
procedures for cyndr~ca aggregates gave 2 x 1 O4 
aggregatesimm2 from a photomcrograph taken on 
a 0.2-mg dbock  copolymer sample coverng 5 cmz. 
From ths calculat~on. one gets 4.8 x 10- l5  m o  of 
d~bock per aqqreqate or ,V, = 3 X 10% In the case 

measured fr; aphoto~ncrogr~ph Faken from a0.2- 
mg dbock-C,, sample coverng 5 emz. Fro~n ths 
nformaton, one gets 9.6 x 10-l"nol of dbock per 
aggregate or No = 6 X 1 09. Smiarly, for the case of 
aggregates contanng 6 weght % C,,, iVo = 2 x 
1 0'0 
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Inducing and Viewing the Rotational Motion 
of a Single Molecule 

B. C. Stipe, M. A. Rezaei, W. Ho* 

Tunneling electrons from the tip of a scanning tunneling microscope were used to induce 
and monitor the reversible rotation of single molecules of molecular oxygen among three 
equivalent orientations on the platinum(l11) surface. Detailed studies of the rotation rates 
indicate a crossover from a single-electron process to a multielectron process below a 
threshold tunneling voltage. Values for the energy barrier to rotation and the vibrational 
relaxation rate of the molecule were obtained by comparing the experimental data with 
a theoretical model. The ability to induce the controlled motion of single molecules 
enhances our understanding of basic chemical processes on surfaces and may lead to 
useful single-molecule devices. 

It is conceivable that,  a t  the  limit of min- 
iaturization. individual atoms and niole- 
cules will physically constitute useful devic- 
es and their quantum properties will specify 
the  desired f ~ ~ n c t i o n s  and performance. A 
demo~lstration of such an  atomic-scale elec- 
tronic device was a reversible atomic switch 
that used a scanning tulnleling microscope 
(STM)  (1 ) .  In  this experiment, a single Xe 
atom was trarsferred reversibly between the  
W tin of the  S T M  and a N i  surface bv the  
application of a voltage between the;, re- 
sulting in  bistable vah~es  of the  tunneling 
current. A single-atom switch has also heen 
demonstrated for S i  adatoms o n  the 
S i i l l 1 ) - 7 x 7  surface where a n  a tcm was , , 

moved between two specific sites o n  the  
surface (2 ) .  T h e  S T M  has been used to . . 
perform atomic-scale nianipulatlon by a va- 
riety of other methods (3 ,  4 ) ,  including the  
pushing or pulling of single atoms and mol- 
ecules o n  a surface with the  S T M  tip (5-8). 
By scannnlg regions of the  S i (100) - (2x1)  
surface at high sample b ~ a s ,  it was possible 
to observe the reversible rotation of ad- 
sorbed Sb  dimers between two stable orien- 
tatlons (9). 

Using tlie basic method described in  the  
atomic switch experiments ( 1 ,  2) ,  we have 
studied the  reversible rotation of single O 2  
molecules among three equivalent orienta- 
tions o n  the  P t ( l 1  l )  surface by accurately 
positioning the  tip above the  molecule and 
monitoring the  rapid changes in  tunneling 
current as the  molecule rotates. Monitoring 
the  tunneling current allows us to  freeze the  
motion of the  molecule in ally chosen ori- 
entation and to compile statistics for the  
distribution of times spent in each orlenta- 
tion. T h e  time dependence of the  tunneling 
current yields a quantitative measure of the 
rotation rate and of the  way in  which this 
rate varies with the  applied voltage and 
current. These studies show that the  rota- 
tion is caused by the  inelastic tunneling of 
low-energy electrons. T h e  results provide 
insight into the  adsorption and excitation 
properties of the  molecule, including a val- 
ue for the  energy barrier to  rotation. 

T h e  system O 2  011 P t ( l l 1 )  has been 
studied extensively because of the  Impor- 
tance of Pt as a catalyst in  oxidation reac- 
tions. Two chemisorbed O2 species have 
been identified o n  P t ( l l 1 )  below 100 K 
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parallel to tlie surface (1 2) .  W i t h  the  STM,  
we have recently identified the  adsorption 
sites of these species and have discovered a 
third type at step edges (13).  T h e  subject of 
the  present work is the specles responsible 
for tlie 87-meV 0-0 stretch vibration ob- 
served in  EELS (1 1 ). T h e  S T M  images in  
Fig. 1 show these molecules as having a 
"pear" shape centered o n  the  face-centered 
cubic ifcc). threefold hollow sites of the  , , ,  

surface, with the  bright lobe over a top site 
and the  smaller, dimmer lobe over the  OD- 

posite bridge site. By symmetry, they have 
three equivalent orientations separated by 
120". 

