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Observation of single molecule transport at surfaces via scanning microscopies:
Monte Carlo wave function study of a model problem
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We discuss experiments where the trajectories of individual molecules or atoms at surfaces are observed by
means of scanning microscopy. A scanning probe moves along the surface and excites the molecule so that the
molecule’s location is deduced from the times at which fluorescence photons are emitted. Operation of other
types of scanning microscopes can be described by similar models. The observed trajectories are inherently
affected by the interaction between the molecule and the probe such that the measured diffusion coefficient
depends on the frequency at which the surface is scanned. The number of photons emitted by the molecule
during a scan is affected in a nontrivial way by its mobility. If photoexcitation increases the mobility, we find
emission to be suppressed.
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[. INTRODUCTION This picture is very different from that of ultrafast time
resolved spectroscopies of bulk materials, which are usually
A variety of experimental techniques have emerged durcarried out at time scales much shorter than emission times.
ing recent years, allowing one to locate, monitor, and mapecoherence due to the interaction with the vacuum field has
nipulate individual atoms and molecul¢s—6]. Examples negligible effect on the molecules’ dynamics in this case.
include single molecule optical spectroscopy, scanning tun- |nteraction with the detector sometimes provides a useful
neling microscopy, and atomic force microscopy. As the SPayay of manipulating single molecules. For example, Ho's
tial and temporal resolution improves, one eventually gets Qroup has used the interaction of the STM tip with molecules

the limit where the quantum properties of the observed moly,ysarhed at surfaces to dissociate, rotate, or vibrationally ex-
ecules and their interactions with the probing device can NQte the molecule§8—10]

longer be ignored. The purpose of this paper is to understand the meaning

Ir) a recent study, Lauhon and H@] obs_erved tunne]mg and the properties of single molecule trajectories as mea-
of single hydrogen atoms at a surface using a scanning tun-

neling microscop&€STM). The possibility to observe a single _surted. bY, Ecannlng. mlciroscopy(.j-The topc);c;)oqulf(a?tgm tr;
particle undergoing quantum transitions poses a number getories d ;S lf)fezlloqs yh een |scu?se y a:jr_ﬁs einer, El-
conceptual questions. What is the actual information about"9€!» ahd £0 ef11] in the context of quantum diffusion in

the single quantum system that is revealed by such measurgPtical molasses. Those authors devised a measurement
ments? What is the meaning of the measured “trajectory”7?cheme in which the location of an atom is measured by

The wave function(or the density matrix of a molecule angle resolved detection of the emitted photons. The simu-
describes the probability to find it in any given state. Thuslated atomic trajectories exhibit unusual properties such as
locating the molecule is a stochastic process. Solving th@nomalous diffusion. The spatial resolution provided by such
Schralinger equation is not sufficient to describe such ex-a scheme is limited by the laser wavelength. In contrast, the
periments: this has to be supplemented by a Monte Carlscanning microscopy approa¢t.g., near field scanning op-
procedure to simulate the detection process. tical microscopy does not have such a limitation.

Another unusual aspect of single molecule experiments is Thus the physical situation studied here differs from that
that the interaction of the molecule with the detector cannobf Ref. [11]. Our model(Sec. I) describes a fluorescence
be neglected. For example, suppose we are monitoring @excitation experiment, in which the molecule adsorbed at a
single atom by exciting it with a laser and detecting fluoressurface is located by exciting it with a spatially localized
cence photons it emits. The photon flux arriving at the detecelectromagnetic fieldpossibly in a near field setupand
tor depends on the laser intensity and on the emission ratenonitoring its fluorescence. The location of the molecule is
The time resolution of a single atom trajectory measured irdeduced from the position of the prokiee., the field at the
this way cannot be better than the duration of the excitationtime at which a fluorescence photon is detected. Unlike in
emission cycles. The more closely we would like to watch the case studied in Refl11], the direction of the emitted
the atom, the shorter must be. Shorterr means stronger photons is not resolved in our scheme. Our scheme thus ex-
interaction of the atom with the laser field as well as with theploits the mapping between the times when photons are de-
vacuum electromagnetic field. Emission automaticallytected and the observed trajectory of the molecule. The prop-
causes decoherence. Therefore if we monitor the atom overexties of the molecule’s dynamicsuch as its diffusion
time longer than the emission time then we cannot negleatoefficien} are intimately related to the photoemission sta-
this decoherence caused by the interaction with the vacuutistics. The statistics of light emitted by single molecules has
field. recently become a subject of intense st{iyl2—18§.
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(W FIG. 2. The position of the prob¥(t) as a function of time. If
photons are detected at timgs t,, andt;, we say that the mol-
’g ecule was found ax,, X,, andX; at these times.
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tromagnetic field at a frequenay=e=e,—¢&4. The ampli-

