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Effect of a STM tip on the surface-diffusion measurement: A Monte Carlo study
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Monte Carlo simulations are performed to study the effect of an electric field on the surface diffusion of
adatoms in a method that measures scanning tunneling microscopy tunneling-current fluctuations. The corre-
lation function of the tunneling-current fluctuations is proportional to the adatom density fluctuation. Diffusion
coefficients are inversely proportional to the time constant of the correlation function. Both the shape of the
correlation and the measured time constant are calculated as a function of the ratio of the temperature to the
characteristic electrostatic ener(je., strength of the electric fieldind as a function of the initiating time of
the measurement. The effect of the field is more pronounced when the measurement is carried out in the early
nonequilibrium time regime while the adatom density evolves towards its equilibrium distribution under the
spatially dependent electrostatic potential due to the electric {iBkil63-182808)06912-4

[. INTRODUCTION previously. This Monte Carlo study aims to address this
question.
The adatom arrangement within surface overlayers in
atomic-scale growth processes is largely controlled by the
adatom mobility. The mobility of the adatoms is the essential
mechanism for transporting mass across the surface to We perform Monte Carlo simulations on a two-
achieve either a well-equilibrated configuration or techno-dimensional square latticé € 60) in the presence of a pre-
logically important metastable structures. The importance oflefined tip potential (r) = — Uq/(r/a+1)®, wherer is the
the time-dependent tunneling current measurement has beéistance measured from the position directly under the dip
described befor? Recently, a real-time technique based onanda is the distance of the tip above the surfageneasures
scanning tunneling microscopg®TM) has been developed to the _decay of the_z potential ar_1d is _taken to be 3 in this stu_dy. A
measure diffusion coefficient by monitoring the current fluc-Similar expression was derived in Ref. 3 as an approximate

tuations at the tif. The technique is based on the expectationeXpreSSiO” to describe the electrostatic interaction between

that any changes in particle density under the tip should in'Ehe tip (treated as a point chargand an infinite flat equipo-

duce fluctuations in the measured tunneling current. SinC%ential surfacdtypical of metallic substrates but also consis-

density fluctuations are related to the particle mobility ent with th_e highly doped s_emlconductor su_rfaces used for
L . TM experiments Such a picture has been invoked to ex-
through a dissipation-fluctuation theorem, the measureme%

II. METHOD

. . . ain how the electric field is used to manipulate growth and
of current fluctuations provides a means for measuring th

diffusi L Thi hni has b lied “'produce well-controlled nanostructufet changes the po-
Iffusion constant. This technique has been applied experi-eniia| well minimum, so the sites closer to the tip are deeper

mentallyéto measure surface diffusion for QI at low a5 the ones further away. The present problem of diffusion
coverage’. Recent Monte Carlo studies examined the effect,nger an electric field can be thought as a two-dimensional

of adsorbate-adsorbate interactions on the singlé sitel (2D) biased random walk where a diffusive atom has a
patch® density correlation functions measured in fluctuationhigher probability of moving towards the tip than away from
experiments. Time dependent correlation functions in CoNnthe t|p A calculation is performed either when the system
nection to field-emission experiments also have been studieghproaches equilibrium or after the equilibrium is estab-
theoretically with the real-space dynamic renormalizationiished. The question we address is whether the density cor-
group method$. relation function calculated under these conditions is differ-
As with all STM methods, a major problem is to ascertainent from the one expected on a flat potential surface. Biased-
the role of the electric field in influencing adatom diffusion. random-walk problems are found in textbodks surface
It has been demonstrated that the electric field can be used thiffusion whenever a constant field is assumed. Our problem
manipulate adsorbed atoms and molecules to form organizeédvolves a biased walk in a field that depends on the distance
structures on surfacddn STM fluctuation experimentsthe  from the tip, with the electric field practically zero after a
correlation function of the tunneling current can be measuredutoff distance determined by the distance of the tip from the
immediately after the STM bias is turned on or after a suffi-surface (approximately 4 times the size of the tip-surface
cient time to allow the overlayer to reach equilibrium. The distancé. Interparticle interactions are neglected for simplic-
presence of the tip potential will disturb the distribution of ity.
particles on the surface, particularly for highly polarizable In the absence of a field, a particle hops with equal prob-
adatoms. A qualitative discussion of the role of the field wasability in the four possible directions, overcoming a constant
given previously by Gomekr.The quantitative estimate of diffusion barrierE, between the nearest-neighbor sites. In
such effects on the diffusion constant has not been examinetie presence of an interaction potentiglr) with the electric
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field on, the probability of moving to a neighbor sité will where the integration is over the probe afearhe chemical
necessarily depend on the potential enetdfr'). In this  diffusion constantD. can be extracted by comparing the
work, the diffusion of adatoms under the influence of the tipexperimentally measured form with expressi@). In the
potentialU(r) is simulated with a Montroplis algorithm. In |ong time limit, a simplified form ofC(t) can be used to
particular, the probability of an adatom at sitmoving to an  extract the diffusion constanG(t)~A/4mwDt. In practice,

