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Chemisorbed bistable molecule: Biphenyl on $100)-2X1
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We have shown that the room-temperature adsorption of the biphenyl molecule o(1id@ Surface gives
rise in majority to a bistable molecular configuration. The switching of the bistable molecule is activated at
room temperature by thermal activation. By using a combination of room-temperature and low-temg8€ature
K) scanning tunneling microscog&TM) topography, room-temperature STM manipulation, and near edge
x-ray absorption fine structure spectroscopy, the nature of the bistable molecule, its adsorption geometry, and
its interaction with the surface could be identified.
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[. INTRODUCTION Qcm. At low temperature, we used highly As-dopetlype
Si(100 (bulk resistivity of 0.004 to 0.00%) cm). The silicon
Nanometer-scale molecular architectures, madéndi-  samples were first outgassed for at least 12 h at 700 °C be-
vidual molecules adsorbed on a surface, are becoming dbre flashing to 1080 °C to remove the surface oxide layer.
crucial interest in many fields of science and technology, inThe duration of each flash was adjusted such that the pres-
particular in molecular electronidsThe use of future com- sure remained below>10° Torr.
plex molecular architectures as real nanomachines requires The STM has been used in both the topographic and ma-
the design of basic functions. One of the most importannipulation modes. In the manipulation mode, the STM tip is
functions to be designed is a bistable molecular deviceheld at a fixed position above the surface over a selected
which may serve for fabricating atomic-scale switchesmolecular site. After positioning the tip, the feedback loop is
clocks, memories, or logic circuits. Ideally, a bistable mo-switched off, a positive voltag¥s is applied to the surface
lecular configuration should, in a molecular architecture conduring a certain timg50 m9. For each manipulation, the
text, have twoequivalentstable states which can be easily tip-surface distance is adjusted to obtain a given tunnel cur-
switched from one to the other. So far, no such bistable molrent as measured by an oscilloscope. Afterwards, the STM
ecule could be found although several examples ofopograph of the same area is recorded to check the result.
reversiblé= or irreversiblé®~12movements of molecules on
surfaces exist. Indeed, previous examples exhibited non- . RESULTS AND DISCUSSION
equivalent stable state$° or more than two equivalent
states’ In this paper, we propose that biphenyl molecules
adsorbed on §100) offer a unique opportunity for experi- ~ The STM image of the Si(100)-21 surface after the
menting with a bistable molecule. adsorption of 0.1 L of biphenyl at room temperature is shown
The adsorption of biphenyl molecules on(BI0 is an  in Fig. 1. Two adsorption configurations can be seen; nine
interesting system to be studied since the molecules do ngftes which seem unstable as if each molecule is moving
dissociate and show a range of adsorption configurationgthey look striped in Fig. lland one site that appears stable
When adsorbed at low temperat8® K), the molecules are as if the molecules are fixe@ircled). These two configura-
physisorbed. At room temperature, the molecules can be etions occur, respectively, 80 and 15 % of the tifaesite that
ther weakly or strongly chemisorbed on the surface. Roomappears to be the result of a dissociation is sometimes seen at
temperature scanning tunneling microsc4S&M) topogra-  higher exposurésThe other bright features in Fig. 1 are due
phy and manipulation, low temperatur80 K) STM  to defects already present before exposure. For exposures of
topography, and near edge x-ray absorption fine structurBiphenyl between 0.02 and 0.1 L, the sticking coefficient was
(NEXAFS) spectroscopy of the weakly chemisorbed con-found to be in the range 0.07 to 0.2. Additional results are
figuration demonstrate that this configuration is a bistablghown in Fig. 2. Figures(a) and Zc) are two areas of the
molecule. clean surface showing a few defect sifdark site$. Figures
2(b) and 2d) are the same areas after exposure to 0.1 L of
biphenyl. Five striped sites are seen in Fifo)2vhereas two
striped sites and three fixe@dircled) sites are seen in Fig.
The STM experiments were performed both at room tem-2(d). From this, it is clear that the biphenyl molecules adsorb
perature and low temperatu¢@5 K) in an ultrahigh vacuum on clean areas of the surface and the adsorption seems to be
(UHV) chamber (base pressure 210 ! Torr) using a not affected by defects. STM images of Figge)2and 2f)
room-temperature scanning tunneling microscope and a varare identical to those of Figs.(@ and 2d), respectively,
able temperature STM. With the variable temperature STMexcept that the sample voltage has been changed fraro
the sample can be cooled down to 35 K using a helium liquidt-2 V. The fixed sites have a higher electron density of un-
flow cryostat. For room-temperature experiments, theoccupied states than the striped sif€sg. 2(f)] and the
Si(100 samples wer@-type B doped with a resistivity of 1  striped sites are striped in both polarities.

