconductivity.8 As a generalization of the London
theory,9 the GL theory is able to treat problems involving
spatial variations and nonlinear responses to �strong� fields.
Below we outline the computational GL model for the aniso-
tropic system of coupled 1D superconducting wires.

The 3D anisotropic GL free energy functional can be ex-
pressed as

FGL���r��� =� d3r��	�	2 +
�

2
	�	4

+ 

�

1

2m�
���

i
�� −

e*

c
A�
��2� . �1�

Here �=��r�� is a complex, spatially varying order param-

eter, e*=2e, �=ao�T−Tc
o�, �=bo, with ao and bo being the

two phenomenological parameters and Tc
o the nominal phase-

transition temperature, m� is the anisotropic effective mass
in the � direction with �=x ,y ,z, and A� is the � component
of the vector potential. The mean-field solution for ��r�� can
be determined by directly minimizing the GL free energy
functional when thermodynamic fluctuations are negligible.
In order to include the fluctuation effects, one must evaluate
various physical quantities from the free energy
F=−kBT ln Z, where kB is the Boltzmann constant, T is the
temperature, and Z is the partition function in the canonical
ensemble: Z=�D��r��exp�−FGL���r��� /kBT�, in which �D��r��
denotes the functional integral.2 That is, the expectation
value of a physical quantity Q is to be evaluated as the en-
semble average

�Q� = Z−1� D��r��Q exp�− FGL���r���/kBT� . �2�

Here and below �� is used to denote the thermodynamic av-
erage in the canonical ensemble.

Given the anisotropic nature of the GL free energy, we
adopt a scaling approach which rescales the anisotropic prob-
lem to an isotropic one, so long as the continuum GL de-
scription is applicable. This scaling approach has been
widely used for quasi-2D high-Tc superconductors.10 Essen-
tial to this approach is the isotropization of the gauge-
invariant gradient term in FGL, which is realized by introduc-
ing the scaled coordinates r̄�=r� /��0, scaled vector potential

Ā�=A���0 /	o, and scaled magnetic field B̄�=B�
0 /��0	o,
where ��0= � /�2m�aoTc

o is the zero-temperature correlation
length in the � direction, 
0=�x0�y0�z0 is the corresponding
volume unit, and 	o=hc /e* is the flux quantum. Note that
the scaled quantities introduced above are already dimen-
sionless. Further introducing the dimensionless temperature

T̄=T /Tc
o and the dimensionless order parameter �̄ through

	�̄	2= 	�	2 / 	�0	2, with 	�0	2=aoTc
o /bo being the zero-

temperature mean-field value of 	�	2 �the number density of
superconducting Cooper pairs�, we obtain the GL free energy
functional in the dimensionless form

F̄GL��̄� =� d3r̄�2�T̄ − 1�	�̄	2 + 	�̄	4

+ 

�=1

3

2	�− i�̄� − 2�Ā���̄	2� , �3�

defined by F̄GL=FGL /�okBTc
o, with �0=ao

2Tc
o2
0 /2bokBTc

o be-
ing the zero-temperature condensation energy in units of
kBTc

o, for the characteristic volume 
0=�x0�y0�z0. Below we
assume that the wires are aligned along the z direction, and
the transverse coherence lengths �x0 and �y0 are smaller than
the longitudinal coherence length �z0 because of weak inter-
wire coupling.

Since it is our intent to compare our simulation results
with the data from the nanotube-zeolite composites, it would
be interesting to estimate the relative ratio of electronic
bandwidths for the longitudinal and transverse couplings, in-
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volving an evaluation of the WKB tunneling probability
�coupling strength� between the wires �i.e., the nanotubes�.
As the zeolite’s bandgap is �5.7 eV �Ref. 11� and if the
chemical potential is located at the middle of the gap, then
the tunneling barrier height is U�3 eV. With a nanotube-to-
nanotube wall-to-wall separation of l=9.6 Å, the tunneling
probability is exp�−�2mzUl / � ��1/100 for an effective tun-
neling mass �along the longitudinal nanotube axis� of
mz=0.24me �from the LDA calculations for the �5,0� carbon
nanotubes12�, i.e., the transverse coupling is reasonably
strong in the nanotube-zeolite composite. This ratio should
be comparable to that between the longitudinal and trans-
verse effective masses. Since the coherence length is propor-
tional to the inverse square root of the effective mass, the
above estimate implies that the transverse coherence length
is �0.1 times the longitudinal coherence length, i.e.,
�x0��y0�0.1�z0. This would serve as a guide to our param-
eter estimation in Sec. VII.