Details of the  homemade S T M  and ex- 
perimental setup have been described else- 
where (14) .  \Xie find the  adsorption dynam- 
ics of O 2  o n  P t ( l l 1 )  to  be complex (13) 
because of the  existence of a mobile nrecur- 
sor to chemisorption, whose lifetime and 
route to  chemisorntioll are sensitive func- 
t iors of temperature (14) .  In  order to favor 
the  adsorption of isolated 02, the clean 
P t ( l l 1 )  surface was exposed to O 2  at 85 K 
until a coverage of approximately 0.01 
monolaver was observed. T h e  surface was 
then cdoled to 8 K to  m ~ n ~ m i z e  tempera- 
ture-induced effects. W e  rotated molecules 
by applying a voltage pulse to the  sample 
while the  tunneling current was recorded. 
Data shown in thls report are for positive 
voltage pulses applied to  the  sample. A n  
iterative trackine scheme was used to nosi- 

u 

t ion the  W tip a t  a chosen point above a 
molecule with lateral ;nd vertical resolu- 
tions of 0 .1  and 0.01 A, respectively. W e  
did this by searching out a local maximum 
or mmimum of the  t ~ p  height with the  
STM's feedback loop turned o n  to  maintain 
constant tunneling current. Lateral offsets - 
were added to give the  desired tip position 
during the  pulse. Feedback was then turned 
off, and the  tip was moved vertically to give 
the  desired initial current. T h e  tip remained 

with the  use of electron energy loss spec- stationary during the  voltage pulse. 
Laboratory of A to~nc  and S o d  State Physcs and Mate- 
rials Science Center, Cornell Unl,,erslty lthaca, NY troscopy (EELS) (10,  11 ). T h e  0-0 bond After imaging a n  isolated O 2  molecule 
14853, USA. for both species was determined by near- (Fig. l A ) ,  we positioned the  S T M  tip di- 

-To whom correspondence be addressed, E-mail: edge x-ray absorption fine structure spec- rectly over the brightest point of the  mole- 
w~lsonho@msc.cornell.edu troscopy to be aligned parallel or nearly cule where the tunneling current is at its 
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maximum for a given tip-surface separation. 
The voltage was then increased to a value 
that induces rotation, and the tunneling 
current was recorded. At the moment the 
molecule rotates, the tunneling current 
drops (Fig. 1B). A rescan of the same area 
shows that the molecule has rotated to one 
of the other two orientations (Fig. 1C). A . -  . 
repeat of the experiment shows the mole- 
cule in the third orientation (Fig. ID). 

Recent ab initio local-spin-density calcu- 
lations are in quantitative agreement with 
both the vibrational energy and the observed 
STM image. The 0-0 bond axis was calcu- 
lated to be tilted by 10" from the surface 
plane, with the 0 atom bonded toward the 
on-top site higher above the surface than the 
0 atom bonded toward the opposite bridge 
site (15) (Fig. 2A). In general, as the mole- 
cule rotates under the tip, there will be three 
values of the tunneling current corres~ond- w 

ing to the three energetically stable orienta- 
tions of the molecule. As a result of symme- 
try, two values of the current will become 

Fig. 1. (A) STM image of two 
"pear"-shaped 0, molecules on fcc 
threefold hollow sites with one next 
to a defect. The sample was ex- 
posed to 0, at 85 K and cooled to 
8 K. (B) Current during a 0.15-V 
pulse over the isolated molecule in 
the center of the image showing the 
moment of rotation (step at t - 20 
ms, where t is the time after the 
initiation of the pulse). (C) After- 
pulse image showing the second 
orientation of the molecule. (D) STM 
image taken after a second pulse 
with the molecule in the third orien- 
tation. The image in (A) was 
scanned at a tunneling current of 1 
nA and a sample bias of 50 mV; 
images in (C) and (D) were scanned 
at 10 nA and 50 mV. 

degenerate when the tip is positioned over 
the M axis. This is the case when the  ti^ 
is located at the position of maximum tun- 
neling current (labeled with a solid dot in 
Fig. 2B). Away from this axis, all three val- 
ues of the tunneling current are visible dur- 
ing the voltage pulse (Fig. 2C). The comput- 
er could be instructed to end the voltage 
pulse at a particular value of the tunneling 
current, thus leaving the molecule in any 
desired orientation. 