A. Room-temperature experiments

II. EXPERIMENTAL
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FIG. 1. Room-temperature filled state STM topograph (200 A % [ | % %
% 200 A) showing the Si(100)-2 1 surface after exposure to 0.1 L Cb % | | % %

of biphenyl. As a result of the adsorption there are nine sites that % ‘ %

appear to be in motion and 1 fixed siw@rcled. The tunnel condi- % J

tions were—1.5 V and 0.5 nA.

The unstable configuration or striped site is shown in de- Q)C% Cb
tail in Fig. 3(a). It can be seen that the species is in motion as % Cb
the tip passes over it. However, the STM tip did not appear Cb
to influence the motion of the molecules. Indeed, from an %
analysis of the length of the stripes visible in the STM im-

ages of several striped moleculfSig. 3(a) shows one of %
them], it was possible to extract a frequency for the motion CE:) %
of the molecule. The extraction of a frequency is only valid if %
individual strips are shorter than the width of the molecule.

This was true for more than 50% of the lines in each mol- ) )
ecule studied. Several molecules were analyzed as a function FIG- 3. A zoom of a room-temperature filled state image
of scan speed. When the scan speed was 680 nms'%), (25 Ax 25 A, -15V and 05 nA-of a blst.able. site is shown if@).
most lines were made up of bright streaksolecule present Two possible binding configurations which fit within the envelope

. . : : f the bistable site are shown (h) and(c). The fixed site shown in
in the tunnel junction separated by dark sectiofmolecule ' " ) ) . o
J nsep y (1% (d) is the result of manipulating+3.7 V pulse the bistable site in

(8. This fixed site appears identical to the fixed sites resulting from
the direct adsorption of the biphenyl from the gas phase. A diagram
of the possible adsorption configuration is showrign

absent The frequency extracted in this way was found to be
about 100 Hz. The frequency was found to be independent of
the tunnel current and sample voltage, i.e., of the tip-surface
interaction. It follows that the motion must be thermally ac-
tivated. Assuming a preexponential factor of36 ! in the
Arrhenius equation, the barrier for the motion can be esti-
mated to be about 0.64 eV. It is important to note that the
unstable configuration has never been observed to diffuse
over the surface under normal scanning conditions.
Interesting complementary information on the unstable
configuration has been obtained by using the STM in the
FIG. 2. Room-temperature STM topographs (138 #30 A) of ~ Manipulation mode. Two different kinds of manipulations are
the Si(100)-2 1 surface recorded befoféa), (c), ()] and after  illustrated in Figs. 3 and 4.
[(b), (d), ()] exposure to 0.1 L of biphenyla) and (b) are filled For a sample voltage of 3.7 VV and a tunnel current of 10
state images\(s=—2V, |=0.5nA) of a first region(c) and (d) nA, 21 out of 22 attempts transformed the unstable[ﬁtg.
are filled state imagesvi=—2V, 1=0.5nA) of a second region 3(a)] into a fixed stat¢Fig. 3(d)] and one displaced it across
and (e) and (f) are the corresponding empty state imag¥ ( the surface by about 30 A. The fixed site produced by ma-
=42V, |=0.5nA). nipulation is exactly the same as the one spontaneously pro-
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the clean Si(100)-& 1. From the STM image of the un-
stable site[Fig. 3(a)], it seems that the molecule oscillates
between two positions with a brighter fixed point in the cen-
ter. Each position, as seen from the envelope of its striped
image, corresponds to a molecule with an axis at about 20°
to the silicon dimer row direction. The brighter fixed point is
located on top of one of the silicon atoms of a dimer. A
schematic diagram indicating the two positions of the
bistable molecule are shown in FiggbBand 3c). The en-
velope surrounding the phenyl rings is intended to represent
the extension of the electron density visible in the STM im-
ages. The contours are based on the visual size of the mol-
ecule in its fixed sitd FWHM of a line profile. The adsorp-
tion configurations of the unstable site shown in Figd) 3
and 3c) have been derived from the examination of many
unstable sites similar to the one in FigaB Although it is
difficult to ascertain these adsorption configurations only
from the observation of the striped sites, we will see in the
following that low-temperature experiments confirm these
configurations nicely.