To numerically evaluate the functional integrals by Monte
Carlo simulation,5 we employ the following discretization
scheme. Consider a finite sample in the computational do-
main whose spatial extensions in the three directions are

given by L̄�=L� /��0 for �=x ,y ,z, respectively. In each di-

rection L̄� is discretized by using the dimensionless spacing

d̄. That is, the length L� in real space is discretized by the

spacing unit d�= d̄��0, i.e., different spacing units are used in
spatial directions with different correlation lengths. The same

dimensionless spacing d̄ for discretization in all the direc-
tions leads to a simple cubic lattice in the computational
domain, which facilitates faster numerical computation. This
is one of the many advantages that arise from the isotropiza-
tion procedure. In terms of the discrete grid coordinates
�i , j ,k�, the dimensionless spatial coordinates x̄, ȳ, and z̄ can

be expressed as x̄�i�= �i− �m+1� /2�d̄, ȳ�j�= �j− �n+1� /2�d̄,

and z̄�k�= �k− �l+1� /2�d̄, where m, n, l are the grid numbers
in the x, y, z directions. So the total grid number is

NG=mnl and the sample size is L̄x� L̄y � L̄z=NGd̄3 in the
computational domain. The discretized dimensionless GL
free energy functional is given by

FGL���̄�i, j,k��� = d̄3

i,j,k

�2�T̄ − 1�	�̄�i, j,k�	2 + 	�̄�i, j,k�	4�

+ 2d̄� 

i
1,j,k

	e−i��x�i,j,k��̄�i, j,k�

− �̄�i − 1, j,k�	2+ 

i,j
1,k

	e−i��y�i,j,k��̄�i, j,k�

− �̄�i, j − 1,k�	2 + 

i,j,k
1

	e−i��z�i,j,k��̄�i, j,k�

− �̄�i, j,k − 1�	� �4�

where ����i , j ,k�=2�Ā��i , j ,k�d̄ is the phase change due to
the gauge field. Based on the above free energy functional,
the partition function is of the form

Z =� �
�=1

NG

d�̄�exp�− �oF̄GL���̄���/T̄� , �5�

with the subscript � standing for �i , j ,k�. The ensemble av-
erage may be expressed as

�Q̄� = Z−1� �
�=1

NG

d�̄�Q̄ exp�− �oF̄GL���̄���/T̄� , �6�

where Q̄=Q / Q̂, with Q̂ representing some �natural� unit for

Q. Based on the above expressions for Z and �Q̄�, various
expectation values in the canonical ensemble can be evalu-
ated by using the Metropolis importance sampling
algorithm.5

IV. MAGNETIC MOMENT AND SUSCEPTIBILITY

The main purpose of this paper is to investigate the dia-
magnetic response of the coupled 1D superconducting wires.
For simplicity, we assume that the transverse external field is

applied along the x direction, i.e., H� = �H ,0 ,0�. The equilib-
rium properties of the system, the diamagnetic moment
�along x� and its corresponding susceptibility, can be ex-
pressed as

�m���r���� = −
�F

�B
= − � �

�B
FGL���r���� , �7�

and

�����r���� = −
1

V

�2F

�B2

= −
1

V
�� �2FGL

�B2 �
−

1

kBT
��� �FGL

�B

2� − �� �FGL

�B
�
2�� , �8�

with V the total volume. In principle, B� refers to the local
magnetic field, which has already taken into account the con-
tribution from the diamagnetic persistent current and thus
needs to be solved self-consistently. However, for the
samples to be considered here, the diamagnetic response is
actually very weak �as indicated by the magnitude of the
diamagnetic susceptibility being on the order of 1% or less�.
Therefore we may simply adopt H� = �H ,0 ,0� and B��H� for
the purpose of computing �m� and ��� to the leading order.13