Vg(x/)\/\/\./\/\/\/ tude of the field is given by(x— X(t)), a function that is
spatially localized around the position of the protig) (Fig.

I8 1). We will assume that the spatial width B{x) is compa-

EG-X() | —> rable to the size of the single well. The Hamiltonian is:

L H=[Vy(x)+ p2/2m]|g)(g| + [e + Ve(x) + p2/2m]| e)(e]
X0 x — WE(x—X())cog wt)[|g)(e| + [e)(gl]. (1)

FIG. 1. The energy of the molecule-surface interaction in theThe last term in Eq(1) describes the dipole interaction of

ground and excited electronic states. Also shown is the interactithe molecule with light. Classically, if the position of the

igteergya&ii\;veen the laser and the molecule when the probe is Ic|)5robeX(t) is close to the molecule’s positiocthen the field

can resonantly excite the molecule and the molecule can emit

. . . . . a photon. Therefore if we register a photon at timéhen we
While details might be different, our model is rather 9€- L how that the molecule is located X(t,) (see Fig. 2 The

ngric and captures the essential properties of most SCarm”é%curacy of the measurement is limited by the width of the
microscopies. The molecule can mdeéther by tunneling or envelopeE(X(t) —x) and also by the fact that the molecule

:heémalrif;)optp;:ng?]urrlngttrrlietiexpe]rlmien:nart'l&?fur iaurr]n W'"f_be and/or probe can move during the lifetime of the excited
0 gescribe the characteristics ot this mo usion coe state of the molecule. The position of the prokg) is a

ficient, etc) as observed in such an experiment. periodic function of time as shown in Fig. 2. The total time

wal\?esfﬁrcll(::il(l):\vinvgmgéorsi% ?;%Tm:rri)é;f ths?m'\ﬁ?:tt: t%:rlé) of the scan isT and the time the probe spends at each well is
; -ally sim Y1 robe= T/N whereN is the number of wells. We will assume
namics of our model. In Sec. IV, we will examine the deep P

quantum limit, in which the molecule’s dephasing time, in periodic boundary conditions for the periodic multiwell po-

the absence of the probing laser, is longer than the duratiotnentlalsvg(x) andVe(x) so that the total number of distinct

of the experiment. In this limit, the only source of dephasingxilllzclje'\lw}ﬂ/e eunséeg”: 4r?a\'/r; 2” d?#g:g?:'%ﬂ; zhili;)r(i%lltﬁg n
is the instrument itself. As a consequence, the molecule sta¥s Vil 9 y ge distr

S ; .~ ffom that in the ground state and therefore it will interact
coherent until it emits a photon, and therefore its diffusion

. . . . with the surface differently. As a consequence, the excited
coefficient measured in such an experiment will turn out to

depend on the rate at which the surface is scanned. We wiprate p_otentiave(x) generally differs from the ground state
argue that this kind of experiment can be performed withpOtem'.""lvg(.x)‘ . . ,
cold atoms in optical lattices, where the dephasing times are Besides interacting with the surface and with the laser
very long. We will also see that other dephasing mechanismgrObe’ the molecule may also be cgupled_ to. a continuum of
change this picture and lead to a diffusion coefficient that iss_urface mode_:séphonons or_electromc excr_[at|o)n§1at pro-
independent of the scanning rate. vide an addltlonal_mechanlsm for dephasmg and energy re-
In Sec. V we will explore whether or not the emission Iaxa'qon. Those will be reated here in a phenomenological
signal from a single molecule is enhanced by its diffusion.fash'on’ using a Monte Carlo wave function approa_ch. Fora
We will also examine the effect of photoinduced diffusion. review and r.elevant referer_mes see R&f]. Our partlcqlar
Section VI concludes with closing remarks. |mplementat|pn of the'algor'lthm and the method in which we
treat dephasing are given in RE20].
To simplify the numerical treatment of the Hamiltonian of
Il. THE MODEL Eqg. (1) I will use two approximations:
(2) Rotating wave approximatioh21]. In the rotating

me, the Hamiltoniaril) takes the form:

