VOLUME 80, NUMBER 9 PHYSICAL REVIEW LETTERS 2 MRcH 1998

Dynamics of Electron-Induced Manipulation of Individual CO Molecules on Cu(111)
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Electrons tunneling from a scanning tunneling microscope tip to individual CO molecules on
Cu(111) can cause their hopping from the surface to the tip if the bias exceeds a threshold of 2.4 V.
Polarization- and time-resolved two-photon photoemission identifies the underlying elementary process
as intermediate population of a Cr*-derived level, which exhibits an ultrashort lifetime of 0.8-5 fs.
From an isotope effect a.7*)3 it can be calculated that0.05% of the tunneling current transiently
occupies this level while a desorption of the excited molecule occurs ony>n10~° of the cases.
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The ultimate goal in surface dynamics is to obtain a fun-sorption process induced by multiple electronic transitions
damental understanding and to control elementary surfadé4] with a quantum yield o&=103. Recently, Stipet al.
processes on a microscopic level. This requires both sp§15] presented impressive STM data on the dissociation of
tial and temporal resolution of such dynamical change®©, by vibrational (multi)excitation of the intramolecular
on an atomic scale. With the invention of the scanningoond by tunneling electrons of low energy. In the fol-
tunneling microscope (STM) by Binnig and Rohrer [1] it lowing, we will show that the reversible transfer of CO
has now become possible not only to observe but also tmolecules from the Cu(111) substrate to the STM tip is
manipulate single atoms and molecules on surfaces [2,3¢aused by attachment ofsingleelectron into th+™ or-
Furthermore, tunneling spectroscopy (TS) allows one tdital of CO. Time-resolved 2PPE clearly reveals the sym-
obtain spectroscopic information with a spatial resolutionrmetry and line shape of this excited CO state and yields
on the atomic length scale [4]. Ultrafast laser techniqguesan upper and a lower limit for the lifetime. The excitation
on the other hand, provide direct insights into the dynamicgrocess shows a strong isotope effect. Evaluating these
of chemical reactions and energy transfer processes [5]. ldata within the 1D model proposed by Gadzuk [16] allows
particular, two-photon photoemission (2PPE) spectroscopgome conclusion on the lifetime of the excited state and its
has become an important tool to probe the symmetry, erpotential slope although the net quantum yield is of the or-
ergetics, and lifetimes of electronically excited states ofder of 10~!'. Using the standard Menzel-Gomer-Redhead
atoms and molecules on metal surfaces on the femtosecof®IGR) model [17,18] these data can be used to gain an
time scale [6,7]. In this Letter we demonstrate by combin-estimation of the partial current flowing through tbe*
ing these two powerful techniques, that STM and 2PPE arstate, which is of great interest for comparison with STM
complementary in providing considerable insights into thecurrents calculated within the electron quantum scattering
excited state dynamics and the mechanism of stimulategchnique [19].
desorption of single molecules on surfaces. For all STM measurements we use a self-built low

Recently, we presented a technique of transferring a C@&emperature STM [20] operating at 15 K [21]. Samples
molecule between the apex of a STM tip and a Cu(111ljpre prepared by several cycles of sputtering with" Ne
substrate (involving biases of up to 3 V) and vice versaannealing to=400 °C and subsequent deposition of below
[8]. To our knowledge, this is the first system where re-1% of a CO monolayer (ML) [22] at 15 K. Excitation
versible vertical transfer of a chemisorbed small mole-of single CO molecules is performed by positioning the
cule has been observed. Vertical manipulation of XeSTM tip exactly above the molecule at a sample Bias
atoms by vibrational heating [9] or electron scattering ha®f 2 V. Subsequently, the bias is switched to a minimum
been achieved by Eiglet al. [10]. For the STM-induced of 2.4 V; this results in a tunneling currehf a few nA.
desorption of hydrogen from Si:H two different excita- Within a few seconds, a clear change in the simultaneously
tion modes have been distinguished [11,12]: vibrationatecordeddI /dV can be observed. Itis caused by a hop of
multiexcitation by high tunneling currents and electronicthe adsorbed molecule either to the tip apex or to an adsite
excitation by field emitted electrons from the STM tip. on the sample a few angstroms away (top part of Fig. 1)
Desorption of CO from Cu(111) by ultrashort laser pulseswith a =1:3 probability.
of high energy has been reported by Prybgtaal. [13]. The mean time before a hop of the adsorbed CO mole-
Their experiment involved heating of the substrate eleceule is induced (“hopping time”) depends on the current
tronic temperature to several thousand K resulting in a deand bias used. The threshold bias to induce hops resulting

2004 0031-900798/80(9)/2004(4)$15.00 © 1998 The American Physical Society



VOLUME 80, NUMBER 9 PHYSICAL REVIEW LETTERS 2 MRcH 1998

— . before|after )
v 2 210 Quantum yield for 2c'%0
—- * apn-1 -
% 0.8 | 27*10 pere
co
o wwgooooo o6
O0O¢ (o))
Surface £ 04 Time till jump [1s/bin]
g‘_ ' Current 4.7nA
:IO: 0.2 31 Exp(t/'T)
c ]
® 0.0 2
, @ 0
: b } } } } : -
di/dV~D(E) [a. u.] Adl/dV~AD(E) [a. u.] 0 1 2 3 4 5 6

Current (nA)

FIG. 2. Mean hopping rate of “normal?C*%0 molecules at
2.7 V bias versus current. The rates were calculated from the
distribution of hopping times, which is plotted for 2.7 V bias

1 2 0 1 2 3 and 4.7 nA current in the inset. The error bars indicate the
E-EF [eV] E-Eg[eV] error of the exponential fit of the hopping times.

