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When a C60 film is irradiated with a 3 kV electron-beam in an ultrahigh vacuum
(base pressure: 10−7 Pa), C60 molecules are coalesced to form a one-dimensional
(1D) uneven peanut-shaped C60 polymer. From a topological viewpoint, since the poly-
mer has both positive and negative Gaussian curvatures, it can be regarded as a new
allotrope of nanocarbons different from graphene, fullerenes, and nanotubes. We will
present our recent results of the electronic, optical, and electron-transport properties of
the 1D uneven peanut-shaped C60 polymer and discuss its novel electronic properties
on the basis of quantum mechanics in Riemannian space.
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Introduction

Since the first report on C60 photo-polymerization (1), there have been many reports on
C60 polymers obtained using various kinds of methods, as shown in Table 1 (2). We
have produced C60 polymers from photo and electron-beam (EB) irradiation of pristine
C60 films and investigated their structural and electric properties. As shown in Figure 1,
photo-polymerization provides two-dimensional (2D) semiconducting dumbbell-shaped
C60 polymers (left) with a resistivity of 103 !cm (3–9), whereas EB-polymerization does
metallic peanut-shaped C60 polymers with that of 1–10 !cm (10–18). These resistivity
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2 J. Onoe et al.

Table 1
Summary of fullerene polymers obtained using various methods

Method Reactant Cross-linkage Structure

Photo-irradiation C60 film dumbbell
single-bond

1D
2D hexagonal
1D

High-Temperature
and high- pressure

Solid C60 dumbbell 1D orthorhombic
2D tetragonal
2D hexagonal
3D tetragonal/
hexagonal

Charge transfer AC60
∗

Na2RbC60

Na4C60

dumbbell
single-bond
single-bond

1D orthorhombic
1D orthorhombic
2D tetragonal

Solid catalysis C60 powder
KCN

dumbbell dimer/trimer

Electron-beam Solid C60

C60 film
dumbbell
peanut-shaped
dissociation

dimer
1D
3D amorphous

∗A denotes alkali metals.

Figure 1. Schematic illustration of 2D hexagonal dumbbell-shaped C60 polymers (left) and 1D
uneven peanut-shaped C60 polymer (right) (taken from Refs. 11 and 14) (color figure available
online).

values were obtained using four-probe measurements at room temperature under atmo-
spheric conditions, which are much smaller than that of 108–1014 !cm of solid
C60 (19,20).

As shown in Figure 1 (left), the 2D C60 polymer has a [2 + 2] four-membered cross-
linkage between adjacent C60 molecules by dissociation of C = C double bonds of each
C60. In this case, the whole system is not regarded as a π -electron conjugated system, thus
exhibiting semiconducting. On the other hand, as shown in Figure 1 (right), the peanut-
shaped polymer has a coalesced structure via the general Stone-Wales rearrangement
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Quantum Electronic System in Riemannian Space 3

Table 2
Classification of nanocarbon allotropes based on Gaussian curvature

π -electron system Gaussian curvature N-membered ring

graphene 0 6
fullerene + 5,6
nanotubes 0(body) + (cap) 5,6
Mackay crystal∗ (hypothetical) — 6,8
1D peanut-shaped polymers +, — 5–8

∗see Figure 13 (taken from Ref. 40).

(21,22) between adjacent C60 molecules. The EB-polymer can be regarded as a π -electron
conjugated system, thus exhibiting metallic. In addition, when we focus on the geometri-
cal aspect of the EB-polymer, this peanut-shaped structure has both positive and negative
Gaussian curvatures (23), which are different from well-known π -electron conjugated
nanocarbon allotropes (see Table 2).

In the present paper, we will introduce our recent works on the electron-transport (24),
optical (25), and electronic properties (26,27) of the peanut-shaped C60 polymer with posi-
tive and negative Gaussian curvatures. In particular, we will discuss the effects of Gaussian
curvatures on the electronic states of the polymer on the basis of the Schrodinger equation
in Riemannian space (28,29). Finally, we will describe the perspective of the peanut-shaped
C60 polymer from the viewpoint of topological science.

