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Nanometer-scale recording on organic thin film media is a
promising alternative to future ultrahigh-density information stor-
age.1 Scanning probe microscope (SPM) has been demonstrated to
be an important tool in recording the nanometer patterns on
functional organic thin films.2 For practical applications, functional
organics should possess stable switching properties in ambient
conditions.3 Rotaxanes represent a new class of the super molecules
and show stability at various chemical states in solution.4 The key
structure of the molecules contains aπ-electron-deficient macro-
cycle that is locked around aπ-electron-rich component along the
molecular “thread” with two bulky “stoppers”. The macrocycle can
move between differentπ-electron-rich components upon external
stimuli, resulting in switching of electronic configuration.4a This
makes rotaxane an interesting candidate for nanorecording. In this
communication, we report on stable conductance transitions in solid-
state rotaxane-based Langmuir-Blodgett (LB) thin films. Using
scanning tunneling microscope (STM), we have achieved reproduc-
ible nanometer-scale recording on these films.

Figure 1a is the rotaxane1‚4PF6 (H1) synthesized by our group.5

This molecule has shown conclusive evidence of switching between
two distinct configurations.5 Such switching is originated from the
reversible mechanical movement of the CBPQT4+ (macrocycle)
between TTF and DNP components triggered by chemical stimuli.
Theoretical calculations6 have also revealed that a gain of 10-100
in conductivity can be expected when the CBPQT4+ moves from
TTF to DNP.

We first prepared the H1 films on an ITO-coated glass substrate
using common LB deposition technique. The substrate was dipped
into the solution and lifted 50 times for multiple H1 coating. The
average thickness of the films was about 70 nm. Using a two
terminal junction, we observed a fast conductance-switching
phenomenon with on/off ratio at about 100 in the H1 LB film. The
I-V characteristic of the film (Figure 1b) shows a reversible
electrical bistability and the nonvolatile memory effect in the film.
The first voltage scanning from 0 to 2 V, described by curve I,
shows a sharp current increase starting at about 1.4 V, which
indicates the transition from a low conductivity state (OFF state)
to a high conductivity state (ON state). In curve II, theI-V data
measured after 12 h from the first measurement clearly show that
the “ON” state in the sample is kept for a long time. The “OFF”
state can be gradually recovered by applying reverse voltage
scanning (curves III, IV, and V). Transient conductance measure-
ment11 (Figure 1c) performed on the same H1 sample shows a short
transition time of about 60 ns.

To probe the origin of the reversible ON-OFF transition in the
H1/ITO sample, we performed a series of comparative experiments.
The I-V measurements of the H1 films supported on highly

oriented pyroletic graphite (HOPG) substrates gave the same “OFF”,
“ON”, and “Recovery” behaviors under external voltage scans.
Similar I-V measurements on a layer of poly(methyl methacrylate)
(PMMA) with thickness of about 100 nm revealed a sudden
conductance transition from low- to high-conductance states, but
no resumption of the OFF state could be obtained by applying
reverse voltage scans. These experiments demonstrate that the
reversible ON-OFF transition and nonvolatile memory effects of
the H1 films originate from the rotaxane molecules. This stable
conductance switching of the H1 films indicates that the film can
be a good candidate for stable and reproducible nanorecording.

We utilized the conductance switching of the H1 thin films for
STM-based nanorecording.11 The film of about 20-nm thickness
was deposited on an HOPG substrate (H1/HOPG). Figure 2a-c
shows the formation of recording dots, which were written one by
one by applying a positive voltage pulse of about 2 V and 5 ms
from the STM tip. No recording dot was found if a negative voltage
pulse was applied to the films, indicating that the recording is
dependent on the voltage polarity. Additionally, no recording dots
could be written on pure HOPG substrate when similar voltage
pulse was applied. Figure 2d shows theI-V measurements on the
original film and on the dots formed. It clearly shows a conductivity
increase at the dot. ThisI-V characteristic is highly reproducible,
suggesting that the voltage pulse causes a conductance transition
of the H1 molecules and produces the recording dots. This voltage
pulse-induced conductance transition at the dots on the films can
be observed directly in conductive contact AFM experiments (see
Supporting Information Figure 1S).11 In addition, we tried to erase
the bright marks by applying a negative voltage pulse on them.
But it was not successful even though we changed the amplitude
and the duration time of the pluses. With a large negative pulse,
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Figure 1. (a) Molecular structure of the rotaxane, H1. (b)I-V character-
istics of the thin H1 films on ITO glass, exhibiting the conductance transition
from low- to high-conductivity state in curve I, the memory effect of the
high-conductivity state in curve II, and the recovery of the low-conductivity
state with reverse voltage scans in curves III to V. (c) Transition time
measurement of the conductance switching, showing a very short transition
time of about 60 ns.
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the films were destroyed. This nonerasability might be due to the
potential barrier of the molecule between the “off” and “on” states.
Further modification of the molecule is probably needed to conduct
the erasabilty of the recording.

