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Oscillating Rows of Vortices in 
Superconductors 

structure (2). For example, at high tempera- 
ture T and magnetic field H, a single vortex 
line can split itself into vortex pancakes in 
each layer that can be displaced and move 

I 

independently in a liquid-like state (2-4). In 
T. Matsuda,' 0. Kamimura,' H. Kasai,' K. Harada,' T. Yoshida,' this regime, no pinning occurs and the critical 

T. Akashi,' A. Tonomura,'* Y. Naka~ama,~  J. Shim~yama,~ current vanishes. The information about the 
K. K i ~ h i o , ~  T. Hanaguri? K. Kitazawa4 microscopic behaviors of the vortices is 

therefore indispensable for developing high- 
Superconductors can be used as dissipation-free electrical conductors as long as critical current materials. 
vortices are pinned. Vortices in high-temperature superconductors, however, be- The effect of the anisotropic layered 
have anomalously, reflecting the anisotropic layered structure, and can move structures also appears in the static arrange- 
readily, thus preventing their practical use. Specifically, in a magnetic field tilted ment of vortices. When the field direction 
toward the layer plane, a special vortex arrangement (chain-lattice state) is formed. is tilted away from the c axis, a triangular 
Real-time observation of vortices using high-resolution Lorentz microscopy re- vortex-lattice state is transformed into an 
vealed that the images of chain vortices begin to  disappear at a much lower unconventional arrangement of vortices 
temperature, T,, than the superconducting transition temperature, T,. We attribute consisting of alternating domains of linear 
this image disappearance to  the longitudinal oscillation of vortices along the chains. chains and triangular lattices (5).  This phe- 

nomenon has recently attracted much atten- 
When a magnetic field is applied to a type I1 tivity. In high-temperature superconductors, tion but has not yet been fully understood, 
superconductor, tiny magnetic vortices, typi- however, the vortex behaviors are more com- despite both theoretical (6, 7) and experi- 
cally arranged in a triangular lattice, form plicated because of their anisotropic layered mental (5, 8) investigations. 
inside it (I) and play a crucial role in the 
practical use of superconductors as electrical Fig. 1. Schematic of the experimental 
conductors. Unless they are pinned, the vor- setup. A parallel electron beam was in- Eleotron beam 
tices begin to flow when driven by an applied cident the axis Onto a cleaved 

Bi-2212 thin film at T = 10 to 80 K. The current, eventually suppressing superconduc- film was tilted by 300 around the axis, 
and a magnetic field H of 1 to 10 mT 

'Advanced Research Laboratory. Hitachi Ltd.. Ha- Was applied to the film. When the elec- 1 
toyama, Saitama 350-0395, Japan. 'Hitachi Instru- tron image was defocused, vortices 
ments Service CO. ~td., 4-28-8 Yotsuya, shinjuku-ku, could be seen as spots of black and 
Tokyo 160-0004, Japan. 3Department of Applied white contrasting regions. When the in- 
Chemistry, University of Tokyo, Tokyo 113-8656, ja- cident angle of the magnetic field direc- 
pan. 4Department of Advanced Materials Science, tion to the film (0) was greater than 
School of Frontier Sciences. University of Tokyo, To- 70°, the vortex arrangement was not a C haln brenk 
kyo 113-0033. Japan. conventional triangular lattice but con- micrograph 
*To whom correspondence should be addressed. E- sisted alternating linear 
mail: tonomura@harl.hitachi.co.jp chains and triangular lattices. 'L 
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We report findings about the unusual dis- 
appearance of the images of chain vortices in 
Bi2Sr2CaCu20,+, (Bi-2212) that were found 
using high-resolution Lorentz microscopy (9, 
lo), and we explain the results in terms of 
mobile incommensurate chain vortices sur- 
rounded by less mobile commensurate ones. 
The chain vortices oscillate longitudinally 
even at temperatures sufficiently low that 
freezing of the vortex lattices would be ex- 
pected. The oscillation of chain vortices that 
begins even at low T is of practical impor- 
tance because such vortex motion will affect 
vortex pinning and melting. In addition, our 
direct observation of incommensurate vorti- 
ces provides valuable microscopic informa- 
tion about similar phenomena in physical sys- 
tems such as charge density waves and Jo- 
sephson junction arrays. 

In our experiment (Fig. l), a 400-nm-thick 
cleaved single crystal of Bi-2212 was tilted at 
30" around the x axis, and an electron beam 
was incident on the sample from above. A 
magnetic field H of 1 to 10 mT was applied to 
the film at incidence angles (0) of 70" to 90°, 
and then the sample was cooled down to Tin 
H so that individual vortices in the chain- 
lattice state could be observed in the out-of- 
focus plane as Lorentz micrographs. 