Experiments

Electron-transport Properties

To investigate the electron-transport properties of the peanut-shaped C60 polymer, we per-
formed four-probe measurements in vacuum (24). After 12 hours of EB irradiation (applied
voltage: 3 kV) of a C60 film (100 nm thick) deposited on a cesium iodide (CsI) substrate
by sublimation of C60 powder (99.98% pure) at 673 K in a ultra-high vacuum (UHV)
chamber (base pressure: 2 × 10–7 Pa) equipped with infrared spectroscopy, the film was
taken out of the chamber and moved into the other vacuum chamber (base pressure: 4 ×
10–4 Pa). Prior to a C60 film deposition on the CsI, the powder was preheated at 473 K until
residual organic solvents were completely removed from the powder. Gold (Au) contacts
were deposited on the peanut-shaped C60 polymer film through a metal mask, and the film
resistance was recorded as a function of the substrate temperature in the range of 9–400 K.

Optical Properties

To investigate the optical properties of the peanut-shaped C60 polymer, we examined
the dynamics of photo-excited carriers in the polymer, using two-color pump-probe fem-
tosecond spectroscopy (a temporal resolution of 200 fs), in which a coaxial configuration
between the pump (1.07 eV) and probe (1.55 eV) laser beams provides a high signal-to-
noise ratio (S/N) (25,30). C60 films (200 nm thick) were formed on a CsI substrate in the
UHV chamber described in the previous section by sublimation of the C60 powder at 673 K.

D
ow

nl
oa

de
d 

by
 [T

ok
yo

 K
og

yo
 U

ni
ve

rs
ity

] a
t 1

9:
02

 2
6 

O
ct

ob
er

 2
01

1 



4 J. Onoe et al.

The peanut-shaped C60 polymer was prepared by 3 kV EB-irradiation, and its formation
was confirmed using in situ infrared spectroscopy (31). We also prepared a pristine sample
without EB irradiation as a reference. The films formed were mounted on the cold finger of
an optical cryostat, and the lifetime of photo-excited carriers in the films was recorded as a
function of the substrate temperature (20–300 K). The details of the measurement system
and conditions were described in Ref. (25).

Electronic Structure

To clarify the origins of the metallic I-V characteristics of the peanut-shaped C60 polymer,
we examined the valence electronic structure around the Fermi level (EF), using in situ
high-resolution ultraviolet photoemission spectroscopy (PES). Prior to a C60 film deposi-
tion, 100 mg of C60 powder (99.98% pure) introduced into a Knudsen cell (K–cell) was
heated at 473 K for a few hours to remove residual organic solvents from the powder in a
preparation chamber (base pressure: 1 × 10–7 Pa). Thereafter, a C60 film (20–30 nm thick)
was formed on a copper (Cu) substrate by sublimation of the pretreated C60 powder in the
K–cell at 673 K for 3 minutes in the preparation chamber. Subsequently, the pristine C60

film was transferred to an analysis chamber (base pressure: 1 × 10–8 Pa) and measured in
situ by PES with an energy resolution of 12 meV and a monochromatic He Iα (21.218 eV)
and/or IIα (40.806 eV) emission line. Although we used He Iα in Ref. (26), we used a He
IIα emission line to examine the π -electron behavior near EF for the outermost layers of
the EB-irradiated film in Ref. (27). After the measurements, the film was returned to the
preparation chamber and EB-irradiated for 0.5, 1.5, 2.5, 5.0, and 12 hours. We confirmed
by in situ infrared spectroscopy that 12 hours of EB-irradiation was sufficient to allow the
C60 molecules to completely coalesce, thus forming a peanut-shaped C60 polymer all over
the film. After each EB-irradiation, the film was transferred to the analysis chamber for in
situ PES measurements. The zero value in binding energy for the present measurements
was determined from EF (= 0 eV) of a Au film, which was deposited on the same Cu sub-
strate as used for the pristine and EB-irradiated C60 films, by fitting its PES spectrum with
a Fermi distribution function at the measurement temperature (350 K). In the present sub-
strate temperature, EF of a semiconductor was located in the middle between the valence
and conduction bands by thermal broadening and was almost the same position as that of
a metal with thermal broadening at the temperature.