empty nearest-neighboring site P;; , is given by the Fourier transform is compared instead. The 1/
asymptotic limit at longer time leads to a fhdependence at

U(ri)—U(ry low frequency, the coefficient of which is inversely propor-
Pi,i=Po ‘{T , (D tional to the diffusion constar®,.3>! The effect of probe

area and interactions has been investigated previdusin

wherePy=pye~ Eo’kT is the probability in the absence of the the absence of adatom-adatom interacti@hsjs a constant
field, which itself is thermally activated, with, the activa- independent of the coveragéThus we expect that the nor-
tion energy for zero field. In this work, we have takegpas Malized correlation function has the same fdig. (3)] in-
a constant for convenience, implying a time scale that iglependently of the average density.
exponentially varying with temperature. As discussed before with the electric field on, the poten-
The simulation is performed as follows. The initial con- tial surface is modified byJ(r). This implies that the uni-
figuration is taken as a random distribution of particles withform density system is no longer in an equilibrium state and
coveraged, which corresponds to an equilibrium configura- will evolve in time to attain a new equilibrium state that is
tion in the absence of the field. A0 the electric field is described by position-dependent density. TKI(s,t) will
turned on and particles begin to diffuse towards the tip. Adepend on the starting time of the measurentgntn deter-
randomly chosen particle is tested to move to one of thdnining the correlation function according to Hg) we have
neighboring sites with probabilit;; given by Eq.(1). Pe- ~used the long-time saturation vallés,=Ny() in the
riodic boundary conditions are applied. Following the con-Probe to be subtracted as the average particle number, in-
vention, a Monte Carlo stefMCS) corresponds on the av- stead of the average particle number for uniform distribution
erage to one attempt for each particle. For sufficiently longNp=A#8, Whereg is the coverage. One expects the measured
times, the system will acquire a new equilibrium configura-correlation function to deviate from the for(B) if the start-
tion determined byJ(r), with a nonuniform distribution of ~Ing timet, is well before the equilibrium time. The readjust-
particles. With an attractive potential, more particles will oc-ment in the particle positions to their new equilibrium intro-
cupy sites under the tip since these sites have lower potentidtices additional “nonequilibrium”  fluctuations since
energy. fluctuations are measured from the final saturated density in
With the fluctuation STM methddhe time scale of fluc- the probe area. This should affect the shape of the correlation
tuations in the tunneling current corresponds to the time fofunctions. It is not clear whether for long enough time such
an atom to either cross or revisit the probe area. A curren@n equilibrium is attained that the shape of the correlation
pulse is expectedabove the average value of the curjent function and the extracted diffusion constant from them are
whenever an atom is in the tunneling region. The diffusionthe expected ones based on ). Deviations still might be
coefficient can be obtainddrom the pulse width(which ~ Possible since the system even at equilibrium is undergoing a
corresponds to the time for the atom to cross the )acea biased random walk with the probability of moving towards
from the average time separating the pulses, which correhe tip higher than the probability of moving away.
sponds to the average time between visits. The time to cross Experimentally, it is easy to perform measurements for
the probe region is simply proportional to the decay constanflifferentto: The tunneling voltage is applied either at the
of the correlation function while the time between the visitstime (to measure how the system evolves in time to readjust
is determined by the time necessary to attain thedif for ~ particle density to the equilibrium configuratioor after the
2D diffusion® The tunneling current fluctuations are simply field has been on for a sufficiently long time such that the
determined by the density fluctuation that was calculated irgquilibrium configuration is attained. In practice, the con-

the simulations, figuration average can be carried out exclusively only in
terms of independent configuratiofas in the simulations
C(t,to)=<Np(t)Np(to)>—(Np>2, ) by turning the field off between acquisitions or by choosing

a mixture of configurations and time average if the field is on

whereN,(t) is the total number of particles within the probe continuously. The choice of the saturation value as the aver-