The STM enabled us to evidence the bistable molecule
and to suggest its geometry on the surface. However, it says
little about the nature of the bonding of the molecule, i.e.,
whether the molecule is physisorbed or chemisorbed on the
surface. For that, we performed near-edge x-ray fine struc-
ture (NEXAFS) spectroscopy using the super-ACO synchro-
tron radiation source at Orsay. The experimental setup has
been described previousty.The partial electron yield mea-
sured for 268 eV electrongorresponding to the maximum
intensity of the C(%) Auger electron spectrumwas re-
corded as a function of the photon energy around thesiC(1

FIG. 4. Two room-temperature filled state STM topographsthreshold. Several NEXAFS experiments were carried out on
(each 100 A<100 A, —1.5 V and 0.5 nAshowing in(a) a bistable  the S{100 surface as a function of biphenyl exposure and
site and a fixed site. Subsequently;-& V pulse was applied to the temperature as well as the incidence angle of the synchrotron
bistable site and the result is shown (im—the bistable site has radiation’* A series of NEXAFS spectra of the transitions
been removed revealing the clean surface underneath. between the C(4) level and the antibonding orbitals are

shown in Fig. 5. These could be compared to existing
duced by molecular adsorption. A detailed look at the fixedEXAFS experiments on benzene adsorption on the same
site [Fig. 3(d)], shows two bright protrusions, one centeredsurface'® If we consider the multilayer exposure at 80 K,
on the dimer row on top of a dimer and the other in betweerwhere one can expect the molecular orbitals to be similar to
the dimer rowgthe position of the bright protrusions relative those of the molecule in the gas phase, we see three peaks at
to the silicon dimers cannot be clearly seen in Figl) de- 285, 287.5, and 289 eV. In a core excitation experiment it is
cause of their very different corrugatignsThe angle be- difficult to place correctly the unoccupied levels with respect
tween a line through the protrusions and the silicon dimeto the Fermi level. It is expected to be at around 284 eV. This
row is 30°. On only five occasions out of 57 was a moleculewould place the firstr state at 1 eV. The three peaks are
seen to adsorb with its major axis at 60° to the dimer ronexactly the same energies as in a multilayer of benZeared
direction. The distance, between the centers of both protruare believed to correspond to an excitation of a }(élec-
sions, measured from a line profile is 0.45 nm. This wouldtron into the unoccupied#™ ,,7*,), 0 c.ny, and ™3 or-
suggest that we are seeing the intact molecule chemisorbdaitals of the aromatic ring. This identity of the spectra of
on the surface since the expected distance between the cdpenzene and biphenyl has been previously observed in gas
ters of two phenyl groups in the free molecule is 0.43 nm. Aphase NEXAFS daté and has been explained by the local-
proposed adsorption configuration is given in Fifg)3 ization of the unoccupied orbitals after )1excitation. In