FIG. 1. Center: STM image of a single CO molecule on  Ag peijther the symmetry of the CO-induced state can be

Cu(111) taken with a bare (metallic) tip (top left sketch) at . :
5 V( ang 1.5 nA column by cf)lumn st)artielg( frF())m the left )As resolved by TS nor the high energy side of the state can be

the center column of the image is reached, the tip is stoppe@robed without inducing a hop of the adsorbed molecule
at its center and the bias switched to 2.7 V for 3.8 s. Duringland possible interference with the Cu(111) image state]
this time an abrupt change of the simultaneously recortled we have performed 2PPE [6] at CO coverage% ofiL

and dI/dV occurred, which can be interpreted as hopping °fresulting in the/3 X /3 phase of C@Cu(111). This

the CO molecule away from its initial site either to the tip h . irelv of CO | | dsorbed h
apex or to another adsite nearby (top right sketch). Hence? ase consists entirely o molecules adsorbed on the

as the scanning is resumed, it could not be found at its initiaPN-top sites [24]. Spectra at a photon energy of 4.1 eV
position on the sample (image sizs A x 25 A). Performing  clearly show that the steep increase in the TS corresponds
tunneling spectroscopy at the center of the CO molecule (afo the onset of the 27*-derived state of C@Cu(111)

at the edge of the image (c), and in between (b)—instead ofjatt part of Fig. 3). Its center is found to be at 3.5 eV

inducing a hop—the thre€l /dV spectra (bottom left diagram)  : = .
can be found. The difference spectra approximately reveal thg\”th a FWHM of =870 meV. From time-resolved 2PPE

CO-induced LDOS (bottom right diagram), which shows a risesmeasurements with 45 fs pulses an upper limit of the
above=1 V followed by a steep increase startinga2.4 vV  relaxation time of the excited state of 5 fs is obtained
(dashed line).

in both lateral and vertical transfer is 2.4 V. Thus, in the i s-pol
following both kinds of hops are treated as originating from
the same excitation process. In the whole bias range used
for vertical manipulation (up to 3 V) [8] the dependence
of the hopping rate on the current at a fixed bias is clearly
linear (see Fig. 2). The net quantum yield per tunneling
electronP,, rises from zero below 2.4 Vb7 X 107 at
2.7 V and3.0 X 107! at 3.0 V. The linear dependence
of the rate on the tunneling current clearly indicates that |
a single electronprocess is responsible for the observed 25 30 35 40 45 100 50 0 50 100
jumps. A comparison of7/dV curves of TS acquired at E-Eq[eV] Pump-probe delay [fs]
different lateral distances from an adsorbed CO molecule
clearly shows a CO-induced increaseddf/dV at biases Z'f- i”/ '—heff[ part: ZPFI’E spe(::ctgl(il))tain%d gg/kg’oia”\/zgf)‘j

— H ; dle pnhotons on clean u an
gg?t\(;?n ;a\r/t)refg\é?/éoztze\;r gn%?r;[gf S}iﬁﬂ ztjerfei)ceer Erﬁégré;égO/Cu(lll). They show a CO-induced state at 3.5 eV with
; - : Y - s FWHM of the onset of 0.8 eV. Because of its appear-
is observed (indicated by the dashed line), which coincidegnce ats polarization it can be identified as ther* state of
with the bias threshold to induce hops of CO moleculesCO/Cu(111). The dashed curves indicate a Lorenzian fit of the
ThedlI/dV signal is approximately proportional to the lo- onset of the2z* state which coincides with the enhancement

cal density of states (LDOS) of the sample [23]. Thus th%)f LDOS observed in the TS. Right part: Autocorrelation
) ’ race derived from a pump probe experiment of the signal from

