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W
ater molecules have a perma-
nent electric dipole moment of
1.8546 debye.1 Ferroelectricity

can thus be expected to be induced when

the water molecules condense into a solid

form. Bulk ice, however, is usually not ferro-

electric because of proton disorder.1 From

this viewpoint, strongly confined water in-

side a small cavity is very interesting be-

cause new novel structures of water can be

formed.2 Here, we assess the dielectric

properties of water confined inside single-

walled carbon nanotubes (SWCNTs) with a

finite length by employing classical molecu-

lar dynamics (MD) calculations in the pres-

ence of an external electric field.

SWCNTs are seamless tubes made of

graphene sheets, and they have a one-

dimensional cavity with diameter ranging

from subnanometer dimensions to a few

nanometers.3,4 In spite of the hydrophobic

nature of the SWCNT wall, it is known from

experimental5�9 and theoretical10�12 studies

that water can be adsorbed inside SWCNTs

without the application of a high-pressure if

the SWCNTs are heat-treated in air to open

the wall. Such strongly confined water in-

side SWCNTs has been extensively investi-

gated theoretically.10�22 One of the interest-

ing predictions from these studies is the

formation of a new form of water with a

tube-like structures at low temperatures,

the so-called ice nanotubes (ice-NTs).15 The

existence of ice-NTs was experimentally

confirmed in SWCNTs with diameters be-

tween 1.1 and 1.5 nm.6,11,23 Multilayer wa-

ter tubes were also discussed in theoretical

calculations in larger diameter SWCNTs.21,22

In the intermediate SWCNT diameter range,

ranging from 1.4 to 1.5 nm, an ice-NT like

structure containing a one-dimensional wa-

ter chain was described.24,22

Because of the peculiar structures of ice-
NTs with respect to proton arrangement in
water, the dielectric properties of water in-
side SWCNTs are particularly
interesting.15,16,18,19,25,26 Theoretical calcula-
tions on single layer ice-NTs indicate that
each one-dimensional chain along the
SWCNT axis, which consists of ice-NTs, is
proton-ordered along the SWCNT axis, that
is, each chain in the ice-NTs is a proton-
ordered ferroelectric at the lowest energy
state. On the other hand, interchain cou-
pling between these ferroelectric chains is
believed to be antiferroelectric.

In real systems, however, the one-
dimensional nature of the SWCNT cavity
should be another factor to determine the
dielectric properties. It may cause large am-
plitude long-range fluctuations, and does
not allow the formation of long-range or-
der at finite temperatures.27�29 An NMR ex-
periment using an SWCNT sample with an
average diameter of 1.35 nm indicated that
all the large amplitude proton dynamics in
ice-NTs are frozen below 120 K within the
NMR time scale of 10�5 s.25 However, little
is known about the dielectric properties of
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ABSTRACT In this paper, we report novel ferroelectric properties of a new form of ice inside single-walled

carbon nanotubes (SWCNTs). These are called “ice nanotubes” (ice NTs) and they consist of polygonal water rings

stacked one-dimensionally along the SWCNT axis. We performed molecular dynamics (MD) calculations for the ice

NTs under an external electric field and in a temperature range between 100 and 350 K. It is revealed that ice

NTs show stepwise polarization with a significant hysteresis loop as a function of the external field strength. In

particular, pentagonal and heptagonal ice NTs are found to be the world’s smallest ferroelectrics with spontaneous

polarization of around 1 �C/cm2. The n-gonal ice NT, where n � 5, 6, or 7, has (n � 1)-polarized structures with

different polarizations. These findings suggest potential applications of SWCNTs encapsulating dielectric materials

for the fabrication of the smallest ferroelectric devices. Experimental evidence for the presence of ice NTs inside

SWCNTs is also discussed in great detail.
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ice-NTs thus far. We have therefore carried out a sys-

tematic investigation of confined water inside SWCNTs

as dielectrics by means of molecular dynamics (MD) cal-

culations in the presence of zero and finite electric fields

along the SWCNT axis.