Our model is schematically shown in Fig. 1. We considerfra
a molecule(or atom of massm moving in a periodic multi-
well potential alongx that mimics a one-dimensional “sur-  —rv (x)+p2/2m Fle—hw+Vax)+Dp22mlle
face.” The molecule has two electronic statég, and |e), (Vo0 +p2mllg)(g|+le—ho+Ve(x)+p72mile)
with energiess, andeg, and is excited by a resonant elec- x(e|—=hQ(x—=X(t))[|g)(e|+|e)al], 2
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where whereH is the Hamiltonian defined by Eqgél)—(4) andR is
an operator that contains effects of relaxation and dephasing
RO (x—X(1))= wE(x—X(1))/2 (3)  so it can be written as a sum of two terms:

can be thought of as a Rabi frequency operator that depends R=R/+Ry. ©®)

on the positions of both the probe and the molecule.

(b) Tight binding approximationThe energy levels in the
periodic potentials form bands. For bofly andV,, we will ., .,
neglect all bands but the lowest ones. This implies that the (n,0|Rap|n",0") = ynonror(N,olp[n’,0”),
following replacement is made:

The dephasing part has the following matrix elements:

7non’0’2y+r(5u,e+ 50-’,e)/21 (7)

Vgie)(X)+p22m—— 2 Agie)(In)(n+1]+[n+1)(n]). wheres=e, gandn#n’ and/oro# o’. The dephasing rate

(4) Ynon' o describes how fast the coherence is lost between any
pair of distinct states and is the sum of a pure dephasing rate
v (which is assumed here to be the same for all stated a

Heren) is a state that is localized in thh well andAg(q contribution caused by emission and proportional to the
is the tunneling matrix element between two neighboring y prop

O . emission ratd".

wells for a particle in the potentiady, . There are a total of The relaxation part oR is diagonal:
N wells and periodic boundary conditions are assumed. In ’
addition, the Rabi frequency operat@rhich is diagonal in
x) is replaced byAQ(x—X(t))—AQ 6, xy/n)(n| where
S,m=1 if n=m and zero otherwise. Since we have replaced
the continuous coordinate by the discrete well numbaer, (n,g|R:p|n,g)=—T(n,e[p|n,e). (8)
we also modifyX(t) such that it can only take discrete val-
ues:X(t)=[Nt/T] (mod N) where[a] indicates the smallest In our model, photoemission is the only source of relaxation.
integer greater than or equa| 40 One should be aware that Additional relaxation mechanisms such as those due to cou-
by making the tight binding approximation we have dis-Pling to phonons or other excitations can be easily included
carded some interesting phenomesaich as over-barrier Within our formalism if desired. _ _
transitions in the potentiaf,(x), the energy for which being ~ Equation(5) can be solved directly. Calculating the emis-
provided by the atom recoil in photoemissift]]. sion statistics would then involve tedious computation of

If x is taken to be an angular variable, the Hamiltoniancorrelation functions of the dipole operator from E§). The
(1)—(4) can be used to describe rotations of a molecule. AMCWF algorithm[11,19,20,23-2Joffers an equivalent yet
Hamiltonian of this type seems suitable to describe the exthore convenient approach to the photocounting statistics.
periments[lO] where rotations of a Sing]e molecule are ex- SpeCiﬁca"y, one constructs a fictitious wave function
cited by an STM tip.