Results and Discussion

Electron-transport Properties

We examined the temperature dependence of the electrical resistance of the peanut-shaped
C60 polymer. Figure 2 shows the Arrehnius plot of the resistance of the polymer as a
function of the substrate temperature. It was found that the electron–transport mechanism
changed at around 90 K. For a substrate temperature above 90 K, the electron–transport
was based on a thermally excited mechanism, and the activation energy of the electron
conduction was obtained to be 60 meV, which is smaller than that of 100 meV for multi-
walled carbon nanotubes (MWCNTs) (8). Because the peanut-shaped C60 polymer can be
formed only by EB irradiation of a C60 film, which can be deposited on any substrate by
dry (evaporation) or wet (spin coat) processes, this polymer can be superior to carbon nan-
otubes (CNTs) when applied to electronic devices. On the other hand, for a temperature
below 90 K, although the electron–transport mechanism may change to a variable range
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Quantum Electronic System in Riemannian Space 5

Figure 2. Arrehnius plot of the resistance of the peanut-shaped C60 polymer in the range of 9–400 K
(taken from Ref. 24) (color figure available online).

hopping mechanism, in situ four-probe measurements are further needed to clarify whether
or not the hopping mechanism is based on 1D metallic conduction, Mott–type, or Anderson
localization.

Optical Properties

Typical transient $T(t), the difference in transmission from that of an equilibrium con-
dition as a function of the delay time between the pump and probe pulses, for the
peanut-shaped C60 polymer and pristine C60 films are shown in Figures 3(a) and 3(b),
respectively. In the high temperature range exceeding 60 K, $T(t) was identical for both
samples and showed an instantaneous response (hereafter called the “fast component”).
This common feature remained largely unchanged over the whole temperature range. On
the other hand, in the low temperature range below 60 K, $T(t) for the polymer sample
showed an additional relaxation component with a slow decay (hereafter called the “slow
component”), which became dominant in the low temperature range. It is noted that the fast
component was still present even at the lowest temperature examined in the present work,
though its outline was largely obscured by the slow component, as shown in Figure 3(a).
As a result of considering the temperature-dependent (T-dependent) fast component (25),
since the excitation energy of the incident pulses (pump: 1.07 eV, probe: 1.55 eV) was
well below the optically allowed inter-band transitions of C60 molecules (17), the present
observed instantaneous response can be attributed to two-photon absorption (TPA). In addi-
tion, the transmission change was found to be linearly dependent on the pump laser power,
thus indicating that the signal consisted of a TPA process involving one pump photon and
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6 J. Onoe et al.

Figure 3. Typical transmission change $T(t) vs. decay time for (a) 1D peanut-shaped C60 polymer
and (b) pristine C60 film over a wide temperature range of 20–300 K (taken from Ref. 25) (color
figure available online).

one probe photon. This assignment agrees well with the transient profile, which is largely
consistent with the correlation between the incident pulses.

We next consider the T-dependent slow component appearing at a lower temper-
ature for the peanut-shaped C60 polymer. Using the two-component exponential decay
function,

$T(t) = Af exp(−t/τf ) + As(T) exp[−t/τs(T)]

where A and τ , respectively, denote the amplitudes and relaxation times as a function of
temperature, and the notations f and s refer to the fast and slow components, respectively.
We obtained a good fit with the data of Figure 3(a) for the polymer sample. Because the
fast component could be regarded as T-independent, Af and τ f were fixed at constant val-
ues throughout the fitting procedure. The results of τ s(T) and As(T) obtained using the
formula are shown in Figures 4(a) and 4(b), respectively. A signal with a decay time
of a few picoseconds started to appear below 60 K and became dominant with further
decreasing the temperature. A T-dependent transient signal with a similar decay time has
been observed for various quasi-1D compounds (30,32), in which the appearance of relax-
ation bottleneck reflects an energy gap associated with a Peierls transition. Therefore, the
slow component appearance indicates an energy gap formation below 60 K for the peanut-
shaped C60 polymer in a similar manner to that for quasi-1D compounds, such as K0.3MO3.
Consequently, the results of Figures 3 and 4 suggest that the peanut-shaped C60 polymer is
a 1D or quasi-1D metallic carbon polymer.

Figures 5(a) and 5(b) show a schematic diagram of the transition processes accounting
for the fast and slow transient components, respectively. For an excitation energy smaller
than the inter-band energy gap, only the TPA process contributes to the $T(t), resulting
in an instantaneous response during the correlation between the incident two pulses. The
TPA transition is also applicable to the pristine sample. On the other hand, in the presence
of a narrow energy gap, even when the gap includes large fluctuations, the photo-excited
carriers from higher excited states to the gap states and vice versa contribute to the $T(t).
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Quantum Electronic System in Riemannian Space 7

Figure 4. Temperature dependence of (a) decay time τ s and (b) amplitude As for the slow component
obtained from an exponential fitting to $T(t). The dashed line indicates the background level (taken
from Ref. 25) (color figure available online).