When the molecule was adsorbed next 
to a defect (impurity) site of the surface 
such as the one shown in the lower left of 
Fig. IA, the molecule quickly returned to a 
preferred orientation during the voltage 
pulse (Fig. 2D). This was also the case when 
the molecule was adsorbed within a chain 
formation or island (1 3) and ~resumablv 
results from a breakjng' in the threefold 
rotational symmetry of the potential energy 
surface. 

The constraints in the rotation reveal 
the importance of local environmental ef- 

Fig. 2. (A) Schematic drawing showing top and 
side views of the fcc-site 0, molecule (black 
circles); Pt atoms are shown in gray. (B) Sche- 
matic outline of "pear" molecule shape as seen 
in STM images for each orientation. The solid 
dot is the position of maximum tip height for the 
first orientation; this is the tip position used for 
data collection. The asterisk shows an off-axis 
tip position displaced 0.4 A from the solid dot. 
(C) Current during a 0.1 5-V pulse with the tip in 
the off-axis position in (B), showing three levels 
of current corresponding to the three orienta- 
tions of the molecule. (D) Current during a 
0.2-V pulse over a molecule next to an impurity 
showing a strong preference for a particular 
orientation. 

fects. For consistency, we carried out de- 
tailed studies for isolated molecules with 
the tip positioned at the maximum current 
position. The measured times the molecule 
spent in the original (high-current) orien- 
tation were binned. The resulting distribu- 
tion for a particular tunneling voltage and 
current was fitted to an exponential func- 
tion (Fig. 3A). The molecule has no "mem- 
ory" of the time it has spent in any partic- 
ular orientation, and therefore an exponen- 
tial distribution results from the constant 
rotation probability per unit time. The in- 
verse of the exponential time constant gives 
the rotation rate, which has been deter- 
mined as a function of tunneling current for 
various sample-tip voltages (Fig. 3B). A 
total of 21 isolated molecules were studied 
and rotated 1431 times to accumulate the 
data. For each voltage studied, the rotation 
rate was found to be proportional to IN, 
where 1 is the tunneling current and N is a 
constant. The value of N depends on the 
sample bias voltage (Fig. 3C), and through 
modeling, this dependence is shown to re- 
veal the mechanism for rotation. 

Using the same theoretical model that 
successfully explained the current depen- 
dence of single-molecule dissociation rates 
(13), we propose that the mechanism for 
single-molecule rotation involves inelastic 
electron tunneling (scattering) by means of 
an adsorbate-induced resonance. The tem- 
porary occupation of this resonance with a 
tunneling electron corresponds to an elec- 
tronically excited state of the molecule with 
a lifetime of a few femtoseconds. In each 
scattering process, energy is transferred to 
the hindered rotational mode of the mole- 
cule at a current-dependent rate. This vi- 
brational excitation rate competes with a 
current-independent vibrational relaxation 
rate resulting from couplings to phonons 
and substrate electronic excitations. The 
maximum energy of the tunneling electrons 
is given by eVbi,, where e is the magnitude 
of the electron charge and V,;_. is the bias - " L a a  

voltage applied to the sample. If eVbi, is 
greater than the barrier to rotation, Em,, the 

A barrier can be overcome in one scattering 
. . . . . . . . . 2 event. This single-step process will domi- 

nate over multiple-step processes when the 
relaxation rate of the hindered rotation is 
much larger than the maximum electron 

.... tunneling rate (16). This is evidently the 
Side case here because the rotation rate depends 

linearly on current for sufficiently high sam- 

c 4  8  
ple bias. 

The linearity also demonstrates that 
7 

9 6  
changes in the electric field have no signif- 9, - - z s  icant effect on the rotation rate (the elec- 

4 tric field increases as the tip-sample separa- 
2  5 tion is reduced to supply more tunneling 

0 2 4  6 8 1 0  current). For eVbiaS < E,,, a ladder-climb- 
T h e  ( 9 )  ( 8 )  ing mechanism is involved wherein each 
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scattering event promotes the  m o l e c ~ ~ l e  to  a 
higher hindered rotational iluantum state. 
Because of the  short lifetime of the  rota- 
tio~nal state, the  rotation rate is do~ninated 
by excitation processes that  take the  path 
with the  least number of intermediate states 
that are e~nergetically allowed. Each excita- 
tion rate is proportional to the  tunneling 
current, and thus the  overall rotation rate is 
proportional to  Ix with N equal to  the  
number of electrorls needed to rotate the  
molecule. T h e  energy barrier to rotation is 
then  the  highest eVbl15 for which N 2 2. 
From the  exponent data in Fig. 1C Lve find 
0.15 eV < E,u, < 0.175 eV. Although only 
two electrons are necessarv at 0.10 eV. the  
data show that both two-electron and l&h- 
er electroll processes contribute to the  total 
rate because N = 2.8. This results 111 part 
from the quantized energy level structure of 
the  potential well when no  level exists Inear 
0.10 eV. Also, the  relaxation rate of the  
hindered rotation may not he much larger 
than the tunneling raie. W h e n  the  tunl'L1- 
ing current 1s larger than the relaxation 
u u 