RESULTS AND DISCUSSION
Classical molecular dynamics (MD) calculations were

performed on water encapsulated in finite length

SWCNTs with indexes (9,8), (9,9), and (10,10). The MD

calculations were performed using the software pack-

age Materials Explorer 5.0 (Fujitsu Ltd.). The number of

confined water molecules and the SWCNT lengths and

diameters are listed in Table 1.

The TIP3P water model30,31 was chosen to describe

the water molecules, which consist of an oxygen atom

with a negative charge and two hydrogen atoms with a

positive charge. The TIP3P water has a permanent elec-

tric dipole moment of pw � 2.35 debye � 7.84 � 10�30

C · m. The systems presented in this paper are illustrated

in Figure 1. To ensure encapsulation of water inside

SWCNTs during the calculations even before achieving

thermal equilibrium and even at higher temperatures, flat

walls made of artificial atoms are located 0.3 nm from

both the SWCNT edges. SWCNTs and the artificial atoms

are fixed, and TIP3P water is treated as a rigid body; inter-

nal degrees of freedoms within the water molecule are

not included.

First, we discuss the results in a zero electric field

for the three systems mentioned above. The num-

ber of water molecules encapsulated are 104, 83,
and 98 for the (9,8), (9,9), and (10,10) SWCNTs, re-
spectively.32 Snapshots of structures obtained at
high temperature (300 K) and low temperatures (200
or 170 K) are shown as examples in Figure 2. In the
simulations, the temperature was first held for more
than 1 ns at a temperature higher than 300 K, then
ramped down to 200 K or below at a rate 12.5 K/ns
for the (9,8) and (9,9) SWCNTs and 5.41 K/ns for the
(10,10) SWCNT. A faster temperature variation of 50
K/ns, was also examined, but essentially the same re-
sults were obtained. In Figure 2, we observe that
pentagonal, hexagonal, and heptagonal ice-NTs are
formed at low temperatures for the (9,8), (9,9), and
(10,10) SWCNT systems, respectively. Similar results
have been reported in previous papers, wherein the
calculations were performed under periodic bound-
ary conditions using different water models, TIP4P or
SPC/E.15,10,20

As shown in Figure 2, the ice-NT structures consist of
n-gonal water rings stacked one-dimensionally along the
SWCNT axis, where n is an integer, that is, n � 5, 6, and 7

TABLE 1. Simulated SWCNT Systems Encapsulating Water
Molecules

SWCNT index diameter nm length nm number of H2O

(9,8) 1.153 6.2, 12.4 104,208
(9,9) 1.221 4.3 83
(10,10) 1.356 4.3 98

Figure 1. The water-SWCNT systems examined in this study. (a) (9,8) SWCNT
encapsulating 104 TIP3P water molecules. (b) (9,9) SWCNT encapsulating 83
TIP3P water molecules. (c) (10,10) SWCNT encapsulating 98 TIP3P water mol-
ecules. Flat walls made of artificial atoms are located at both edges of SWCNT
to prevent water from escaping from the inside of the SWCNTs.

Figure 2. Snapshot structures of water inside (a) the (9,8) SWCNT,
(b) the (9,9) SWCNT, and (c) the (10,10) SWCNT at high and low tem-
peratures. Left: side views. Right: top views. The low temperature
structures are pentagonal, hexagonal, and heptagonal ice-NTs for
panels a, b, and c, respectively. The ice-NTs consist of proton-
ordered one-dimensional water chains at low temperature. The
small white spheres are positively charged hydrogen atoms. The
large red spheres are negativity charged oxygen atoms.
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for pentagonal, hexagonal, and heptagonal ice-NTs, re-

spectively. The structures can also be seen as a polygon

tube consisting of n one-dimensional water chains

aligned parallel to each other through hydrogen bonds.