Figure 5. (a) Schematic diagram of a TPA process consisting of one pump photon and one probe
photon. (b) Inter-band carriers relaxation processes in the presence of an energy gap at a lower
temperature (taken from Ref. 25).

The T-dependent $T(t) reflects the T-dependence of the energy gap and order parameter
fluctuations.

In typical quasi-1D compounds exhibiting the Peierls transition, the decay time
diverges near the transition temperature at which efficient phonon transitions (both emis-
sions and re-absorptions) greatly make the relaxation time longer at the beginning of the
gap formation. However, as shown in Figure 4(a), there was no clear divergence at around
60 K, and instead the decay time and amplitude increased monotonically with decreas-
ing temperature down to 20 K. We consider that the different behavior of the decay time
is presumably due to a topological effect driven from the positive and negative Gaussian
curvatures at present, but it is further necessary to study the present subject.

Electronic Properties

Figures 6 shows the PES spectra of the EB-irradiated C60 film for several irradiation
times (350 K): 0 hour (red), 0.5 hour (orange), 1.5 hours (green), 2.5 hours (sky blue),
and 5.0 hours (blue), along with that of the pristine C60 film measured at 300 K. For the
pristine C60 film (red line), some intensive narrow bands such as HOMO and HOMO–1
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8 J. Onoe et al.

Figure 6. EB-time evolution of valence photoemission spectra of a C60 film in a wide binding energy
region. All PES spectra were obtained at 350 K except that of pristine C60 film at 300 K (taken from
Ref. 27) (color figure available online).

were observed because of the weak interaction between adjacent C60 molecules. On the
other hand, as EB-irradiation time increased, each band became broadened in response to
the disappearance of molecular character caused by EB-induced polymerization between
adjacent C60 molecules, and the valence electronic states spread monotonically toward EF

with increasing EB-irradiation time. After 5 hours of EB-irradiation, the electronic states
reached EF, as illustrated by the blue line.

To understand this behavior near EF in details, we next measured the EB-irradiation
time–dependence of PES spectra of the film in the binding energy of 3 eV below EF.
Figure 7 shows the evolution of PES spectra of the C60 film in the binding energy region
as a function of EB–irradiation time, where insets shows the spectra in the vicinity of
EF: 0 hour (red), 0.5 hour (orange), 2.5 hours (sky blue), and 5.0 hours (blue), which
were symmetrized to remove the effect of thermal broadening from those own spectra.
Because the S/N of the 1.5 hour-irradiated C60 film PES spectrum (the green line shown in
Figure 7) was poor in comparison with that of the others, it was omitted in this figure. As
shown in Figure 7, the electronic states in the binding energy range of 0–2 eV gradually
increased in response to the broadening of the HOMO band located at around 2.4 eV
as the EB-irradiation time increased. This indicates that EB-irradiation time reduced the
energy gap, which is related to the electron-transport properties of a C60 film continuously.
This finding implies that the electronic properties of a C60 film can be controlled from an
insulator to a metal via a semiconductor continuously only within an EB-irradiated area,
which is interesting when the EB-irradiated C60 polymer is applied to the fabrication of
electronic devices.

Why did the electronic properties of the C60 film change continuously from insu-
lating to metallic via semiconducting as EB irradiation time increased? One reason is
attributed to the change in polymerization degree upon EB irradiation. We performed the
first-principle calculations of the energy gap for the dimer (C60-C60), trimer (C60-C60-C60),
and one-dimensional system (-C60-) with a give cross-linked structure between adjacent
C60 molecules (18) and found them to be 0.33, 0.11, and 0.02 eV, respectively, along with
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Quantum Electronic System in Riemannian Space 9

Figure 7. EB-time evolution of valence photoemission spectra of a C60 film in the binding energy of
3 eV below the Fermi level. Inset shows the symmetrized spectra in the vicinity of the Fermi level in
order to remove the effect of thermal broadening (taken from Ref. 27) (color figure available online).