In the Lorentz micrograph (Fig. 2), the spac- 
ing of chain vortices is narrower than, and there- 
fore incommensurate with, that of the surround- 
ing triangular-lattice vortices. The chain vortices 
appear to be constrained to arrange themselves 
along these lines. Some of these chains, like the 
rightmost chain in Fig. 2, appear to terminate or 
split into two branches when crossing a surface 
step, as indicated by the dark arrows. However, 
closer examination shows that the chain did not 
actually disappear, but only changed direction 
by bending to the left. Even when the vortex 
chains were moved by a driving force applied to 
the vortices by changing H, the line shape was 
retained even though it was not always straight 
but curved and changed over time. 

Although all the vortex images in the chain- 
lattice state are clearly observed at low T, the 
images of some chain vortices begin to disap- 
pear when the temperature rises to T,, which is 

still considerably lower than T,. The Lorentz 
micrograph at T = 70 K shows three such 
chains that have disappeared (Fig. 3A). The 
vortex images of the top and bottom chains have 
disappeared completely, whereas those of the 
middle chain are just beginning to disappear. 

Why do the images of chain vortices dis- 
appear? It is evident from the contrast of the 
vortex images, which gradually weakens and 
completely vanishes when T increases, that 
the vortices themselves do not disappear, but 
rather the images do. Even among vortices 
belonging to the same chain, the vortex im- 
ages are blurred gradually from one place to 
another, as in the case of the middle chain. 
Vortices a and b can clearly be seen, but the 
vortices between them cannot. Such image 
disappearance must be due to the movement 
of the vortices, or the spreading out of the 
magnetic flux of each vortex. 

We attribute this vortex-image disappear- 
ance to the oscillations of vortices along the 
chain direction that are too fast to be ob- 
served by a detection system with a TV scan- 
ning rate. In a triangular lattice, all vortices 
are commensurate with the underlying poten- 
tial energy landscape. There is no reason for 
only one group of vortices to start moving. In 
a chain-lattice state, however, chains of vor- 
tices become incommensurate with the poten- 
tial distribution. Therefore, only incommen- 
surate chains can move longitudinally at rel- 
atively low T, as is known from the theory of 
commensurate structures (11). 

At low enough T, vortices in the equilibrium 
chain-lattice state receive no forces and there- 
fore do not move. When T increases, however, 
locally unstable chain vortices such as those 
located between locally stable vortices a and b 
in Fig. 3A begin to vibrate back and forth along 
the chain diction, forming a coupled oscilla- 
tion (12) (Fig. 3, B and C). As a result, the 
images of chain vortices partially disappear. At 
still higher T, the vortex oscillation becomes 
even stronger and whole chains of vortices be- 
gin to disappear, as did the top and bottom 
chains in Fig. 3A. 

The fact that vortices are easy to move in 
the chain direction is supported by the obser- 

dicated bv two black arrows) and was 
connected to the left branch i;l the upper region. 
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vation that the vortices actually move in such 
a way that some sections of chain vortices 
reciprocate suddenly and simultaneously 
along the chain direction. This happens from 
time to time when the vortex configuration 
does not completely reach equilibrium, al- 
though this movement is not observed under 
the same conditions of the vortex-image dis- 
appearance, but rather under conditions 
where individual vortices are well separated 
and their movements can be clearly ob- 
served-for example, at B, (normal compo- 
nent of the magnetic flux density) = 0.2 mT, 
T = 56 K, and 0 = 85". Furthermore, chain 
vortices are predicted to move freely along 
the chain when they become completely in- 
commensurate (i.e., when the distance be- 
tween the node vortices a and b increases 
infinitely). Indeed, we observed such a case 

Fig. 3. Disappearing chain vortices. (A) Lorentz 
micrograph (T = 70 K, B, = 1.2 mT, 0 = 80'): 
The image of the middle chain partially disap- 
pears except for vortices a and b, for example, 
which are stabilized by the surrounding trian- 
gular-lattice vortices. The images of the other 
two chains disappear along their whole lengths. 
(B) Vortex arrangement in the chain-lattice 
state: Red vortices easily oscillate along the 
chain direction when T increases because their 
positions are unstable. (C) Vortex arrangement 
situated on the vortex potential:  ort tic& a and 
b are stable while vortex c is unstable and tends 
to oscillate back and forth in the chain direction 
as a result of thermal fluctuations. When the 
distance between a and b becomes infinitely 
long, chain vortices become incommensurate 
and can move freely. 
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Fig. 4. Disappearing images of more vortices in 
a single chain (T = 57 K, B ,  = 0.8 mT, 0 = 
80"). We attribute the disappearance of the 
vortex images to the synchronous oscillation of 
vortices between the node vortices a and b 
along the chain direction, just like a coupled 
oscillation. 

where a much larger number of chain vortices 
disappeared (Fig. 4). 