rate, one ~vould theoretically expect the  
rotation rate to become independent of 
voltage with N eirual to  the  numher of 
hindered rotation iluantum states ( 1  7). T h e  
extrapolation of our data suggests that this 
occurs a t  about I = 200 IIA, giving a n  
approximate value for the vibrational relax- 
atlon rate of 1.2 x 10" sf ' .  

T h e  midpoint of the  0-0 hond does not  
coincide with the  center of the  threefold 
hollow site. Calculations suggest that the  
molecule's midpolnt and the  t11;eefold site's 
center are separated by 0.2 A, with Or 
shifted toward the on-top site (15). Thus, 
the molecule does not execute a pure rota- 

Fig. 3. (A) Example of a distrlbuton 
of the times a single molecule spent 
n the hgh-current orientaton with a 
fit to an exponential decay. A 0.2-V 
pulse was applied to the sample. 
The current was 1.9 nA when the 
molecule was n the high-current 
orentation (orientation 1 n Fig. 2B). 
The bn wdth IS 12 ms. The analyss 
ncudes a total of 88 time intervals. 
Error bars are derived from Posson 
statistics. (6) Rotation rate. R,  as a 
function of tunne~ng current, I ,  for 
various appl~ed b~ases.  The sol~d 
lines are least-square fits to the 
data and correspond to power- 
laws, R i". (C) A plot of N as a 
funct~on of sample bias voltage. 
The dashed line denotes the b~as  
voltage below which N 2 2. 

tion but shifts slightly as it rotates in the 
threefold hollonr site. Furthermore, the nlol- 
ecule can eventually dissociate at the same 
voltages that i~nduce rotati011 (Fig. 4A). T h e  
dissociation rates vary with t~lnneling cur- 
relnt and voltage (1 3) but are generally much 
lower than the rotation rates. T h e  limited 

0.3-V pulse 

0 200 400 600 800 
Time (ms) 

Fig. 4. (A) Tunneling current during a 0.3-V pulse 
above an solated 0, molecule. Rotation is fo- 
lowed by d~ssociat~on (step at t - 610 ms). (6) 
Schematic of simple one-dmens~ona potential 
wells along the molecular stretch, R,-,, and an- 
gular. @, coordinates. Parallel n e s  in t3 and R0_, 
drectons are quantum levels of the h~ndered ro- 
tatona mode and stretch mode, respectvely (hin- 
dered rotational levels are Ikey to be more closely 
spaced than shown). 

,g 10 
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llfetime of the rotating O2 as a result of 
dissociation implies that the potential-ener- 
gy surface necessarily colntains multidimen- 
sional p a t h ~ v a ~ s  (Fig. 4B). Although the ro- 
tation involves the  hindered rotational 
mode, the reaction coordinate for dissocia- 
tion, R,-,, corresponds to the 0-0 stretch 
mode and involves a different energy harrier, 
EL,,> - 0.38 eV. It is possible that there is a 
coupling henyeen the two modes. If this 
c o ~ ~ p l i ~ l g  is s~lfficiently strong, rotation may 
be induced predominantly hy initial excita- 
tion of the  stretch nlode. Also, the time 
spent hv the  molecule betiyeen stable orien- 
tations is too short to  allow a deterlnination 
of the orientation of the nlolecule a t  the  
nloment of dissociation. 

By inducing and viewing the  controlled 
rotational motion of a single molecule, one 
can galn understanding of the  molecular 
potential-energy surface, the  associated 
electro~lic and vibrational excitations, and 
the  coupling of electrons to  nuclear motLon. 
By studying si~ngle molecules, it is possible 
to  deternllne local en\~ironmental effects. 
Current i~nterest in single aton-molecule 
nlanip~~lat ion is due in part to the  possihil- 
ity that  the  reversihle motloll of individual 
atoms and molecules will ult~mately he used 
in memory or electronlecha~nical devices. 
Although not a practical device, the  revers- 
ible rotation of a single dlatomic molecule 
is a delnonstration of this concept. 
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