Figure 8. In situ high-resolution PES spectra of pristine C60 film (blue line) and 1D peanut-shaped
C60 polymer (red line) obtained at 300 K and 350 K, respectively. Inset shows the PES spectrum of
the 1D peanut-shaped C60 polymer near EF (taken from Ref. 26) (color figure available online).

that of 1.67 eV for C60, which is in an excellent agreement with experimental results of
1.6–1.8 eV (33). Another reason is attributed to the general Stone-Wales rearrangement
between adjacent C60 molecules, which proceeded as EB irradiation time increased.

We next discuss the PES results obtained after 12-hour EB irradiation. Figure 8 shows
PES spectra of pristine C60 (blue line) and peanut-shaped C60 polymer (red line) films
obtained at a substrate temperature of 300 K and 350 K, respectively, where the inset shows
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10 J. Onoe et al.

the PES spectrum of the peanut-shaped C60 polymer near EF. For the peanut-shaped C60

polymer, each band was broadened in response to the disappearance of molecular character
caused by EB-induced polymerization between adjacent C60 molecules, and the valence
electronic states reached EF. In order to clarify the behavior of the electronic structure
of the peanut-shaped C60 polymer in the vicinity of EF, we measured more precise PES
spectra of the pristine C60 and peanut-shaped polymer films in the binding energy of 3.0 eV
below EF, as shown in the inset of Figure 8. It is found that the photoemission spectrum of
the peanut-shaped polymer was much greater than that of the pristine C60 film near EF and
clearly came across EF edge. These findings suggest that the peanut-shaped C60 polymer
has a metallic electronic structure. However, the results shown in the inset of Figure 8 were
measured at 350 K; thus, the effect of a thermal broadening on the PES spectra should be
taken into account. This implies that it is possible that the peanut-shaped polymer is not
only metal or semimetal but also a narrow-gap semiconductor.

We next examined the T-dependent PES spectra in the vicinity of EF for the peanut-
shaped C60 polymer because the thermal broadening effect reduces with decreasing
temperature. For example, Figure 9 plots the Fermi distribution function near EF in the
range of 50–350 K (350 K: red, 200 K: orange, 150 K: green, 100 K: sky blue, and 50 K:
blue) (34). At 350 K, there is a large thermal broadening in the distribution function in
a similar manner to the spectrum shown in the inset of Figure 8. As temperature low-
ers from 350 K to 50 K, thermal broadening becomes smaller and the Fermi step at EF

appears clearly at 50 K, as shown in Figure 9. We examined the T-dependent PES spectra
near EF for the peanut-shaped C60 polymer. Figure 10 shows the PES spectra measured
at 50 K (blue, top), 100 K (sky blue, second top), 150 K (green, middle), 200 K (orange,
second bottom), and 350 K (red, bottom) (34). It is found that the spectrum came across
EF even at 50 K, thus indicating that the peanut-shaped polymer is metal. Interestingly, the
spectral function does not clearly show a Fermi step even at 50 K, unlike the prediction
shown in Figure 9. Two- and three-dimensional metal such as TaSe2 and Rhodium, respec-
tively, always exhibit a Fermi step, but quasi-1D metal such as K0.3MO3 and (TaSe4)I
does not show such the step (35). Accordingly, the results of Figure 10 suggest that the

Figure 9. Plot of the Fermi distribution function as a function of temperature (red: 350 K, orange:
200 K, green: 150 K, sky blue: 100 K, and blue: 50 K) (taken from Ref. 34) (color figure available
online).
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Quantum Electronic System in Riemannian Space 11

Figure 10. Temperature dependence of PES spectra in the vicinity of EF: 350 K (red), 200 K
(orange), 150 K (green), 100 K (skyblue), and 50 K (blue) (taken from Ref. 34) (color figure available
online).

peanut-shaped C60 polymer is a 1D or quasi-1D metal, which is consistent with the results
of the photo-excited carriers dynamics described in the previous section.

If the peanut-shaped polymer is 1D metal, the electrons should exhibit a Tomonaga-
Luttinger liquids (TLL) behavior in which the density of states (DOS) shows a power-
law dependence of the binding energy and temperature (the value of exponent α is less
than unity) (36). For example, for metallic single-walled carbon nanotubes (SWCNTs), a
TLL behavior is observed (α = 0.5) (37), which is the direct evidence of 1D metal. In
a similar manner to SWCNT, we examined the T-dependent PES spectra near EF in the
range of 30–350 K using a monochromatic He IIα emission line. We also observed a TLL
behavior for both binding energy and temperature and obtained α to be ca. 0.6 (29), thus
demonstrating that the peanut-shaped C60 polymer is 1D metal as well as SWCNTs. Here
we have a next question: what is the difference in the exponent (α) value between SWCNT
and the peanut-shaped polymer? Is the difference physically meaningful?