We choose the symmetric gauge A��B��r� /2. As expected,
this gauge can greatly speed up the Monte Carlo simulations
compared to other choices. The dimensionless field strength

is B̄=B
0 /�x0	o and the dimensionless vector potential is

distributed according to Āx�i , j ,k�=0, Āy�i , j ,k�=−B̄z̄�k� /2,

and Āz�i , j ,k�= B̄ȳ�j� /2. By scaling the diamagnetic moment
�m� with m̂=�okBTc

o
0 /�x0	o, we obtain the dimensionless
moment in the form of
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�m̄���̄���� = − 4�d̄2�Im� 

i,j
1,k

e−i��y�i,j,k��̄�i, j,k��̄ * �i, j − 1,k�z̄�k� − 

i−1,j,k

e−i��z�i,j,k��̄�i, j,k��̄ * �i, j,k − 1�ȳ�j��� , �9�

for numerical computation. By scaling the susceptibility ��� by �̂=�okBTc
o
0 / ��x0	o�2, we obtain the dimensionless suscepti-

bility in the form of

��̄���̄���� = ��̄1���̄���� + ��̄2���̄���� + ��̄3���̄���� , �10�

where

��̄1���̄���� = − 4�2d̄3�Re� 

i,j
1,k

e−i��y�i,j,k��̄�i, j,k��̄ * �i, j − 1,k�z̄2�k� + 

i−1,j,k

e−i��z�i,j,k��̄�i, j,k��̄ * �i, j,k − 1�ȳ2�j���/V̄ ,

�11�

��̄2���̄���� = ��m̄���̄����2��o/T̄V̄ , �12�

��̄3���̄���� = − ��m̄���̄�����2�o/T̄V̄ , �13�

with V̄=V /
0 being the dimensionless volume. Here “*” de-
notes the complex conjugate, and “Im” and “Re” mean the
imaginary and real parts of the quantity that follows. It is to
be noted that the units m̂ and �̂ for �m̄� and ��̄� contain the
information on how �m� and ��� are influenced by the aniso-
tropy, measured by the ratio between the three zero-
temperature correlation lengths ��0.

To compare with the experimental data obtained for non-
zero external fields, we have also calculated the diamagnetic
susceptibility from

�����r���� =
�m���r����

VB
, �14�

using the corresponding dimensionless expression

��̄���̄���� =
�m̄���̄����

VB
. �15�

We note that the two definitions for ��� agree with each other
in the limit of B→0 because for small applied fields �m� is
linear in B.

Based on the isotropization described in Sec. III, the an-
isotropic character in the diamagnetic response has been ab-
sorbed into the units m̂ and �̂. Consequently, the numerical
evaluation of �m̄� and ��̄� is to be carried out for an isotropic
system controlled by only two dimensionless parameters: �i�
the intrinsic parameter �0 which measures both the conden-
sation energy for each “grain” and the coupling energy be-
tween the nearest-neighbored grains, and �ii� the geometric
shape and size of the system measured in the space of r̄�

=r� /��0.

V. MODEL AND NUMERICAL VERIFICATIONS

To model our experimental samples, it is noted that the
superconducting nanotube-zeolite composite is most likely
type II in character, since we expect the transverse coherence

length between the nanotubes to be smaller than the penetra-
tion length of the transverse magnetic field �in the
x-direction�, i.e., �x0��y0��z0, with �z0 defined by 1/�z0

2

=4�e*2 	�0	2 /mzc
2. �The diamagnetic supercurrent induced

by the transverse field flows along the wires in the
z-direction, and hence the effective mass mz is the one that is
relevant.� However, in anticipation of the fact that the experi-
mentally measured Meissner effect arises from supercon-
ducting regions that are only on the order of the transverse
coherence length �see Sec. VII for parameter estimation�,
here we confine ourselves to modeling finite-sized samples
that are of similar sizes. In these cases whether the supercon-
ducting character is type I or type II makes essentially no
difference, since the magnetic field inhomogeneities in type
II superconductors �such as the flux lattice� are manifest only
at the scale of �at least� several penetration lengths. Below
we first verify our numerical simulations against known re-
sults for thin samples with negligible magnetic field inhomo-
geneities, as evidenced by the small magnitude of the sus-
ceptibility. Note that the susceptibilities calculated here are
in units of �̂=�okBTc

o
0 / ��x0	o�2=�y0
2 /64�3�z0

2 �1/2000.