Note that the Hamiltoniar(1l) describes a periodically _
driven particle in a periodic potential. It is similar to the |l/f(f))—;U Cn,o(D)N,0).
Hamiltonian of a periodically kicked rotd22] except that
the “kicking” is provided by a time dependent coupling be- «Coherent” evolution of this wave functiorfwhich, in the
tween the ground and excited states caused by an electrRrcwE context, is free propagation under an effective,
magnetic field and that there is an additional constant angulgg.gependent Hamiltoniafil9,20,23—27) is interrupted by
potential. A physical example of such a rotor could be &CH stochastic jumps whose probabilities are determined by the
group rotating around the bond connecting it with the rest ofyperatorR. After each photoemission jump the wave func-
the molecule. In this case the potenigj) would be three-  tion s reset td¢)=|n,qg), i.e., becomes localized in a well.
fold. In view of the above similarity, it is not unexpected to | addition to the “photoemission jumps,” the algorithm in-
find (see Sec. Il a phenomenon that is similar to the ¢jydes “collisions,” which randomize the phase of the wave

(n.e[Rrp[n,e)=T(n,e[p[n,e),

“‘measurement-induced” diffusion described in RE22]. function. The latter are necessary to describe the pure
dephasing20]. The algorithm has the following two proper-
I1I. MONTE CARLO WAVE FUNCTION ALGORITHM ties.

, (i) The evolution of the density operatpp(t)){(t)| av-
We use the Monte Carlo wave functidMCWF) ap-  graged over runs of this stochastic algorithm is identical to
proach[19,20,23-27 to study the dynamics of our model. inat of the density matrip(t) under Eq.(5).
For details of this approach see the cited literature. Here we (i) The statistics of the “photoemission jumps” generated

give a very brief summery of the method. _ by this algorithm are precisely the same as the statistics of
It is a_ssumed_that the evolution of the molecule’s densityq photons emitted by the molecule if its density matrix
matrix p is described by satisfies Eq(5) [19,23—25. The second property allows us
to carry out our “scanning microscopy” on a computer by
dp/dt=—i[H,p]—Rp, (5) generating times at which photons are emitted.
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(a) 20 the mean square displacement is proportional to time:
{[n(t)—ng]?)=Dt. This, of course, cannot be ascertained
T=2/A, by examination of Fig. 3 but can easily be checked by re-
peating the simulation and computing the average. However,
an unusual feature of Fig. 3 is that the diffusion coefficient
10 in Fig. 3(a) is different from that in Fig. &). Simulations
show that the diffusion coefficient in Fig(8 is twice that in
Fig. 3(b). Thus the diffusion coefficient depends on the scan
5 time T.
“ This finding could be anticipated from the following heu-

| | ristic arguments. We first note that coherent tunneling of the
0 20 40 60 80 molecule is not a diffusion process. To see this, suppose that
there is no laser field and no emission. In the liMit oo this
case can be solved analytically. If we start witi#(0))
=|ng), compute|y(t))=exp(—iHt)|ny), then we will find
that the mean square displacement of the molecule atttime
is given by

20
(b)
15 T= I/Ag

0 20 40

A

w

= ; (N=ng)2J5_ (2tAg)=2A%7,

Jul

80

' (1-19%=3 (n=no | (nlu(v)]
t

whereJ, (x) stands for the Bessel function. This is a ballistic,

not diffusional, regime known in quantum diffusion theory
FIG. 3. The measured position of the molecule as a function of28—30. If we neglect any decoherence effects during the

time for two different values of the scan time. The parameters usetime between two bursts of photons then we will find that the

in the simulation arey=0, '=100A4, =804, andA,=Ag. mean square displacement between two spikes in Fig. 3
should be proportional td2. However, the coherent propa-
IV. MEASURING THE DIFFUSION COEFFICIENT gation process is disrupted every time a photon is registered.