area at a given time and(N) the average number of par- @ge density to subtract in E(®) without any time average is

ticles in the probe aredq is the starting time of the correla- Petter suited for studying the difference between equilibrium

tion function calculation and the angular bracket represent@nd nonequilibrium experiments. o

an ensemble average over independently prepared initial Simulations have been performed on a@D lattice size

equilibrium configurations. W|th.a coveragef=0.2 and an ensemble of at least 1000
In the absence obJ(r), C(t,ty) is independent of the configurations, under periodic boundary conditions. The tip

starting timet, and obeys a well-known form in the hydro- IS Positioned at the center of the lattice at a distance of eight
dynamic limit10! lattice spacings above the surface. An area xf88directly

under the tip is taken as the probe area. Simulations are

N performed at several temperatures or potentlgl Obvi-

C(t)~J 1 ex;{ o (r=r) )dF ar’, (3 ously, only their ratio is important, as is evident from E).
admD.t 4Dt The particle density within the probe area is recorded for
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FIG. 1. Average density in the probe area as a function of the FIG: 2. Saturated density in the probe aheg, and the density
Monte Carlo simulation time. The electric field is turned ontat Saturation timess,, for different temperature to electrostatic poten-
—0. tial ratiosT/Uy. The analytical result is from Ed4).

each Monte Carlo step and the correlation function is thert T/Yo=1). Much Iar'ger increa;es are found at lower tem-
calculated starting from timey. peratures(or larger field$. In Fig. 2 we have plotted the

Several related questions are investigated. First we detefaturation density as a function of the rafiéU,. If we
mine the time scale for the system to reach the new equiIibz-ipprOX'm"ite the probe area as a trap of one site with an

rium state at a different ratio of the temperature to the po&fféctive trap potentiafU), one expects the average density

tential, T/U,. To characterize this time scale, we investigate'n the trap site to follow a simple form
the time dependence of the density within the probe area.

The average density starts at the initial coverdgmd satu- No..— 0

rates to a constant valud,,; at a long enough time. This sat™ 0+(1— g)e~(U/keT’
saturation time of the density should be taken as a lower

bound of the equilibration time. One can look at the correladndeed, this simple analytical relation describes the saturated
tion function measured both before and after the equilibradensity well (Fig. 2) with an effective average potential
tion time to see how they differ. from E¢3). (U)=0.713J,. At high temperatures the excess density in

The second question addresses our primary interest: Tihe probe area over the coverag@aries agU) /T. Shown
what extend does the electric field affect the diffusion con-also in Fig. 2 is the density saturation tifig, defined as the
stant at different temperatures measured by both the shapigne when the density reaches 85% of the saturated value.
and the decay constant of the correlation function? There arghe saturation time decreases rapidly with decreasing tem-
primarily two factors contributing to this effect: the time perature forT/U,<0.5. ForT/U,>0.5, the density satura-
dependence of the density and the biased random walk t@ion time does not vary significantly. It should be noted that
wards the tip. These two work together and are difficult toour unit of time is temperature dependent. In an actual ex-
separate. However, correlating this with the time to attaimperiment, the saturation time will be much longer at lower
equilibrium will enable us to reach partial conclusions re-temperatures due to the rescaling of the time by the ther-
garding the relative importance of the two. mally activated factoe™ Fo/kT,

Figure 3 shows the particle distribution in the latticet at
=2000 MCS for differentT/Uy=0.5, 1, 2, and 4 averaged
over a large number of samples. The saturation of density is

Figure 1 shows the evolution of the average particle denalready achieved at this time. Clearly, one sees an increased
sity in the probe area with time for different ratios of the density at the center directly under the figigs. 3@ and
temperature to the potential,/U,=0.1, 0.2, 0.5, and 1. 3(b)] gradually flatten out away from the tip. However, the
These curves show a fast increase in the density at the b&crease is much smaller at higher temperatures and is hardly
ginning and a much slower increase at the saturation stageisible atT/Uy>2 [Figs. 3c) and 3d)].