For a sample bias of 6 VV and a tunnel current of 50 nA, the submonolayer regime, at 80 K, where the biphenyl mol-
eight out of ten attempts removed the unstable site from thecules are expected to be physisorbed on the surface, the
surface(Fig. 4 and two transformed the unstable site into C(1s) spectra look almost identical except that the peaks are
the fixed site. As seen in Fig.(d), the area of the surface somewhat broader due to the interaction with the surface.
where the unstable site was, is free of any defect. Quite interestingly, at room temperature, the; peak at 289

These manipulation experiments indicate that the unstableV is no longer visible. It has been previously demonstrated
site corresponds to a single biphenyl molecule adsorbed oim the case of benzene that the absence ofrthg orbital in
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FIG. 6. Low-temperaturé35 K) filled state ¢/s=—1.5V, |
=0.5nA) STM topograph (150 X100 A) of the Si(100)-X 1
surface exposed at room temperature to 0.1 L of biphenyl.

of the fixed sites seen at room temperat{ffigs. 1 and 2 It
is clear from this result that, at low temperature, the bistable
molecules are all fixed in one of their two stable positions

FIG. 5. A graph showing the NEXAFS spectra of biphenyl ad- shown in Figs. &) and 3c).

sorbed on the Si(100)-21 surface. The Auger electron yield is
given as a function of the photon energy around thesthresh-
old for (a) a multilayer exposur¢l0 L), (b) a submonolayer expo-

Complementary experiments were performed by cooling
down first the silicon sample to 35 K and then exposing the
surface to 0.1 L of biphenyl. Very different molecular sites

sure at 80 K(0.45 L), and(c) a submonolayer exposure at 300 K \yere obtained under these conditions as seen in Fig. 7. They
(0.5 L). The curves have been shifted vertically relative to each:gnsist of a single bright protrusion centered on the silicon

other for clarity.

dimer rows. However, all the molecular sites show an asso-
ciated secondary feature on the neighboring silicon dimer

the NEXAFS spectrum is indicative of a chemisorbed inter-row. The secondary feature has a much lower intensity. It is
action with the surfac& This suggests that the biphenyl is not due to any tip effect since its position relative to the main

physisorbed at low temperature and chemisorbed at room
temperature. Thus, at room temperature, the STM images,
where the bistable molecule is in the majority, show a
“chemisorbed” molecule that moves. The movement of the
bistable molecule suggests that the molecule is only weakly
chemisorbed whereas the fixed moleciiég. 3(d)] is con-
sidered to be strongly chemisorbed. The corresponding con-
figurations of these weakly and strongly chemisorbed mol-
ecules will be discussed in Sec. Il C.

B. Low-temperature experiments

From the estimated energy barrier for the motion of the
bistable molecul€0.64 eV}, the movement of the molecule
should be easily frozen at low temperature. To verify the
adsorption configuration of the bistable molecule, we ex-
posed the clean @00 surface to 0.1 L of biphenyl at room
temperature. After exposure, the sample was cooled down to
35 K and the surface was imaged by using the variable tem-
perature STM. Contrary to the observation at room tempera-
ture, no striped site was seen at low temperature where only
fixed molecules were observdéig. 6). All the observed
molecular sites show two bright protrusions. The distance

between the centers of the protrusions is 0.44 nm and the F|G. 7. Low-temperaturg35 K) filled state {/s=—1.5V,

angle between a line through the protrusions and the silicon=0.5 nA) STM topographs (90 X60 A) of the Si(100)- 1
dimer rows is about 20°. This angle is determined with asurface befor¢a) and after(b) exposure to 0.1 L of biphenyl at low