In quantum measurement theory this is referred to as “the

Thinking classically, when the probe passes over the weltollapse of the wave function.” In the MCWF algorithm,
containing the molecule, one will detect a burst of fluores-such collapse takes place each time a photoemission jump
cence photons emitted by the molecule. We will assume thakesets the wave function {@/)=|n,,g), n, being whatever
the excitation lifetime 17 (wherel is the emission rajeis  value that has been registered by the scanning microscope.
shorter than the timé, .= T/N the probe spends at each Until the next burst of photons, the molecule’s wave function
well so that more than one photon will be typically emitted. undergoes coherent propagation with the new initial condi-
If such a burst is detected around tirhethen we say we tion n=n,, until the next burst of photons arrives, locating
have found our molecule at positiam =X(t;). Once the the molecule at a new positiam,. The molecule’s position
probe has moved away from the molecule’s location, no phon,,n,,n,,..., measured in successive scans undergoes a dif-
tons will be detected until a later timig. This new emission fusion process. The displacememtg—ny,n,—ny,..., are
time is close tot;+ T, assuming that the molecule cannotindependent of one another, with the mean square displace-
move too far fromn,; during the scan timd. If there is no  ment being <(nk_nkfl)2>:2Ag2;T2 and (ny—n,_)=0.
motion, i.e.,Ag=A.=0, then the molecule will be found at From this we find
t, at the same position, . However, for nonzerd, andA,
we may find the molecule at a different location#n;. <(nk—n0)2>=k((nk—nk_1)2>=2A§Tt
Figure 3 shows the result of a MCWF simulation of this
process. Each spike in Fig. 3 corresponds to a burst of phasincek~1t/T. Thus the diffusion coefficient is proportional to
tons (the resolution of the plot is not sufficient to see indi- T. Note that this finding may be regarded as a manifestation
vidual photong The spikes are separated by a time close twf the quantum Zeno effe¢81-33. As T— 0, the diffusion
the scan periodl. The height of the spike is equal to the coefficient approaches zero so the molecule is no longer seen
displacementh— ng of the molecule(measured as described to move. However, our results cannot be extrapolated to the
above relative to its initial positiom, where the molecule limit T—0 because the interaction tinig,n,e=T/N must be
was initially placed(that is, the molecule’s density matrix long enough to ensure that the molecule can be excited and
was equal tong)(ng| in the beginning of the simulation  thus detected.

The two plots in Figs. & and 3b) correspond to two dif- The picture suggested by the above argument is that the
ferent scan period3: T=2/Ay and T=1/A4, respectively. ~molecule undergoes undisturbed coherent evolution between
The process\(t), with t~0,T,2T,..., is difusion. That is, the bursts(during which the mean square displacement is
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proportional tot?) and the coherence is disrupted each timewill be detected also increases. This is seen in the plot of
the molecule is located by the probe. P(ng,to|n) as a function oh—ny.

To understand the properties of the observed process in The spread im—n, tells us how much, on the average,
more detail, we now study the conditional probability the molecule can move during the dark time when the probe
P(to|t) that a photon is detected at tinhgrovided that the is not exciting the molecule. To quantify this, we plot the
previous photon arrived &§. Because our Hamiltoniafl)—-  mean spread,(n—ny)2)*2, as a function off in Fig. 5. For
(4) is time dependent, this probability depends not only ona molecule that undergoes classical diffusion, this would be
the separation between the two photons but also on the timgroportional toT*2. However, what we see in Fig. 5 is bal-
to the first photon has been detected. If we chooge listic transport, with
=tprobe= T/N then the first photon is emitted just at the time
when the probe leaves the first well. We then expect that the
next photon will most likely be emitted at a time closetto
~to+T. If this were a precise equality=t,+ T, this would
imply that the molecule would be detected at the same well 10
(n=1) where it was found at=t,. Using the time depen-
dence of the probe positioX(t) =[Nt/T], itis easy to con-
vert the probability distributiorP(to|t) into P(ng,tg|n), the
conditional probability that the molecule is located in well

((n=ng)?)H%cT.

<(n-ng)?>1?

numbern provided it has previously been found in welj 4

=n(ty) at timety. Figure 4 shows both these distributions 2

for T=1/Ay4, 2/A4, and 4A. The sharp peaks in the dis-

tribution P(to|t) are due to the coherent nature of laser ex- i p) 3 4 5 6

citation: the population of the excited state is an oscillatory
function of time so that the emission probability has a maxi-
mum at certain times. A3 is increased, the uncertainty in
the arrival timet of the next photorji.e., the spread of the
distributionP(t,|t) as a function of] becomes larger. There-
fore the uncertainty in the locatiom(t) where the molecule