It should be emphasized that one of the oxygen-proton

bonds within each water chain is ordered along the

SWCNT axis, except for the edge molecules of ice-NTs.

To check the reliability of the present simulations in

reproducing experimental results,6,23 X-ray interference

functions, IOO, between oxygen�oxygen (O�O) atoms

in water were calculated at several temperatures using
a built-in tool in the software package and compared
with the experimental results. Here, Iij between i and j
atoms is defined as

Iij(Q) )
wifiwjfj

| ∑
k

wkfk|2
× N

V ∫
0

rm

[gij(r) - 1]
sin(Qr)

Qr
4πr2 dr

(1)

Q ) 4π sin θ / λ where Q is the amplitude of X-ray scat-
tering vector, 2� is the scattering angle, � is the X-ray
wavelength, N is the total number of atoms, V is the sys-
tem volume, wi(�Ni/N) is the partial number of atom i,
fi is the atomic scattering factor for atom i, and gij(r) is
the distribution function between i and j atoms. The
X-ray interference functions are related to the X-ray dif-
fraction pattern as

I(Q) ∝ ∑
i,j

Iij(Q) (2)

In an earlier paper,10 following Gnutzmann and Vo-
gel,33 Striolo et al. characterized the snapshot struc-

Figure 3. Experimentally observed and simulated X-ray
diffraction (XRD) patterns in the thinner SWCNT systems.
(a) XRD patterns of water-adsorbing bundles consisting
of SWCNTs with a mean diameter of 1.17 nm at 305 (up-
per) and 100 K (lower).23 (b) Difference between the XRD
patterns taken at high and low temperatures in panel a.
(c) Calculated interference function, Ioo, at high and low
temperatures in the (9,8) SWCNT systems. The solid lines
are for the short SWCNT system with 104 water mol-
ecules, and the dotted lines are for the longer SWCNT sys-
tem with 208 water molecules. The temperatures given
in parentheses are for the longer SWCNT system. (d) Dif-
ference in IOO(Q) in panel c. The asterisk (*) denotes the
Bragg peak of a graphite impurity. The data are shifted
to distinguish between them. The vertical dotted lines
are shown as a guide to the eye.

Figure 4. Experimentally observed and simulated X-ray dif-
fraction (XRD) patterns in the thicker SWCNT systems. (a)
XRD patterns of water-adsorbing bundles consisting of
SWCNTs with a mean diameter of 1.35 nm at 280 K (upper)
and 110 K (lower). (b) Difference in the XRD patterns in panel
a. (c and e) Calculated interference function, Ioo, at high and
low temperatures in the (10,10) and (9,9) SWCNT systems, re-
spectively. (d and f) Difference in Ioo in panels c and e, respec-
tively. From a comparison of the real XRD patterns with
simulated ones, it is suggested that both the heptagonal
and hexagonal ice-NTs are formed in the real SWCNT sample
because of the diameter distribution in the real SWCNT
sample. Octagonal ice-NT has also been suggested to exist
in the sample.23 The asterisk (*) denotes the Bragg peak of a
graphite impurity. The data are shifted to distinguish be-
tween them. The vertical dotted lines are shown as a guide
to the eye.
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tures of water confined inside SWCNTs by using the De-

bye function:

I(Q) ) ∑
i,j

fifj

sin(Qrij)

Qrij
(3)

Comparing with eq 1, the summation in eq 3 is re-

placed by the integration of gij(r) in eq 1. Although

there is an additional term in the integration in eq 1,

the two equations are essentially the same to describe

the main characteristics of the X-ray diffraction pattern.