We have carried out numerical simulations by using d̄
=1, i.e., d�=��0 in discretizing the space. Such a discretiza-
tion allows all the fluctuations of wavelengths ���0 to occur.
This naturally takes into account the dominant fluctuations
near the critical temperature, which are of wavelengths
���0. Physically, the order parameter ��r�� is measured at a
discrete set of points that are further apart than ��0, since the
GL theory is no longer valid for fluctuations on a scale
shorter than ��0.14,15

The validity of our computational model was checked
from three different perspectives. First, the gauge invariance
of the physical observables �m̄� and ��̄� was verified by using

gauges other than the symmetric one. Second, for small B̄,
the susceptibility ��̄� was directly measured according to
��̄�= ��̄1�+ ��̄2�+ ��̄3�, and good agreement was obtained in a
comparison with ��̄�= �m̄� /VB evaluated from the measured
�m̄�. Third, the low-temperature, small-field behaviors ob-
tained for finite samples were compared with the theoretical
predictions of the London equation,9 which assumes perfect
phase coherence throughout the system, a condition indeed
realized at low temperatures. For example, the London equa-
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tion predicts that for any sample with a uniform thickness in
the field direction, the susceptibility is independent of that
thickness. This has been confirmed in Fig. 1�a�, obtained for

a set of rectangular samples of the same cross section �L̄y and

L̄z� but different thicknesses �L̄x in the field direction�. Then,

with the thickness L̄x and width L̄y both fixed and the length

L̄z increased from 4 to 20, the susceptibility was observed to
increase monotonically but more and more slowly, approach-
ing some saturation value that can be predicted by solving
the London equation for a narrow stripe.8 The results shown
in Fig. 1�b� indicate that the shape of the sample’s cross
section can considerably affect the magnitude of the suscep-
tibility. Based on the London equation, it is easy to prove

that for samples of uniform thickness L̄x and rectangular

cross section L̄y � L̄z, the susceptibility is of the scaling form

f�L̄z / L̄y�L̄y
2, in which f�x� is a function of the aspect ratio

L̄z / L̄y, approaching saturation �for the case of stripe� as

L̄z / L̄y→�. This scaling has indeed been well verified as seen
in Fig. 1�c�.

VI. ORDER PARAMETERS AND LIMITING BEHAVIORS

To investigate the effect of the energy parameter �0, we

fix the sample size with L̄x= L̄y = L̄z=20 and evaluate two
intrinsic properties of the system

� � NG
−1��


�=1

NG

exp�i����� �16�

and

� � NG
−1�


�=1

NG

	�̄�	2� , �17�

where �� is the phase of the complex order parameter ��.
Here � is the global phase-ordering parameter, measuring the
overall phase coherence throughout the sample and � is the
mean-square gap parameter. The temperature dependence of
� is plotted in Fig. 2 for �0 varied in a wide range. It shows
that the system undergoes a phase-ordering transition at the
critical temperature Tc, below which there is global phase
coherence throughout the whole system, i.e., � displays a
jump from 0 to 1 as Tc is approached from above. In our
Monte Carlo simulations, the jump of � is rounded because
of the finite size of the samples. Figure 2 also shows that in
the regime of weak coupling �small �0�, the phase-ordering
transition temperature Tc can be appreciably lower than the
nominal transition temperature Tc

o. This suppression of tran-
sition temperature indicates that when the interwire coupling
is sufficiently weak ��x0��y0→0 compared to �z0 and thus
�0��x0�y0→0�, the extreme anisotropy of the system makes

FIG. 1. �a� Zero-field diamagnetic susceptibility at temperatures T̄=0.6 �squares� and 0.8 �circles�, evaluated for different rectangular

samples. Here the thickness L̄x is varied while the cross-sectional area is fixed at L̄y � L̄z=4�6, with �0=10. It is seen that the susceptibility

is independent of the thickness as predicted by the London equation. �b� Zero-field diamagnetic susceptibility at temperatures T̄=0.6