precision of=5° and is definitely smaller than the 30° angle temperature.
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bright protrusion varies from one molecule to the other. Theactivated at room temperature through an energy barrier
exact molecular configuration is more difficult to elucidatewhich has been estimated to be about 0.64 eV. The transfor-
than for the bistable molecules and the fixed molecules amation of the bistable site into the fixed site involves an
room temperature. Here, one can anticipate that the molpparent change of geomeffyom Figs. 3b)—3(e)] which is
ecules are physisorbed and that the main bright protrusiomuch smaller. However, the binding of the molecule with the
corresponds to one of the two phenyl rings weakly interactsurface is believed to be very different in both cases, i.e.,
ing with the silicon dimer row. The molecule would then weak delocalizedr- interactions between the benzene rings
stand up on the surface with the second phenyl ring orientednd the Si dimers for the bistable site and stronger va-
towards the neighboring dimer row giving rise to the weaklence bonds between C and Si atoms. Therefore, the energy
secondary feature. This needs to be verified by further calcudarrier for the transformation of the bistable site into the
lations and experiments. However, it is already clear that théixed site may well be much higher than 0.64 eV.
biphenyl molecules adsorb very differently at low tempera- In the stable statgsee Fig. 8)], the benzene ring on top
ture. of the Si dimer has two C atoms which are above the posi-
tions of the Si atoms. One could then expect a bonding con-
C. Discussion figuration through two C-Sfo-o) bonds very similar to the

1,4-cyclohexadiene-like structure of benzene adsorbed on

From these_ observat_ions, amodel for the adsorption of th i(100.1° We emphasize that the schematic diagrams in Figs.
weakly chemisorbed bistable and the strongly chemisorbe ), 3(c), and 3e) aim to indicate only the lateral positions

;taé)le Cﬁ?RgtLrJ]raté)onsdpan be (fj_evelct)_ped. ](\Netﬁlre;d%/ (gllscuszg the phenyl rings with respect to the surface silicon dimers.
In Sec. € bonding configurations for the bistable andy,, ,ever in'the actual stable configurations, the phenyl rings

e o o, oo ST o ey vl bo aated win respect 1 eao othr aong te

low-temperature experimen(gig. 6) confirm that the meta- g]u?f:g: ar axis and the molecule may not be planar to the

stable sites of the bistable molecules are indeed those shown '

in Figs. 3b) and 3c). As to whether the motion is a transla-

tion along the row or a rotation about a fixed point, a rotation IV. CONCLUSION

[as shown in Figs. ®) and 3c)] seems far more likely since ]

nothing would prevent a translation continuing along the row N conclusion, we have shown that the room temperature

for some distance, yet the striped site occupies only thre@dsorption of the biphenyl molecule on the(18I0) surface

dimers. gives rise in majority to a bistable molecular configuration.
In the bistable statiFigs. 3b) and 3c)], each phenyl ring At _room temperature, the thermall energy activates .the

of the biphenyl molecule can interact with a silicon dimer orSWitching of the bistable molecule which appears as a striped

a silicon atom. However, no-o valence bond between C Site in the STM topography. STM manipulations enabled us

and Si atoms is expected to occur, or at least significantl;t/O transform the bistable molecule ir_1to a fixed molecule or to
weakened bonding if it does. Indeed, suglr valence bond de_sorb the _bls_table molecule._ Thls_ demo_nstrates that the
between C and Si atoms would strongly bond the moleculstriped site is indeed a non dlssomate_d biphenyl molecule
with the surface and would prevent the bistable molecule tgdsorbed on the clean (300 surface without any defect.
oscillate from one position to the other. Since we know fromLOW-temperaturé30 K) STM topography enabled to freeze
the NEXAFS spectra that a chemisorbed interaction nevert-he_ bistable molec'ules in their equivalent stable §tate§ from
theless exists between the bistable molecule and the surfacghich the adsorption geometry could be clearly identified.
we anticipate the existence of more delocalized- interac- oM the NEXAFS spectra, the bistable molecule appears to
tions between the benzene rings and the Si dimers. We nof¢ chemisorbed through- interactions with the surface.
that the angle between the line through the protusions andh® adsorption of biphenyl on@00) offers a unique oppor-
the silicon dimer rows has been found to be slightly smallefunity for experimenting with a bistable molecule.

(20°) than for the stable stat@0°). This results in a twisting

of the phenyl ring relative to the silicon .dimer such that the ACKNOWLEDGMENTS
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