The calculated IOO for the 104 water molecules in-

side the (9,8) SWCNT at 350 and 100 K is shown by

solid lines in Figure 3c. For the (10,10) and (9,9) SWCNT

systems, IOO at high and low temperatures is given in

Figure 4 panels c and e, respectively. For these three

systems, we find that a new peak in IOO(Q) appears at

Q � 22 nm�1 at lower temperatures. The correspond-

ing periodicity, 2�/Q, is about 0.28 nm, close to the hy-

drogen bond length in bulk ice, and can be definitely

assigned to the periodic structure of the one-

dimensional array of polygonal water rings in the ice-

NTs. Simultaneous with the appearance of this peak

with lowering temperature, an oscillatory behavior ap-

pears in IOO(Q) in a wide Q region below 20 nm�1. This

oscillation is more clearly observed in the thicker (9,9)
and (10,10) SWCNTs than in the (9,8) SWCNT system,
and is particularly obvious in the difference in IOO(Q) be-
tween the high and low temperatures, as seen in Fig-
ures 3d, 4d,f. This oscillation is presumably caused by
the rearrangement of water into a tube-like structure at
low temperatures, as demonstrated in the top views of
the SWCNT systems in Figure 2.

The peak intensity at Q � 22 nm�1, IOO (22), devel-
ops with temperature as shown in Figure 5b. Defining
the onset temperature of ice-NT formation, Tm, as
shown by the arrows in Figure 5b, we have Tm � 310
� 5 K for the pentagonal ice-NT in the (9,8) SWCNT and
275 � 5 K for the hexagonal ice-NT in the (9,9) SWCNT.
By contrast the heptagonal ice-NT in the thicker (10,10)
SWCNT exhibits a large hysteresis; Tm � 220 � 5 K for
lowering temperature and 240 � 5 K for rising temper-
ature. The size dependence of Tm was also examined
for the case of the (9,8) SWCNT system. The inset in Fig-
ure 5b shows the temperature dependence for the
longer (9,8) SWCNT with 208 water molecules. Com-
pared with the result for the shorter SWCNT, Tm is al-
most the same for both.

The corresponding X-ray diffraction (XRD) patterns
of the real SWCNT samples are shown in Figure 3a for
the SWCNT specimen with a mean diameter of 1.17 nm
and in Figure 4a for the SWCNT specimen with a mean
diameter of 1.35 nm.23 In the XRD patterns in the earlier
report,6 there were extrinsic peaks due to bulk ice in-
side and outside the XRD glass capillary containing the
SWCNT samples. In contrast, the XRD patterns in this
study contain almost no signal from bulk water because
the measurements and the water adsorption treat-
ment were carefully carried out under well-controlled
conditions. The present XRD experiments were per-
formed using synchrotron radiation X-rays with a wave-
length of 0.10 nm at the BL1B station of the KEK PF
facility.

Comparing the simulated and the observed pat-
terns, it must be noted that the simulated patterns
lack the experimentally observed Bragg peaks rising
from the bundle structure of the SWCNTs. These Bragg
peaks appear dominantly below Q � 20 nm�1. This is
because the simulations were carried out on single iso-
lated SWCNTs encapsulating the water molecules.
Therefore, we focus our attention on the XRD profiles
above Q � 20 nm�1 in the present paper. Some effects
of water-rearrangement on the bundle Bragg peaks
have been discussed in the earlier report.6

From Figures 3a and 4a for the observed raw XRD
patterns and Figures 3b and 4b for differences be-
tween high and low temperatures, we observe the ap-
pearance of new Bragg peaks at Q � 22 nm�1 at low
temperatures in both samples. The peak profile has an
oscillatory tail in the higher Q direction (	22 nm�1). The
period of oscillation seems to be shorter in the 1.35
nm diameter SWCNTs than in the 1.17 nm diameter