FIG. 5. The root mean square distance traveled by the molecule
between two successive encounters with the probe plotted as a func-
tion of the scan timel. The parameters of the simulation aye
=0,I'=20044, 2=16044, andA,=A,.
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30 the timeT it takes to scan the surface. Such a condition is not
25 . easy to meet experimentally. One possible experimental ar-
rangement where such nonclassical measurement effects can
be seen is with a laser cooled atom in a periodic optical
lattice[11,34—39. Unlike diffusion in solids, optical lattices
exhibit extremely long coherence times that are limited only
by residual scattering35,36 and so it may be possible to
3 <4 satisfy the above stringent condition required to observe bal-
listic transport of a single atom.
We also note that our case of nonclassical diffusion is
AT similar to the measurement induced diffusion described in
) Ref. [22] except that we deal with diffusion in real rather
FIG. 6. The mean square distance traveled by the molecule b§t,54 momentum space. Similarly to the model described
tween two successive encounters with the probe plotted as a funfﬁere, in our case repeated measurements result in a random
tion of the scan timd. The parameters used in the simulation are jitusional motion of the molecule: the properties of this
t)i/t; ﬁl%’ttg :iioé)i?fgr’ef}t?rgaAt%;i?;déiS:SAg. Note that the quan- ., iion (the diffusion coefficientdepend on how frequently
T the measurement is performéce., on the timeT).

20,

15
<(n-ng)*>

As argued above, if the surface is repeatedly scanned, this

kind of dependence will lead to a diffusion coefficient thatis v DOES DIFFUSION MAKE THE MOLECULE MORE
proportional toT. Interestingly, the slope of the straight line “\|SIBLE"?

is virtually independent of the emission rdieand the Rabi ] .

frequency ), provided that both are high enough to ensure Imagine for a moment that our molecule is glued to the
that the molecule emits at least one photon during the timéurface. The average number of photonemitted by the
torone=T/N When probed by the laser. This result is some-molecule in a single scafi.e., during the timeT) is obvi-
what unexpected because photon emission is a source BESly proportional to the time, .. the probe spends near the
dephasing and one expects dephasing to change the malolecule and depends. on the emission fatnd the inten- '
ecule’s dynamics considerably. The insensitivity of the resul§ity of the laser. Assuming that these three parameters remain
to the parameters of the electromagnetic field suggests thked, how will v change if the molecule is allowed to move?

the molecule stays effectively uncoupled from the laser mosf his issue is of practical interest because analytical chemists
of the time except during the times the probe is near thé@re often interested in the detection of minuscule amounts of

molecule and a burst of photons is being emitted. chemicals in some small volume. Therefore given the limited

As known from the theory of quantum diffusi¢a8—30, photodetection efficiency, it is of interest to know how the
dephasing and relaxation processes destroy the coherefignal depends on the molecule’s mobili3,15. o
transport and lead to a more classical-like behavior where The net effect of the molecule’s mobility on the emission
((N—Np)2)Y2cTY2, The failure of the dephasing caused by signal is a tradeoff of two opposite trends. On one hand, the
the interaction with the vacuum electromagnetic field, to deimolecule can make a transition to another well during the
stroy the coherent transport shows that scanning miCFOSCOFﬁiﬂetprobethe probe samples the well. This shortens the time
can be sufficiently nonintrusive to preserve quantum coherthe molecule interacts with the probe and reduces the number
ence. Loosely speaking, our finding is that “while not seen 0f emitted photons. On the other hand, the probe may en-
the molecule does not decohere.” counter the same molecule more than once thereby increas-

The situation changes when the pure dephasingyase ing the total number of photons. A simulation is required to
nonzero. Photoemission is no longer the sole source diesolve which of the two trends will dominate.
dephasing. If the decoherence time id shorter tharT then The quantum case is further complicated by the presence
coherent transport will be destroyed. Repeating the simula@f coherences. Although we have performed fully quantum
tion for this case we find the behavior shown in Fig. 6. TheMonte Carlo wave function simulations, here we will limit
mean square distance the molecule travels during the tim&e discussion to a somewhat simpler classical model, which

between the bursts of photons is now closer to the relationc@n be obtained from the quantum model in the limit of large
ship dephasing ratey. In the classical model, the molecule per-

forms diffusion, with a diffusion coefficient that can gener-
((n—=ng)?)ecT ally be different in the ground and excited electronic states.