The initial fast increase occurs when particles from the sur- Figure 4 shows the correlation function, measured imme-
rounding area move into the probe area under the influencdiately after the electric field is turned on and with the satu-
of the electric field. This initial stage is fast since the initial ration density at the given temperature subtracted out as the
drive for the particle redistribution is large and the move-average in Eq(2). At low temperatures the correlation func-
ment involved is short ranged. However, achieving the statéion (2) deviates strongly from the correlation function at
of equilibrium requires a mass movement over the wholehigh temperatures which is closer to the expected f@m
lattice. Thus the final stage of equilibration happens on arhis suggests a direct way to measure the degree of influence
much slower time scale than the time scale of the fluctuaef the electric field on the diffusion coefficient, i.e., to mea-
tions out of the probe area. Note that the particle density irsure the correlation function immediately after the voltage is
the probe area increases at the end by as much as 70% evapplied and search for a difference from the theoretical form.
when the potential is comparable to the temperaturdt is interesting to notice that the deviation is first towards a

4
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FIG. 5. Normalized correlation function calculated with differ-
o ) o ~ ent starting times, for T/U,=0.5. For long enough timg= 2000
FlG 3 EqUIllbrIum partlcle d|5tr|but|0n Under the e|eCtI’OStatIC MCS the Corre|ation function iS the expected Shaahobtained

potentialU(r) at different temperatures. The STM tip is positioned through Monte Carlo simulation at zero electric field, independent
at the center of the lattice. of the coverage.

slower decay(which results from the smaller probability of ment is done by following the movement of a single atom,
an atom to revisit the tunneling region since the probe are@annot exploit the response of the system to the chemical
acts as a trap as the temperature is lowered the decay ispotential(and therefore concentratipgradient that is estab-
faster than for zero field as a result of the rapid reequilibrajjshed py the electrostatic interaction of the tip surface. The
tion to a new saturation density level seen in Fig. 1. It fol-gecay of the density fluctuations as measured in our
lows that there are two contributions to the change in thexperimert is sensitive to this gradient both because of the
shape of the correlation function from the theoretical f0rm3equi|ibration necessary and because of the additional trap-
the readjustment of the density to a new value and the biasqqng effects.

walk towards the potential-energy minimum underneath the Experiments on O/$111) were carried out as a function
tip. Since the correlation function is plotted in a scaled formggf the applied voltagéi.e., increasing the value of the elec-
(where the time is divided by the time it takes for the corre-yrgstatics energy,) and att,=0 to search for possible field
lation function to drop to half its initial valyeit does not  gffects. Experimentally, power spectra were measured that
show the expected increase of the absolute time constant gbntain the same information as the correlation function
lower temperatures. Such comparisons of the shape can Rfce the two quantities are simply related by a Fourier trans-
easily done experimentally. form. The expected theoretical forf8) can be easily worked

Itis a standard question to identify the importance of thegt for the power spectrum. The rescaled spectra obtained
field in STM diffusion experiments. Other methods that mea+rom three values of the tunneling currént 1,2,3 V follow