Figure 5. Temperature dependence of the Bragg peak intensity at
Q � 22 nm�1. (a) Experimentally observed peak intensity in five
SWCNT specimens with different mean diameters covering 1.0�1.5
nm.23 (b) Simulated XRD peak intensity at Q � 22 nm�1 due to the
pentagonal (n � 5), hexagonal (n � 6), and heptagonal (n � 7) ice-
NTs. The arrows define the formation temperatures of ice-NTs, Tm.
The dotted lines are for increasing temperature. The solid lines are
for decreasing temperature. The inset shows the normalized inten-
sity at 200 K for the longer (9,8) system with 208 water molecules.
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SWCNTs. All of these features observed in the
experiments agree well with the simulated
patterns in Figures 3c,d and 4c�f. The ob-
served tail is a characteristic of the one-
dimensionality of the ice-NT structures and its
oscillation is related to the diameter of the wa-
ter polygon in ice-NTs. A detailed comparison
suggests that the pentagonal ice-NT is domi-
nantly formed inside the 1.17 nm diameter
SWCNT specimen. In the 1.35 nm SWCNT
specimen, on the other hand, the observed
high-Q tail seems to be between that for the
hexagonal and the heptagonal ice-NTs, so that
it is a mix of the hexagonal and the heptago-
nal ice-NTs. This likely occurs because the
SWCNT specimen used for the measurements
inevitably has a diameter distribution (about
0.2 nm).

By a more detailed comparison, however,
we notice that the width of the simulated
peaks is substantially larger, and the peak po-
sition shifts slightly toward the high-Q direc-
tion. Such discrepancies can definitely be as-
cribed to the smaller crystalline (or system)
size used in the simulations. Indeed, this can
be confirmed by an additional calculation for
the larger system with 208 water molecules in-
side the longer (9,8) SWCNT. These results are
shown by the dotted lines in Figure 3c,d; the
peak becomes sharper and shifts to a lower Q direc-
tion compared to the shorter SWCNT system with 104
water molecules, so that we obtain better agreement
with the experiments. This implies, in reverse, that the
domain sizes of the ice-NTs in real systems should be
much larger than 20 polygon units; in the case of pen-
tagonal ice NT, for example, it would be about 40 units.

The temperature dependence of the peak intensity,
IOO (22), is summarized in Figure 5. The experimental
data in Figure 5a were collected from five SWCNT
samples with different mean diameters between 1.17
and 1.38 nm.23 Except for the hysteresis in the (10,10)
SWCNT, we find that the simulations successfully repro-
duced the observed XRD measurements behavior and
the ice-NT formation temperatures, Tm. In particular, the
unusual diameter dependence of Tm, which increases
with decreasing SWCNT diameter,23 is well reproduced
by the present simulations, as in the previous
reports.20,22

On the basis of the MD simulations mentioned
above, we calculated the polarization P along the
SWCNT axis for the three SWCNT systems in a zero-
electric field. The temperature dependence of P is
shown in Figure 6. Here, P was calculated from the pro-
jection of each dipole moment of TIP3P water to the di-
rection of SWCNT axis and taken as a time-average for
0.4 ns.34 We find that the polarization for each of the
three SWCNT systems maintains a constant value at low

temperatures while it substantially fluctuates around

Tm for the (9,8) and (9,9) SWCNTs. In contrast, for the

thicker (10,10) SWCNT, the fluctuation is less remark-

able and shows apparent hysteresis. The larger fluctua-

tion observed in the narrower SWCNT systems likely

originates in the quasi-one-dimensional nature of

ice-NT structures. The polarization perpendicular to

the SWCNT axis, Px, was also examined as shown in Fig-

ure 6b. Compared to the parallel polarization, it is found

that the perpendicular polarizations exhibit little fluc-

tuation over the entire temperature range examined,

including both above and below Tm. The large fluctua-

tion along the SWCNT axis implies that the fluctuation is

related to ordering of the O�H direction in water mol-

ecules along the SWCNT axis.