Our further experimental results show that the H1/HOPG samples
are very stable in ambient conditions. The conductance switching
phenomena can be repeatedly observed on the same sample even
after the sample has been left exposed in air for about 2 months.
Figure 2e shows a 5× 4 array of the recording dots written one by
one by STM tip (about 2.2 V and 5 ms) on the two-month-old
H1/HOPG sample. The writing is generally reproducible. If the
writing occasionally fails for the first try, only little changes are
needed to adjust the voltage pulse for a subsequent successful
writing. The shape and size of the dots are not uniform, which
may be due to the different configuration of local regions in the
H1 films or some unexpected changes in external environment when
the voltage pulses were applied. The combination of stable
switching behavior and ease of control makes H1 quite applicable
for nanorecording.

Similar conductance transition in rotaxane multilayers connected
to two terminal junctions has been reported in the literature.7 It is
proposed that the switching comes from the transitions of the
macrocycle. This hypothesis is supported by theoretical calcula-
tions.6 Recently, people8 have argued that this type of conductance
transition comes from the formation of the metal filaments, rather
than the movements of the macrocycle in the rotaxanes. Our
experiments show no obvious evidence of the formation of the
strong conducting filaments.9 First, if the metallic filaments are
formed, a very small resistance in the high conductive state and a
very high ON/OFF ratio will be obtained. Our ON/OFF ratio of
102 is not consistent with the case where conducting filaments are
formed (104-106). Second, the threshold voltage should increase
linearly with the film thickness in the condition of metallic filaments
formation. This is not in agreement with our results where the
threshold voltage has no obvious relationship with the film
thickness. Third, our comparative experiments performed on PMMA
thin films suggest that the conductance transition depend on inherent
properties of H1 molecules. Another possibility for this switching
may come from the crystallinity change of the thin film.2,10

However, from the Z-scale in Figure 1S,11 the height difference on

the site of the marks before and after recording is less than 0.3
nm, which suggests crystallinity change is not the main reason for
the recording. Therefore, the conductance switching behaviors of
H1 films in our experiment is believed to originate from the
machine-like motion of the macrocycle between two recognizing
sites. This resembles a transient “net oxidized” or “net reduced”
state of the molecules when current flows through the asymmetric
tunnel barriers in the two terminal junctions.7a

In summary, we have demonstrated the stable, reproducible
nanorecording in the H1 films based on the unique structure
property of H1 molecules. The thin films exhibit a reversible
conductance switching and nonvolatile memory effect with an on/
off ratio of about 100. Our results show that a rotaxane thin film
may be a promising candidate for application in nanorecording.

Acknowledgment. We are grateful to Prof. S. H. Sun for helpful
discussion and critical reading of the manuscript. This work is
supported in part by the National MOST “863” and “973” programs
of China, National Science Foundation of China, and the Chinese
Academy of Sciences.

Supporting Information Available: Information about conductive
contact AFM,I-V measurement, nanorecording, and MM calculations
of the orientation of the H1 on HOPG. This material is available free
of charge via the Internet at http://pubs.acs.org.

References

(1) (a) Tsukamoto, Y.; Sato, A.Nature 1993, 363, 431-432. (b) Vettiger,
P.; Despont, M.; Drechsler, U.; Durig, U.; Haberle, W.; Widmer, R.;
Binnig, G. K. IBM J. Res. DeV. 2000, 44, 323-340.