sure the tracer diffusion with the STM that rely on scanningexactly the expected theoretical expression, which verifies
full images detect the role of the electric field for times yhat no field effects should be expected on such a covalently
longer than the image acquisition times but, since the experiygnded substrate and oxygen, a low polarizibility atom.
Figure 5 shows the normalized correlation function, at
T/Uy=0.5, a sufficiently low temperature, at different start-
ing timesty. Also shown in the same plot is the correlation
function for a system under zero electric field obtained from
Monte Carlo simulations as the standard form to be com-
pared with. We have explicitly verified that this standard
correlation function is independent of the coverage. Again, a
deviation of these curves from the standard form given by
Eq. (3) is clearly seen for small,. The effective diffusion
constant, defined by the time at which the value of the cor-
relation drops to half its initial valuey s, depends strongly
on the starting time, (Fig. 5. At t,=2000 MCS, the system
has already achieved equilibrium and the curve follows the
standard expression. It is surprising that the correlation func-
t (MCS) tion after equi_libriL_Jm is attained follows t_he same _shape as
the case of diffusion on a flat surface with zero field. One
FIG. 4. Normalized correlation function calculated immediately Might expect that although the final distribution of particles
after the electric field is turned on for temperatiiié),=0.1, 0.5, IS attained and the nonequilibrium driving force does not
and 2. Deviations from the zero-fieldr high-temperatujeshape  operate, there is still a higher probability to diffuse towards
are expected for a strong field. the tip than away from the tip. In problems where a constant
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160 . : ——— surface underneath the tip acts like a trap to speed up the
7 Thoz0t ] diffusion of the atoms from the outside towards the tip.
° . Tg=2 In the past, the role of diffusion in STM
120 o 1 measurement$®was identified either by varying the scan-
n o ] ning rate (no field effect was indicated by diffusion-
Q © ] independent rajeor, by comparing experiments at tempera-
% 80 | 1 tures (with the field on with quench-and-look experiments
(when the field is off during heating at the diffusion tempera-
- ture) and the deviation of the diffusion coefficient from an
405 o soe DQ © il Arrhenius dependence. As we have shown in the current
= o study, using the shape and the decay constant of the correla-
% tion function as a function of the measurement tifp®r as
0 160 1000 a function of tunneling voltage for lontg is a good method
t to identify the role of the field over a much wider range of
0 time, from microseconds to secon@snce tunneling current
FIG. 6. Decay time constant, 5, defined as the time it takes for an be ,m_easured at.mUCh hlghe!’ acquisition spedasO/
the correlation function to drop to half its initial value, for different Si(111) it is no surprise that no field effect was observed
ratios T/U,=0.1,0.5,2 and different starting times. For low ra-  Pecause of the small polarizibility of oxygen. Based on the
tios (T/U,=0.1) the time constant deviates from the expected ondree-atom value of the polarizabilitiand not accounting for
(r=A/4D) at long timest,, although the shape of the correlation the permanent dipole momenthe magnitude ol is esti-
function agrees with Eq3). mated to be; agF?, whereay is the free atom polarizability
and F the electric field strength. For oxygéh,
field extending over the whole system is presget, diffu- ap=0.8x10"%* cm’. With a typical field strength
sion in the presence of gravjtyit has been showirthat the  F=3x 107 V/cm andT=400—500 K in the experiment, we
final density distribution depends on positigwith higher  optain T/U,=10. On the other hand, field effects such as
density towards the regions of lower energy, i.e., Sediment&hese discussed here can be more pronounced for($6w'
tion), but it is not clear what the form of the correlation (Ref. 14 and Pb/GE&L11).2° For these systems, the free-atom
function for spontaneously generated density fluctuationgajues of the polarizability® a,=6.6x 1024 for Sb and
should be, as in our problem. 6.8x 1024 for Pb, respectively, are larger by almost one
We have plottedr, s as a function oty, the starting time  order of magnitude. Using =300 K for Pb, we have the
of the current fluctuation and correlation measurement, fofatio T/U,~1, so the correlation function could be a sensi-
differentT/U, ratios(Fig. 6). The measured are higher for  tive way to show field effects, especially for short measure-
smallt, as a result of the contribution of the nonequilibrium ment timest,,.
driving force to a new saturation value of density. For suffi-
ciently longt, (when equilibrium is attainedhe 7, 5 value IV. CONCLUSIONS

becomes constant to the value expected for the case of zero i _ _ ,
field, 7os=A/4D=16 MCS. We observe that the time for Monte Carlo simulations show how field effects can in-
705 t0 reach the expected value of the diffusion constan{!uence the measured diffusion constant in the STM fluctua-

seems to be longer than the density saturation time, which ilon method. Such an influence increases with decreasing

94, 450, and 380 MCS fof/U,=0.1, 0.5, and 1, respec- temperature or with the strength of the applied voltage. It can
tively (see Fig. 2 This is clearly an indication that even be identified either from a change of the shape of the corre-

though the density in the probe area is already very close tltion functions at early measurement tintgsor from the

its equilibrium value, the system still has not reached comdépendence of the decay constagt on applied voltage.

plete equilibrium as reflected in the deviation of the time '€ Shape of the correlation function after equilibrium of a
constantr, s from the value expected for the case of zeronew value of the density underneath the tip is attained obeys

. : : : : ot _ the one expected theoretically for the case of zero field
field. It is also interesting that there is a deviationrgk=8 Sspite of the high probability o diffuse towards than away
at strong fieldT/Uy=0.1. This is interesting in that although from the tip), _bUt_ the time constant is lower. Experlmgntally,
the shape of the correlation function is similar to the oneSUCh results indicate how field eff_ects can be determ_med by a
observed for the case of no field, the measured is _measureme.nt. gt a much faster time scale than typical STM
smaller, which amounts to a faster diffusion coefficient. Ex-"M39¢€ acquisition speeds.

perimentally, this implies that although the shape is not a
sufficient criterion to identify the role of the field, measuring
the correlation function even in this regime when equilib- Ames Laboratory is operated for the U.S. Department of
rium is attained as a function of the applied voltage will leadEnergy by lowa State University under contract No. W-
to progressively smaller half timesys (and effectively 7405-ENG-82. This work was supported by the Director of
larger diffusion constants at higher voltag&his is physi- Energy Research, Office of Basic Energy Science, and Ad-
cally expected since the minimum of the potential energwanced Energy Projects.
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