For parallel polarization at the lowest temperatures,

the hexagonal ice-NT inside the (9,9) SWCNT has nearly

zero polarization while the pentagonal and heptago-

nal ice-NTs have finite polarization. This implies that the

pentagonal and heptagonal ice-NTs are a kind of ferro-

electric with spontaneous polarization. The values per

each polygonal water ring, that is, the polarization per

five water molecules for the pentagonal ice-NT and per

seven water molecules for the heptagonal ice-NT, are

the same for the pentagonal and heptagonal ice-NTs:

5.0 � 10�30 C · m/ring � 1.5 debye/ring. From the cor-

responding snapshot structures, we find that each wa-

ter chain, consisting of ice-NT structures, is proton-

Figure 6. Temperature dependence of polarization, P, of water inside the (9,8), (9,9),
and (10,10) SWCNTs from up to down in a zero-field. P is the polarization per water mol-
ecule averaged for 0.4 ns. (a) Polarization parallel to the SWCNT axis. (b) Polarization
perpendicular to the SWCNT axis. The closed circles were taken while lowering temper-
ature and the squares were taken with rising temperature. The arrows indicate the on-
set temperatures defined in Figure 5.
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ordered along the SWCNT axis with a single domain at

the lowest temperatures in all cases. Besides, since the

pentagonal (heptagonal) ice-NT consists of three (four)

positive ferroelectric chains and two (three) negative fer-

roelectric chains, it is “ferroelectric” or “ferrielectric”

with a net polarization. On the other hand, the hexago-

nal ice-NT is found to be “anti-ferroelectric”, because it

has three positive ferroelectric chains and three negative

ferroelectric chains with respect to the SWCNT axis.

These low temperature structural features are consis-

tent with the previous results calculated for TIP4P wa-

ter inside SWCNTs.26

Even after a single domain with a net polarization

develops inside the SWCNTs with lowering tempera-

ture, however, the direction of the polarization possi-

bly fluctuates with time in a zero-field. In this context,

we examined the time-dependence of the polarization

for the (9,8) SWCNT system at constant temperature in

detail. The results for parallel polarization are shown in

Figure 7. P was taken as an average for 1.0 ns. Again, we

find that the amplitude significantly fluctuates around

Tm � 310 K. Below 270 K, the polarization shows nearly

equal amplitude, but changes sign with time, �P0. The

corresponding snapshot structures indicate that inver-

sion of the single domain ferroelectric occurs
with time. With decreasing temperature, the
inversion time 
 increases steeply, and reaches
roughly 60 �s at 150 K, 3.5 s at 100 K, and
1010 days at 50 K from extrapolation of 
 at
200 K, 225 K (not shown in Figure 7), 250 K,
and 270 K to lower temperatures assuming the
Arrhenius law. The inversion time 
 was also
examined for the heptagonal ice-NT inside the
(10,10) SWCNT. It was found that the inver-
sion occurs down to 180 K below the ice-NT
formation temperature of 220 K, within the
MD simulation time scale of 100 ns. This is con-
sistent with a previous NMR experiment,25

which indicated that the large amplitude rota-
tional motion of water molecules continues
down to 120 K for a SWCNT sample with a
mean diameter of 1.35 nm within the NMR
time scale of 10�5 s.

While such net polarization seems to have
been anticipated from the ice-NT structures
and previous theoretical studies,15 the present
simulations for the finite systems indeed dem-
onstrate that the ice-NTs can be really ferro-
electric (or ferrielectric) or antiferroelectric
with a single domain even at finite tempera-
tures, despite the low dimensionality of the
ice-NT structures.

We next discuss MD simulations of water
encapsulated inside SWCNTs in an external
electric field along the SWCNT axis. The polar-
ization at 100 K is shown in Figure 8 for the
(9,8), (9,9), and (10,10) SWCNT systems as a

function of the electric field strength. The field was
changed stepwise, and the polarization along the
SWCNT axis was taken as a time-average for 0.1 ns af-
ter annealed for 0.4 ns at each field. We find a strong
ferroelectric-like hysteresis loop for all the systems.
However, comparing with the conventional ferroelec-
tric loop, it exhibits a stepwise behavior. Combined with
structural inspections it is found that the inversion of
the ferroelectric-water-chain occurs at each step in po-
larization one by one. Therefore, the ice-NTs may have
six different values for P in pentagonal ice-NT, seven in
hexagonal ice-NT, and eight in heptagonal ice-NT in the
presence of an external field.