�squares� and 0.8 �circles�, evaluated for different rectangular samples. Here the length L̄z is varied while the thickness L̄x is fixed at 5 and

the width L̄y fixed at 4, with �0=10. The dashed lines denote the values predicted by the London equation for narrow stripes �of effective

widths 3.53 and 3.45�, i.e., �̄=−4�2L̄y
2�1− T̄� /3 for L̄z / L̄y→�. �c� Zero-field diamagnetic susceptibility at temperature T̄=0.8, evaluated for

rectangular samples of different cross-sectional aspect ratios L̄z / L̄y =1 �squares� and 0.5 �triangles�. Here the cross-sectional area S̄= L̄yL̄z is

varied and the thickness L̄x is fixed at 5, with �0=10. The circles represent the results predicted by the London equation for a cylinder, with

the applied field parallel to the cylindrical axis, i.e., �̄�−2��1− T̄�S̄, where S̄ is the dimensionless cross-sectional area. These results show
that cross-sectional shape of higher symmetry leads to larger diamagnetic response.

FIG. 2. Phase-ordering parameter � as a function of the tem-
perature, evaluated for different values of �0, with the dimensions

of the sample fixed at L̄x= L̄y = L̄z=20.
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Tc approach zero, the transition temperature for independent
1D wires according to the Hohenberg-Mermin-Wagner
theorem.16 On the other hand, when the coupling parameter
�0 is large enough, the critical temperature Tc approaches Tc

o.
That the phase-ordering transition may be well separated
from Tc

0 has been observed in the Monte Carlo simulation for
a system of superconducting grains coupled together by Jo-
sephson coupling.17,18 In that system the grains are suffi-
ciently large. This leads to the single-grain transition of � at
the mean-field transition point Tc

o, though the global phase-
ordering transition may occur at a temperature below Tc

o for
weak Josephson coupling. In the present system modeled by
FGL=�okBTc

oF̄GL, the parameter �0 measures both the single-
grain energy and the intergrain coupling. When the intergrain
coupling is so weak that Tc is well separated from Tc

o, the
single-grain energy scale is already small enough to make
the temperature dependence of � appreciably different from
the mean-field behavior.

The variation of � is well approximated by the mean-field
relation �=1− T̄ for T̄�1 when �0 is sufficiently large and Tc

is very close to Tc
o, i.e., T̄c�Tc /Tc

o�1. For small �0 with T̄c
appreciably below 1, the variation of � displays two different

regimes separated by T̄c, exhibiting a nonmonotonic tem-

perature dependence. As shown in Fig. 3, below T̄c the de-

pendence of � on T̄ is approximately linear �especially for

T̄→0�, with � decreasing with the increasing T̄. This “low-
temperature” behavior can be approximately described by

�=1− T̄−cT̄ /�0 where 1− T̄ comes from the mean-field con-

tribution and −cT̄ /�0 is the correction due to thermal fluctua-

tions. Note that T̄ /�0 measures the ratio of the thermal en-
ergy kBTto the intrinsic energy scale �okBTc

o, and naturally

the leading-order correction is linear in T̄ /�0. Above T̄c the
variation of � is reversed: � increases with the increasing
temperature. In this regime, there is no long-range phase co-
herence; only one or a few grains are fluctuating coherently.
As a consequence, the magnitude of � is dominated by the
incoherent fluctuations, which increases the value of � as
temperature increases.

Physically the magnitude of the diamagnetic susceptibility
is closely related to the range of phase coherence.9 There-

fore, the behaviors of � and ��̄� must be closely related.
Above the critical temperature Tc, the global phase coher-
ence is lost and �→0, hence ��̄� approaches zero as well
�see Fig. 3�. While the tail of � is due to the finite-size effect,
that of ��̄� arises from the short-range phase coherence re-
maining in the fluctuating system.19 Now using Fig. 3 we
show that below Tc, the temperature dependence of ��̄� is
jointly controlled by the two intrinsic parameters � and �.
�Note that to study the intrinsic properties of the system, a

fairly large cross-sectional area L̄y � L̄z=20�20 has been
used in producing ��̄� shown in Fig. 3. That the magnetic
field inhomogeneities is still negligible here requires the
sample to be in the extreme type II regime, i.e., �z0��y0 and
the susceptibility unit �̂=�y0