If thermal fluctuations excite the oscillations 
of chain vortices, the temperature at which the 
oscillation begins and the vortex image disap- 
pears (T,) must differ depending on the vortex 
density, because the vortex density changes the 
spring constant of the chain vortices and also the 
periodic potential distribution for chain vortices. 
When we measured Td as a function of vortex 
density or B,, we found that the Td values 
greatly depended on B, (Fig. 5). For example, 
Td was as low as 20 K when B, = 1.7 mT, 
whereas Td was as high as 70 K when B, = 0.4 
mT. 

The tendency for Td to decrease when B, 
increases can be qualitatively understood as 
follows: When B, increases and the spacing 
a between vortices becomes narrower, the 
amplitude of the potential oscillation shown 
in Fig. 3C decreases as a result of the overlap 
of each vortex magnetic field. Lowering the 
potential barrier will naturally make chain 
vortices start oscillating at lower T. The 
spring constant k between closer chain vorti- 
ces increases, thus making it easier for a more 
rigid incommensurate chain of vortices to 
slide freely as a whole. This explains why our 
experimental results show that Td tends to 
decrease as B, increases (Fig. 5). 

We ex~ected to be able to detect the di ic t  
indication of the vortex movement at the very 
beginning of the oscillation under the assump- 
tion that vortex lines move as straight rods; 
hence, we attempted to observe the vortex mo- 
tion while T gradually increased and crossed T,. 
However, the individual vortex images were 
gradually blurred, and no sign of vortex move- 
ment was detected. As a result, our experiments 
cannot rule out the possibility that a chain vortex 
line was split into pancake vortices (4) that 
oscillated in each layer independently for differ- 
ent layers, thus blurring the averaged magnetic 
field of the vortex line. Even in this case, the 
partial disappearance of vortex images can be 
explained because the oscillation of pancake 
chain vortices in each layer can have the nodes 
fixed by the surrounding straight vortex lines 
belonging to the triangular lattices. 

The disappearance of the vortex images 

Fig. 5. Disappearance temperature T, versus 
magnetic flux density perpendicular to the film 
B,. T, decreased greatly as B ,  increased. This 
tendency can be explained by assuming the 
movement of chain vortices as being that of a 
coupled oscillation of chain vortices situated on 
the periodic potential distribution (see Fig. 3C). 
When vortices are dense (large B ,  and small a), 
the periodic potential barrier becomes lower as 
a result of the overlap of the magnetic fields of 
surrounding triangular vortices, and chain vor- 
tices can more easily start oscillating at lower 
T, thus leading to lower T,. 

may be explained by assuming that the vortex 
lines are greatly tilted (7). Indeed, the image 
contrast was shown to decrease when vortex 
lines were trapped along columnar defects 
tilted by 70" (13). However, in the present 
experiment we were able to prove that the 
observed vortex image disappearance was not 
attributable to the vortex-line tilting, because 
the vortex images remained invisible even at 
a large defocusing distance A$ The image 
contrast of tilted vortex lines, which is weak 
at a relatively short Ax must become as vis- 

ible as that of nontilted vortex lines at greater 
Afs (13). Our experiments cannot rule out the 
possibility that the vortex lines do not simply 
tilt, but that their magnetic fluxes are some- 
how blurred in the chain direction (14). 

The above discussion may be too simplified 
and may overlook several features of this phe- 
nomenon. For example, the adjacent lines of 
vortices on both sides of the disappearing vor- 
tex chains in Figs. 3A and 4 are not straight; 
they are slightly bent in such a way that the 
regions of the disappeared chains are wider at 
the vortex oscillation and narrower at the oscil- 
lation nodes. This may be due to the effect of 
the locally violent oscillation of vortices. 
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Field-Effect Modulation of the 
Conductance of Single 

Molecules 
Jan Hendrik Schon,* Hong Meng, Zhenan Bao 

Field-effect transistors based on two-component self-assembled monolayen of 
conjugated and insulating molecules were prepared; the conductance through them 
can be varied by more than three orders of magnitude by changing the applied gate 
bias. With very small ratios of conjugated to insulating molecules in the two- 
component monolayer, devices with only a few "electrically active" molecules can 
be achieved. At low temperatures, the peak channel conductance is quantized in 
units of 2e2/h (where e is the electron charge and h is Planck's constant). This 
behavior is indicative of transistor action in single molecules. On  the basis of such 
single-molecule transistors, inverter circuits with gain are demonstrated. 

Modern microelectronics and computation limitations as well as increasingly prohibi- 
are advancing at an extremely fast rate. At tive cost associated with fabrication facili- 
the heart of this field has been the technol- ties might slow down further miniaturiza- 
ogy of complementary logic metal-oxide tion of devices to increase computation 
semiconductor (CMOS)-based integrated power within the next couple of decades ( I ,  
circuits. However, fundamental physical 2). To continue the trend to ever faster and 
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