The temperature dependence was further investi-
gated for the case of water inside the (9,8) SWCNT in de-
tail. Figure 9b shows hysteresis loops at 100, 175, 200,
225 K. Above 200 K, the “remanence” polarization is
that of the one-chain case, with P0 � 1 � 10�30 C · m/
H2O. Assuming a closed packed hexagonal SWCNT lat-
tice with a lattice constant of 1.5 nm, this corresponds
to a remanence polarization of P0 � 0.77 �C/cm2. Al-
though the hysteresis loop becomes smaller with ris-
ing temperature, the saturated polarization, �5P0,
shows little temperature dependence below 200 K,

Figure 7. Time dependence of polarization, P, per water molecule in the (9,8) SWCNT.
P is an average for 1 ns. At 200 K, P was not reversed for an additional 30 ns. Right: cor-
responding snapshot structures.
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due to full inversion of the ferroelectric chains along

the external field direction. The saturated polarization

has the same order of magnitude as that of typical pro-

ton order�disorder type ferroelectrics, such as 4.73 �C/

cm2 for KH2PO4. On the other hand, the hysteresis

width, corresponding to the field strength to reverse

one chain, becomes weaker with rising T. Thus, distinct

polarized states would be attained by quenching of the

high temperature states polarized by the weaker field

to lower temperatures.

Figure 9a depicts the initial polarization process for

the (9,8) SWCNT. The solid straight line is the extrapo-

lated polarization of bulk water to a higher field using

a dielectric constant at the low field limit εs � 71 at 320

K. We find that the initial slope of the polarization curve

at 320 K is closely described by this bulk limit, suggest-

ing that the liquid water inside the (9,8) SWCNT shows

roughly the same dielectric properties as for bulk water.

At lower temperatures below Tm, the polarization pro-

cess is quite different from that for bulk water, wherein

stepwise polarization is clearly seen, as mentioned

previously.

The saturated polarization, Ps, increases above 225 K

in ice-NTs and approaches the value for TIP3P water, Pw

� 2.35 debye � 7.83 � 10�30 C·m. This is because the

strong electric field deforms the ice-NT structures; the

electric dipole moment of each water molecule tends to

align along the field direction, while at zero-field, the di-

pole moment of each molecule in the ice-NTs is not ex-

Figure 8. Hysteresis loops of polarization, P, per water mol-
ecule in the (9,8), (9,9), and (10,10) SWCNTs at 100 K. The
electric field E was applied along the SWCNT axis. The closed
circles are the initial polarization. The numbers denote the
number of water chains whose ferroelectric polarization is
parallel to the positive external electric field.

Figure 9. Hysteresis loops of polarization and initial polarization,
P, per water molecule in the (9,8) SWCNT at several temperatures.
The electric field E was applied along the SWCNT axis. The dot-
ted line indicates extrapolation from bulk water at the low field
limit. The numbers denote the number of water chains aligned to
the electric field.

Figure 10. Snapshot structures of water inside the (9,8) SWCNT at 225 K in the
external electric field along the SWCNT axis: (a) zero-field; (b) 1 � 109 V/m; (c) 1.4
� 109 V/m.
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actly parallel to the SWCNT axis. Distorted ice-NT struc-
tures are shown in the examples in Figure 10.