2 /64�3�z0
2 is so small that

	��̄� 	 �̂�1 can still be realized.�
For a finite sample at temperatures well below T̄c, the

global phase coherence is maintained, as evidenced by
��1. Consequently, the London theory is applicable and it
predicts that ��̄� is proportional to the mean-square gap pa-

rameter �. That means in the low temperature regime, the T̄
dependence of −��̄� �or −��̄� /�0 with �0 the magnitude of
��̄� at zero temperature� is almost the same as that of �,

given by �=1− T̄−cT̄ /�0 approximately. As the temperature

is raised towards T̄c, however, the T̄ dependence of −��̄� has
to gradually deviate from that of �. This is because ��̄� tends

to vanish at T̄c, where the global phase coherence is lost,
whereas �, extrapolated from the linear dependence

�=1− T̄−cT̄ /�0 for T̄→0, remains well above zero at T̄c.
Obviously, for sufficiently large �0, since � and � tend to

vanish at T̄c�1 simultaneously, the temperature dependence
of −��̄� �or −��̄� /�0� stays very close to that of �, i.e.,

−��̄� /�0�1− T̄ for T̄�1.

VII. PARAMETERS ESTIMATION AND COMPARISON
WITH EXPERIMENT

To make an appropriate parameter estimation for the ac-
tual samples, we note that according to the estimate of the
transverse tunneling probability in Sec. III, the transverse
coupling is reasonably strong between the carbon nanotubes,
and the anisotropy of the system allows us to follow the
general directions set by the conventional theory of super-
conductivity. For conventional bulk superconductors, only
�10−4 of the electrons are involved in condensation, with the
density of Cooper pairs roughly given by 10−4n�1018/cm3,
where n�1022/cm3 is the density of conducting electrons.
Accordingly, we start from 	�0	2�1018/cm3 as the density of
Cooper pairs at zero temperature. Together with the longitu-
dinal effective mass of mz=0.24me, we estimate the penetra-
tion length of transverse magnetic field to be �z0
=�mzc

2 /4�e*2 	�0	2�1.3�10−4 cm. �The diamagnetic su-
percurrent induced by the transverse field flows along the
wires in the z-direction, and hence the effective mass mz is
the one that is relevant.�

To estimate the characteristic size of the phase-coherent
superconducting domains in the nanotube-zeolite composite,

FIG. 3. Variations of � �squares�, � �circles�, and the zero-field
diamagnetic susceptibility ��̄� �triangles� with the temperature,
evaluated for �0=0.5 �solid symbols� and 5 �open symbols� with the

dimensions of the sample fixed at L̄x= L̄y = L̄z=20. Here
−��̄� /�0
0 is plotted for ��̄�, with �0 the magnitude of ��̄� at zero
temperature.
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we turn to the experimental data for diamagnetic susceptibil-
ity, which show that, at sufficiently low temperatures, the
diamagnetism is completely suppressed when the applied
transverse field is as high as Hcc
2.0 Tesla. This field
strength is �100 times higher than the typical critical field
Hc, usually on the order of a few hundred Gauss �estimated
from the condensation energy density Hc

2 /8��10−4nkBTc
o�.

Such a huge difference indicates that the phase-coherent do-
main is actually much smaller than the London penetration
length �L. It is well known that for a superconducting stripe
of width D ���L�, its susceptibility is reduced by a factor of
D2 /�L

2. As a consequence, to suppress the superconductivity
of the stripe, the applied field Hcc has to be larger than the
bulk critical field Hc by a factor of �L /D. In the present
anisotropic case, if the characteristic width of the coherent
domain in the cross section normal to the transverse field is
D, then the critical field should be approximately amplified
by a factor of �z0 /D. If we assume that at zero temperature,
�z0 /D�100 and �z0�10−4 cm as estimated above, then
D�10−6 cm.