If the molecule is in the ground state, it can jump to the well
found in a classical diffusion process. Therefore if scannean the right or left during a timelt, with probabilities each
repeatedly, the molecule will be found to undergo a diffusionequal tok, dt, whereky is the rate constant for the jumps.
process, with a diffusion coefficient that is independent.of Similarly, the excited molecule undergoes jumps with a rate
Relaxation processes, which also cause decoherence, sintenstantk,. If k,=Kky then photoexcitation does not affect
larly destroy the nonclassical behavior. the mobility of the molecule. Ik,>k, then photoexcitation

We conclude that the nonclassical behavior with a diffu-increases the mobility.

sion coefficient dependent on the scanning rate can be ob- We will also treat photoexcitation classically, assuming
served only if the molecule’s decoherence time is longer thathat it can be characterized by an excitation rate constant
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key(1) that depends on the light intensityThis implies that 6 *
the light is incoherent.

Let p,, 4 be the probability that the molecule is located in
well numbern and is not excited ang, . the probability to
find an excited molecule in theth well. The time depen-
dence of these quantities is given by the equations

number of photons
*

d pn,g /dt=— 2|(gpn,g"_ kgpn—l,g+ kgpn+ 19 kexgn,X(t)pn,g
+1Pne.

025 050 075 10 125 150 175 20
kT = kT

d pn,e/dt: - 2kepn,e+ kepn—l,e+ kepn+1,e+ kexén,X(t)pn,g

—I'pne- 9)

) ) » . FIG. 7. The number of photons emitted by a molecule in a
Here &, x(v) is equal to 1 if the position of the probﬁ(t) IS single scan as a function &£ /I". The diffusion rate is the same in
equal ton and 0 otherwise. The first three terms in each ofthe ground and excited electronic states. Diamonds: the case of
the equations(9) describe surface diffusion, the last two periodic boundary conditions. Stars: the molecule is allowed to
terms, excitation by the probe and emission. leave the scanned area.

We study the dynamics of a single molecule governed by
Eq. (9) by performing kinetic Monte Carlo simulations. We period the molecule interacts with the probe so it is no longer

initially place our molecule in well number wheren is @ gqyq| tot prone= T/N. However, the molecule can meet with
random number from 1 t&l. The molecule is initially in the  {he probe more than once during the scan. The resulting de-
ground state. After a short time interwdil the molecule can pendence ofy on the ratiok,/T" for the caseky,=2I" ob-

e ex

jump to the left(n is decreased by)lto the right(nis  sineqd from Monte Carlo simulations is presented in Fig. 7.
increased by 1. or get excited. The probabilities of these | the case of the periodic boundary conditiansonotoni-
events are, respectively,dt, kydt, andke,dn xdt. When 1y increases witfk,. This is not surprising: as the mol-
the molecule is in the excited state, it can emit a photon andl¢jje cannot leave the scanned area, it will encounter the
go to the e!ectronlcally ground state ywth a probability equalprobe more times as it becomes more mobile. However,
toI"dt, orjump to the left or to the right. The Monte Carlo \yhen the scanned area is open and the molecule can leave it,
simulation is performed frono=0 to t=T. v exhibits a maximum as a function of the jump rate The

Two cases are possible. We may assume th& only  mper of photons emitted by the molecule will be the larg-
allowed to take values from 1 #. In this case a molecule ggt for a certain value of the molecule’s mobility. A very

that reaches the edge of the scanned areal orN) should  a5idly or slowly diffusing molecule is less “visible.”

remain within the scanned area. We achieve this by adopting

periodic boundary conditionéf n<1 then seh—n+N, if

n>N thenn—n—N). One can visualize this situation as a B. Photoinduced mobility casek>kq

motion on the surface of a cylinder. Another possibility is |f the molecule’s diffusion is faster in the excited state
that the molecule is allowed to travel outside the scanneghan it is in the ground state, this leads to photoinduced dif-
area. It can leave it but it can also reenter it. In this case thﬂjsion_ Photoinduced phenomena of this kind are often ob-
well numbemn is unrestricted. Both situations can take placeserved in single molecule spectroscdy3,5,6. Plotted in

experimentally so we will study each of them. Fig. 8 is the number of photonsas a function ok./I" when
kg is kept constant anll,,=2I". The result is very different
A. ke=Kq from case A: The number of photons emitted by the molecule

t in a single scan tends to decrease with increakingegard-
less of whether or not the molecule is allowed to leave the
scanned area. This can be understood if we consider the limit
to the emission ratE times the average time, the molecule where the diffusion coefficient in the ground state is zero and