Riemannian Geometrical Effects on TLL Exponent

To understand the difference in the TLL exponent value between the SWCNT and peanut-
shaped C60 polymer, we focused on the difference in their topology based on Gaussian
curvature, as shown in Table 2. At the first step, we regarded the electron motion on the 1D
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12 J. Onoe et al.

Figure 11. Schematic illustration of a quantum hollow cylinder with periodic radius modulation
(taken from Ref. 28) (color figure available online).

peanut-shaped C60 polymer as free electrons moving on a quantum hollow cylinder with
periodic radius modulation (see Figure 11), resulting in a 1D curved surface with positive
and negative Gaussian curvatures aligned alternatively and periodically. On such the curved
surface, the Schrodinger equation dealing with electron motion should be written not in
Euclidean but rather in Riemannian space (28). As a consequence, the single-particle DOS,
n(ω), near EF exhibits a power-law singularity as follows:

n(ω) ∝ |!ω − EF|α , α = K + K−1

2
− 1

Here, K (> 0) is a parameter to express the strength of electron-electron interactions and
can be written as

K = lim
q→0

√
2π!υF + g4(q) − g2(q)
2π!υF + g4(q) + g2(q)

Here, vF denotes the Fermi velocity, and g4(q) = V(q, m) and g2(q) = V(q, m) – V(2kF, m)
are q-dependent coupling constants. V(q, m) is the Fourier transform of the screened
interaction. The details of the present theoretical treatments were described in Ref. (28).
Figure 12 shows the δr dependence of both K and α for different kF values. The insets
in Figure 12 show the kF dependence of K and α at δr/a =2.0. Figure 12 demonstrates
that K decreased and α increased significantly with increasing δr for δr/a exceeding 2.5.
Such δr-driven shifts in K and α are attributed to the effects of Gaussian curvatures on
the nature of TLL states. Consequently, it is interesting to note that the difference in TLL
exponent α value between SWCNT and 1D peanut-shaped C60 polymer can be explained
by Riemannian geometrical effects.

Summary and Perspectives

We introduced our recent results of the electron-transport, optical, and electronic properties
of the 1D uneven peanut-shaped C60 polymer formed by EB irradiation of C60 films. This
polymer was found to be a 1D metal and can be regarded as a new allotrope of nanocarbon
materials based on Gaussian curvature. Indeed, the 1D metallic polymer exhibits a dif-
ferent behavior of optical and electronic properties from well-known 1D metal materials:
there is no divergence in the decay time upon an energy gap formation associated with
the Peierls transition, and the TLL exponent value is larger than that of 1D metal SWCNT
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Quantum Electronic System in Riemannian Space 13

Figure 12. δr dependence of K and α defined by the equations described in section 3.4, respectively.
Insets show nonmonotonic behaviors of K and α as a function of kF at δr/a=2.0 (taken from Ref.
28) (color figure available online).

Figure 13. Schematic illustration of the unit cell of Mackay crystal consisting of 6- and 8-membered
rings colored by blue and red, respectively (taken from Ref. 40) (color figure available online).
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14 J. Onoe et al.

with zero Gaussian curvature. In particular, the increase in TLL exponent is caused by
the Gaussian curvature that drives effective potentials acting on electrons motion along
Riemannian surface.

There have been some reports on carbon materials with a negative Gaussian curvature
experimentally (38–40). However, they were just observed using a transmission electron
microscope, and their physical properties have not yet been examined. To the best of
our knowledge, the 1D metallic uneven peanut-shaped C60 polymer is the first material
with well-known physical properties that are affected by Riemannian geometry. Curvature
effects on electronic, electric, and magnetic properties of condensates have been predicted
theoretically (41–45), for example, so-called Mackay crystal shown in Figure 13 (41). We
believe that the 1D uneven peanut-shaped C60 polymer is a good material to verify the
theoretical predictions and open a new science in Riemannian space.
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