Due to the inevitable distribution of the superconducting
domains in actual samples, the Meissner response of the sys-
tem is argued to be dominated by those with transverse size
on the order of a few transverse coherence lengths, i.e.,
D��y0. The reason is that for those domains smaller than a
transverse coherence length, which can be very numerous,
the superconductivity is suppressed. While there could be
domains with transverse dimensions significantly larger than
a few transverse coherence lengths, they would be in the tail
end of the distribution and hence contribute negligibly to the
overall response. From D��y0 and �x0��y0�0.1�z0 �as es-
timated from the transverse tunneling probability in Sec. III�,
we have �x0=�y0�102 Å and �z0�103 Å. It is interesting to
note that �i� the estimated value of the longitudinal �z0 is on
the smaller end of the typical coherence length, which can
range from 103−104 Å, and �ii� for D��y0, the critical field
Hcc���z0 /D�Hc is of the same order as the upper critical
fieldHc2�	o /�y0�z0���z0 /�y0�Hc, approaching the depair-
ing field in a confined geometry of width D��y0.6,20

To compare simulation results with experimental data for
energy gap and diamagnetic susceptibility, we need to esti-
mate the dimensionless energy scale �0=ao

2Tc
o2
0 /2bokBTc

o,
which is the zero-temperature condensation energy measured
by kBTc

o in the characteristic volume 
0=�x0�y0�z0. Physi-
cally, �o measures the number of Cooper pairs in the volume

0, given by 10−4n�x0�y0�z0�10 according to the estimates
above.21 According to the results in Sec. VI, this indicates
that the phase-ordering transition temperature Tc is very
close to Tc

o, i.e., Tc /Tc
o�1.

Based on the estimations made above, we have carried out
numerical computation for comparison with experimental
data, using �o�10 and D��y0 for the sample width. In Sec.
VI the order parameters � and � have been investigated as
intrinsic properties for systems of sufficiently large size. The
only control parameter there is the dimensionless energy
scale �o. Here we focus on the finite-size effect on these
properties. Figure 4 shows the gap parameter �� as a func-
tion of temperature, evaluated for different system sizes. The
overall agreement with the experimental data is fairly satis-

factory. We want to point out that such an agreement can also
be produced by using the 1D GL model.4 Here the weak
dependence on dimensionality �and sample size� comes from
the fact that the gap parameter measures the magnitude of
local condensation, which is only weakly affected by the
inter-wire coupling.

Figure 5 shows 	�m̄� 	 / B̄ as a function of temperature,

evaluated at different values of the applied field B̄ for a small
system. The suppression of superconductivity can be seen

from the decrease of 	�m̄� 	 / B̄ with increasing field strength,
as observed experimentally.4 In particular, the diamagnetic

response is almost completely suppressed when B̄→1. Note

that B̄ �along the x direction� is in units of 	o /�y0�z0, which
is of the same order as Hcc and Hc2 discussed above. If

�z0�1000 Å and �y0�100 Å, then B̄=1 implies an applied
field of �2 Tesla. This is in rough accord with the experi-
mentally observed value of 1.5 to 5 Tesla as the quenching
field. In comparing the experimental data with the numerical
results in Fig. 5, we note that in Ref. 4, the diamagnetic
susceptibility has been normalized against 0.015, the abso-
lute value of the susceptibility measured at T=1.6 K and
H=0.2 Tesla. Considering that the volume used then in ob-
taining this value is the volume of the nanotubes only, which
is an underestimate by a factor of �10, and that the value of
0.015 is in units where B=0 corresponds to �=−1 rather than
�=−1/4�, we regard the data in Fig. 1 of Ref. 4 as the

FIG. 4. The gap parameter �� as a function of temperature,
evaluated for different system sizes, with �0=10.

FIG. 5. 	�m̄� 	 / B̄ as a function of temperature, evaluated at dif-

ferent values of the applied field B̄ for a small system of L̄x� L̄y

� L̄z=3�3�3, with �0=10. Here the vertical axis numbers are in
the unit of �̂=�y0

2 /64�3�z0
2 , estimated to be 10−7 in the case of

nanotube-zeolite samples.
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diamagnetic susceptibility normalized against the value of
10−4. The absolute value of the diamagnetic susceptibility
can also be estimated to be on the order of 10−4 /4� using the
penetration length �z0�104 Å and the transverse size on the
order of a few transverse coherence lengths, i.e., D��y0
�100 Å. This is considered to be in rough accord with the
experimental observation, though a difference of an order of
magnitude is noted. Given that all the parameter values are
presently only order-of-magnitude estimates, such discrep-
ancy is probably not avoidable. In comparing Fig. 1 in Ref. 4
with Fig. 5 here, we note that those data actually correspond
to the high-field regime since the applied field has to be large
enough to make the diamagnetic moment �m� experimentally
measurable. This is also seen by comparing the magnetic
field values there with the field strength unit 	o /�y0�z0�2
Tesla here. However, most of the curves in Fig. 5 display a
relatively linear variation with temperature, whereas experi-
mentally the variation is much more nonlinear. A possible