Finally, we discuss a cooling effect in an external
electric field. Detailed simulations were performed for
the (9,8) SWCNT system. In a given external field up to
2 � 108 V/m along the SWCNT axis, the system was
cooled at a rate of 12.5 K/ns or 50 K/ns from 300 to 200
K. In all the cases examined, the formation of pentago-
nal ice-NT was observed. One of the interesting and im-
portant observations in this simulation is the polariza-
tion at low temperatures after the field cooling,
indicated in Figure 11 as a function of the external
field. In zero-field cooling, the polarization at 200 K ran-
domly takes two possible polarization directions for
several runs; positive (parallel) or negative (antiparallel)
to the SWCNT axis. With cooling under fields above 2 �

107 V/m, it is confirmed that polarization of the ice-NT
along the field direction can be achieved.

CONCLUSIONS
We have investigated the dielectric properties of wa-

ter encapsulated inside three different diameter

SWCNTs with finite length by means of classical molec-

ular dynamics (MD) calculations using the TIP3P model

for water. Within the present model, it was shown that

the ice-NTs are novel dielectric materials with

nanometer-scale dimensions. First, it was confirmed

that the present MD simulations in a zero-external elec-

tric field could reproduce reported X-ray diffraction ex-

periments. From a comparison, it was strongly sug-

gested that ice-NTs consisting of more than 20 polygon

units are indeed formed inside real SWCNTs. The calcu-

lated polarization indicates significant fluctuation with

time and space around the phase transition tempera-

ture Tm. The fluctuation was more remarkable for thin-

ner SWCNTs and for parallel polarization with respect to

the SWCNT axis. Therefore, it was ascribed to quasi-one-

dimensional fluctuations in the ice-NT structures. With

reduced temperatures well below Tm, a ferro- or

antiferro-electric single domain is formed inside the

SWCNTs; although the polarization fluctuates between

negative and positive polarity with the same magnitude

in the intermediate temperature region, it finally

freezes along one direction of the SWCNT axis. The

polarization as a function of the external field indi-

cated novel hysteresis behavior that cannot be ob-

served in the bulk. The results predict that ice-NTs

can be the world’s smallest ferroelectrics with differ-

ent polarized states, as small as 2 nm in diameter

and shorter than 4 nm in length. The present find-

ings suggest potential applications of SWCNTs en-

capsulating dielectric materials to fabricate the

smallest ferroelectric devices.

METHODS
Classical molecular dynamics (MD) calculations were per-

formed on water encapsulated in fixed SWCNTs with the in-
dexes (9,8), (9,9), and (10,10) using the software package Materi-
als Explorer 5.0 (Fujitsu Ltd.). The water molecule was described
by the TIP3P model. The interaction potential, VWW, among TIP3P
molecules is the sum of the Lennard-Jones (LJ) potential, VLJ, of
the oxygen atoms and the Coulomb interaction potential, VCou-

lomb, of the point charges between different TIP3P molecules:

VWW ) VLJ + VCoulomb,

VLJ ) ∑
i*j

4εOO{(σOO

rij
)12

- (σOO

rij
)6},

VCoulomb ) ∑
l*m

1
4πε0

qlqm

rlm

(4)

Here, rij is the oxygen(O)�oxygen(O) distance, εOO and �OO are LJ
parameters for O�O interaction, rlm is the distance between
point charges ql and qm in different molecules, and ε0 is the
dielectric constant of vacuum. The interaction potentials of TIP3P
water with carbon atoms in a SWCNT and artificial atoms are

LJ potentials with LJ parameters εOC, �OC, and εOA, �OA,
respectively. The LJ parameters used are εOO/kB � 76.6 K, �OO �
3.15061 Å, εOC/kB � 46.3 K, �OC � 3.27531 Å, εOA/kB � 5.3 K, and
�OA � 2.75 Å, where kB is the Boltzmann constant.

The cutoff length in these interactions was set to 2.0 nm. Pe-
riodic boundary conditions are not applied to the systems with
fixed volume and number of molecules, to obtain the results for
finite systems. The temperature was controlled by a velocity-
scaling method. The integration is carried out using the Gear al-
gorithm with a time step of 1.0 fs.
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