hoipping of the CO .molecules has to be attributed 10 POPUe 57+ state. From the measured data (dots) a maximum
lation of a CO-derived part of the LDOS with electrons jifetime of 5 fs (solid line) can be deduced. The dashed line
from the STM tip as indicated in the bottom part of Fig. 4. indicates the experimental resolution.
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(right part of Fig. 3), whereas the spectral width of theexcitation have been discussed within the framework of
27" state indicates a lower limit of 0.8 fs. This extremely the MGR model [17,18]. In this model a pronounced
short excited state lifetime agrees well with the extremelyisotope effect is expected for a system with an ultrashort
small quantum yield of the STM-induced transfer processexcited state lifetime [29]. From such an isotope effect
The CO-Cu stretch has a vibrational energy of 42 meMthe excitation probability per incoming electron (i.e., the
[25] and the binding energy of CO to Cu(111) is 425 meVfraction of electrons which transiently occupy the ™
[26]. The tunneling gap distance4s7 A [27]. Approxi-  state) can be calculated without any assumption about the
mating the potential curve of the adsorbed CO molecule&value of the2z* lifetime.
with a Morse potential we find that there is virtually no  From calculations of Bocquet and Sautet [30] it is known
overlap between the adsorption potential on the substratbat the tunneling current passes only partially through
and on the tip (top part of Fig. 4), even if a slightly higher electronic states attributed to the adsorbed molecule even
binding energy of the molecule on the tip is assumedif the tip is positioned in its direct vicinity. Further-
Hence, the STM-induced transfer of the CO molecule bemore, a whole number of electronic states of the substrate-
tween the substrate and the STM tip can be discusseaisorbate system are involved in the transition of electrons
in terms of a desorption process. The electric field offrom the tip shaft to the bulk of the sample. Therefore, the
~3 V/nm at the position of the adsorbed molecule is smalfractional tunneling current through the @@ state is of
compared to the minimum field of more thdf V/nm  great interest. In order to determine this fraction, STM
needed to desorb CO molecules in field ion microscopgxperiments on surfaces with similar amounts'#0
experiments [28]. In a calculation of the effect of vibra- and*3C*20 in the mML regime were performed in the fol-
tional (multi)excitation of the CO-Cu bond by dipole inter- lowing fashion: A pair of CO molecules was arbitrarily
action with the field of tunneling electrons using the modelchosen, resulting in a 50% chance of picking two different
by Avouriset al. [9] an effective temperature of the bond isotopomers. The two molecules of the pair were alternat-
of <40 K can be estimated, which is far too low to play a ingly excited to perform hops. To ensure inducing hops
major role in the desorption process. on exactly the chosen molecules, a minimum of 2 nm dis-
Thus, we conclude that the hopping process is inducetance between the probed molecule and its nearest neighbor
by a single electronic transitiorof a CO molecule from is kept by, if necessary, laterally translating the molecule
the ground state to the excited state potendal- via  with the STM tip before exciting it. These measurements
attachment of a tunneling electromto the CO2#*  inherently combine the unique ability of the STM to im-

state (Fig. 4). Desorption processes induced by electroni@zge on the atomic scale (to find the position of a molecule
initially and after the excitation) and its application as a

manipulation tool on the same minute scale (to induce a

Vor* 4 hop on a specified molecule and to clear a molecule from
> too close neighbors). By this method of alternating excita-
g . | tions an impact of tip changes on the measurement can be
S Pdes = 5410 ! ruled out. From the thus acquired distributions of hopping
£ 0 BN ro times for different pairs of molecules a hopping time for
£ B\ H the lighter species could be obtained, which agrees within
/ 1 AW 20% with the hopping time observed f$C%0 molecules.
N However, the average hopping time of the heavier species
Cu(111) -7A OO TP comes out to be 2.7 times longer. Thus, an isotoge ef-
. tunneling distance fect of =~2.7703 can be estimated. A detailed description
%g CO 2" of the data evaluation will be published elsewhere. Us-
e5 . Exte ing this isotope effect acquired on lateral and vertical hops
I in the 1D MGR model we find that 0.5% (0.01%—4%)
. eVhias of the tunneling current is passing through the* level
Er R and the hopping rate per excitation4ss X 107°. Such
W o a minute desorption probability cannot be resolved with

_ most photostimulated desorption techniques without con-
FIG. 4. Top part: potential curve of the bound state of a C%Piderable substrate heating.

molecule between the Cu(111) substrate (left) and the ST . .
tip (right). A higher binding energy on the tip is assumed. Gadzuk [16] p_roposedasgmlclassmal aPProaCh to calcu-
virtually no overlap between the two potential wells occurs. ate the desorption probability of a Gaussian wave packet

Additionally the assumed potential curvé,- of the excited on a one-dimensional potential energy surface. The life-
stahe ;S_ Sh%"."”'t ghe_tgesorptlon IFtJfr?CGSS QCﬁjOfdlng tO_tﬂ][? MGf*Rme of the electron in the#* state and the slope of the
model is indicated with arrows. as a yield per excitation o i ; :
Pan = 5 % 10-°. Bottom part: At positive sample bidé,. ex_uted state potentlal_curve enter as parameters. Using
this model the desorption probability per electronic exci-

tunneling electrons from the STM tip (right) can transiently =" . ;
occupy states of the sample betwdgnande  Vi;.s. Thus, at ~ tation Pes in dependence on the mass of the desorbing

2.4 V bias the electrons start tunneling into the* state. species can be obtained. Applying this method@'°0
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