explanation for this discrepancy may come from the way in
which the superconducting order parameter in a finite system
is quenched with increasing magnetic field or temperature. In
particular, the present model calculation uses a free energy
functional in which a linear temperature dependence is as-
sumed down to T=0 �through �=ao�T−Tc

o� in FGL���� al-
though this linear dependence usually works only in the vi-
cinity of Tc

o.

We plot in Fig. 6 the cross-sectional distribution of 	�̄	2
for two small systems. It is seen that at weak applied field

	�̄	2 is only slightly reduced at the boundaries. However,
when the applied field is sufficiently strong, a normal core of

	�̄	2�0 is induced in the centre of the cross section �indi-
cated by the dark color�, resulting in a significant reduction
of the diamagnetic response. The appearance of the normal
core�s� represents a competition between the condensation
energy and the kinetic energy: when the applied field is suf-
ficiently large, the kinetic energy of a globally coherent sys-
tem would be pushed so high that it would be energetically
more favorable to lower the kinetic energy by sacrificing part
of the condensation energy �via the normal core�s��. Similar
mechanism also works for ultrathin, doubly connected super-
conducting rings and cylinders.22,23 We want to point out that
the normal cores numerically obtained here are vortices,
around the center of which the phase of � changes by an
integral multiple of 2�, i.e., �d�=2n�, where n is an integer
close to 	 /	o, with 	 being the magnetic flux penetrating
the normal core. We have n=1 for the normal core shown in
Fig. 6�a� and n=2 for that in Fig. 6�b�. The sudden appear-
ance of the normal core�s� is also reflected in the jump of the

diamagnetic moment �m� �see the curve for B̄=0.24 in Fig.
5�. In a real sample that contains many disconnected super-
conducting domains with different geometric shapes, the
jumps associated with the field-induced normal cores must
be smeared by the averaging over differently shaped do-
mains, thus leading to another potential reason for the non-
linear temperature dependence that was observed experimen-
tally.

VIII. DISCUSSION

In this paper the anisotropic GL free energy functional has
been used to model the system of coupled superconducting
wires, with the intention of clarifying the superconducting
behavior in 4 Å nanotube-zeolite composites.4 Comparison
with experimental data has been made by numerical evaluat-
ing of the Meissner effect for finite samples. Implications of
our study are that �i� the sample quality needs to be improved
before bulk superconducting behavior can be observed, �ii�
the transverse coupling is reasonably strong between the car-
bon nanotubes, so that the observed superconducting behav-
ior is that of an anisotropic superconductor with the zeolite
matrix playing a very important role of regulating the inter-
tube separations, �iii� consistent estimates of the material pa-
rameters can be obtained for the nanotube-zeolite compos-
ites, with �z0�104 Å, �z0�103 Å, and �x0=�y0�102 Å, and
�iv� the resistance transition of a finite-sized superconducting
region becomes observable only if it extends a few �z0’s, e.g.,

FIG. 6. The suppression of superconductivity in small systems
where normal cores are induced by sufficiently high applied fields.

�a� Cross-sectional distribution of 	�̄	2 for a system of L̄x� L̄y � L̄z

=3�3�3 at B̄=0.2 �upper panel� and 0.3 �lower panel�. �b� Cross-

sectional distribution of 	�̄	2 for a system of L̄x� L̄y � L̄z=5�5

�5 at B̄=0.1 �upper panel� and 0.2 �lower panel�. The temperature

is fixed at T̄=0.01 and the parameter �0 fixed at 10. Here the light

color indicates a high value of 	�̄	2, and the dark color indicates zero

or vanishing 	�̄	2. These pictures indicate the formation of vortices
in the system, with the larger sample having a lower threshold mag-
netic field.
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0.5 �m, along the alignment direction of the nanotubes.
These results would serve as a guide for further experimental
studies on the superconductivity in the 4 Å nanotube-zeolite
composites.
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