(2) (a) Gao, H. J.; Xue, Z. Q.; Wang, K. Z.; Wu, Q. D.; Pang, S. J.Appl.
Phys. Lett.1996, 68, 2192-2194. (b) Shi, D. X.; Song, Y. L.; Zhang, H.
X.; Jiang, P.; He, S. T.; Xie, S. S.; Pang, S. J.; Gao, H. J.Appl. Phys.
Lett. 2000, 77, 3203-3205. (c) Shi, D. X.; Song, Y. L.; Zhang, H. X.;
Jiang, P.; Xie, S. S.; Pang, S. J.; Gao, H. J.AdV. Mater.2001, 13, 1103-
1106. (d) Gao, H. J.; Sohlberg, K.; Xue, Z. Q.; Chen, H. Y.; Hou, S. M.;
Ma, L. P.; Fang, X. W.; Pang, S. J.; Pennycook, S. J.Phys. ReV. Lett.
2000, 84, 1780-1783. (e) Wu, H. M.; Song, Y. L.; Du, S. X.; Liu, H.
W.; Gao, H. J.; Jiang, L.; Zhu, D. B.AdV. Mater.2003, 15, 1925-1929.
(f) Wen, Y. Q.; Song, Y. L.; Jiang, G. Y.; Zhao, D. B.; Ding, K. L.;
Yuan, W. F.; Lin, X.; Gao, H. J.; Jiang, L.; Zhu, D. B.AdV. Mater.2004,
16, 2018-2021.

(3) (a) Aviram, A.; Ratner, M. A.Chem. Phys. Lett.1974, 29, 277-283. (b)
Chen, J.; Reed, M. A.; Rawlett, A. M.; Tour, J. M.Science1999, 286,
1550-1152. (c) Gittins, D. I.; Bethell, D.; Schiffrin, D. J.; Nichols, R. J.
Nature2000, 408, 67-69. (d) Liu, Z. M.; Yasseri, A. A.; Lindsey, J. S.;
Bocian, D. F.Science2003, 302, 1543-1545.

(4) (a) Bissell, R. A.; Cordova, E.; Kaifer, A. E.; Stoddart, J. F.Nature1994,
369, 133-137. (b) Credi, A.; Balzani, V.; Langford, S. J.; Stoddart, J. F.
J. Am. Chem. Soc.1997, 119, 2679-2681. (c) Balzani, V.; Credi, A.;
Langford, S. J.; Raymo, F. M.; Stoddart, J. F.; Venturi, M.J. Am. Chem.
Soc.2000, 122, 3543-3545.

(5) Guo, X. F. Ph.D. Thesis, Institute of Chemistry, Chinese Academy of
Sciences, 2004.

(6) (a) Deng, W. Q.; Mu, R. P.; Goddart, W. A.J. Am. Chem. Soc.2004,
126, 13562-13563. (b) Jang, Y. H.; Hwang, S.; Kim, Y. H.; Gang, S. S.;
Goddart, W. A.J. Am. Chem. Soc.2004, 126, 12636-12645.

(7) (a) Collier, C. P.; Mattersteig, G.; Wong, E. W.; Luo, Y.; Beverly, K.;
Sampaio, J.; Raymo, F. M.; Stoddart, J. F.; Heath, J. R.Science2000,
289, 1172-1175. (b) Collier, C. P.; Jeppesen, J. O.; Luo, Y.; Perkins, J.;
Wong, E. W.; Heath, J. R.; Stoddart, J. F.J. Am. Chem. Soc.2001, 123,
12632-12641.

(8) Service, R. F.Science2003, 302, 556-559.
(9) (a) Henish, H. K.; Smith, W. R.Appl. Phys. Lett.1974, 24, 589-591. (b)

Carchano, H.; Lacoste, R.; Segui, Y.Appl. Phys. Lett.1971, 19, 414-
415. (c) Potember, R. S.; Poehler, T. O.; Cowan, D. O.Appl. Phys. Lett.
1979, 34, 405-407.

(10) Cavallin, M.; Biscarini, F.; Leno, S.; Zerbetto, F.; Bottari, G.; Leigh, D.
A. Science2003, 299, 531.

(11) See the Supporting Information.

JA054836J

Figure 2. STM images of the recording dots written on the H1 thin films.
(a-c) Recording dots written one by one through the application of the
voltage pulses from the STM tip. (d) TypicalI-V characteristics measured
on the original films (I) and on the induced recording dots (II). (e) STM
images of a 5× 4 recording dots array on the H1/HOPG sample. This film
has been left exposed to air for about 2 months since its preparation. STM
was performed in constant current mode with set points ofVbias ) 0.65 V
and Iref ) 0.05 nA.
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