spends in the excited state. The latter is equal to the timEhat. in the excited state IS very h'g.h' As soon as th? laser
torone the molecule interacts with the probe times the prob-,exCltes the molecule that is located n yvell r!umbert will
ability p, it is excited during that time. During the time Jumlp tol the_l\{velln+1 or nh_ 1. Thus 'r: IS unfhkely_ that the |
torobes Pe @nd the probabilityp,= 1 —p, that the molecule is Imo ecuie wi emlt' more than one p oton rom its orgina
not excited are related by, = (1— p.)Ke,, whence ocation because it is likely to move during the_ excitation-
emission cycle. In other words, the molecule will emit only
,,O:npmbége:tpmbe/(r*u Koy 3). (10) one photon every time it is encountered by the probe. How-
ever, it may be encountered by the probe more than once.
If ">k, then the number of photons is limited by the exci- Suppose the molecule jumped fromto n’ when it was
tation rate, vo=Kedprone @nd if I'<<k, it is limited by the  excited by the laser. Suppose also that the probe is moving in
emission rateyo= [ty qpe. If the molecule is now allowed to  the direction with the increasing Since the molecule can-
move, this effectively shortens the average duration of th@ot move unless illuminated by light, if <n then the probe

In this case the molecule’s mobility is unaffected by ligh
First let us estimate the number of photagsemitted during
one scan by an immobilized molecule,=k,=0. It is equal
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our conclusion should not be affected much by the boundary
conditions because the molecule cannot move much unless

241 3 . 1 interacting with the probe and so it will not be likely to
gt .t escape the scanned area. This is indeed confirmed by Fig. 8.
= *

o L *x

5 M VI. SUMMARY AND DISCUSSION

23 oty

E * Single molecule spectroscopy allows experimenters to
a

follow the trajectories of individual molecules in time. If one
tries to improve the spatial and temporal resolution of these
methods eventually a limit is reached where the interaction
of the molecule with the probe modifies the molecule’s dy-
namics to the extent that it can actually be used to manipu-
FIG. 8. The number of photons emitted by a molecule in alate the molecule. Once this happens, a question arises about
single scan as a function &/T'. The diffusion rate in the ground heé meaning of the observed trajectories and about the
state is constank,/I'=1. Diamonds: the case of periodic bound- @mount of information on the molecule’s dynamics that can
ary conditions. Stars: the molecule is allowed to leave the scanné@€ gained from such measurements. We have seen that a
area. scanning probe can be a source of decoherence that changes
the molecule’s dynamics from coherent ballistic transport to
will never encounter the molecule again in the same scar@ diffusional random walk. To observe this kind of effect
However, if n’>n then the molecule will be illuminated other sources of decoherence must be sufficiently weak. We
again when the probe moves on to tiféh well. We see that propose that this situation can be achieved for cold atoms in
the molecule will not be illuminated again with the probabil- optical lattices.
ity 3 and will emit a second photon with the probabiliy Since the emission rate cannot be arbitrarily high, moni-
Repeatec”y app|y|ng this argument, to emit a totahof 1 toring single molecule dynamics with a hlgh temporal reso-
photons, the molecule should jump to the rightimes and  lution requires good photodetection efficiency. If the mol-
then to the left. The probability of that is 2! so that the ~€cule undergoes motion at a time scale comparable to that of

average number of additional photons the molecule will emiemission then this motion affects properties of the emission
is process. The molecule can emit fewer or more photons de-

pending on the relationship between its mobility and the
” emission rate. Photoinduced diffusion, however, tends to
(m)= 2_0 m2- " i=1. (1) suppress the molecule’s emission because it shortens the av-
m= erage time the molecule interacts with the probe.

025 050 075 1.0 125 150 175 20
kT

Thus we expect that, in the limit of larde,, v should be
close to(m)y+1=2, a result confirmed by the simulations.
Since in the case of zero mobilitg,=0, we estimated’ to This work was supported by the Robert A. Welch Foun-
be equal tovg=7/(I' " 1+ke, 1), then we expeci to be a  dation. Discussions with Arup Banerjee and Zhisong Wang
decreasing function d{, as long as;>2. We also note that are gratefully acknowledged.
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