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Modelization of surface diffusion of a molecular dimer
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A simple model for a dimer molecular diffusion on a crystalline surface, as a function of temperature, is
presented. The dimer is formed by two particles coupled by a quadratic potential. The dimer diffusion is
modeled by an overdamped Langevin equation in the presence of a two-dimensional periodic potential. Nu-
merical simulation’s results exhibit some dynamical properties observed, for example, diff@ion on a
silicon [100] surface. They can be used to predict the value of the effective friction parameter. Comparison
between our model and experimental measurements is presented.
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Molecular diffusion is one of the typical examples in [12,13, nonrigid molecules on surfacgs4], in the growth
transport phenomena where the crossing of a potential barri@f Si-Ge alloys[16], gold dimer diffusion on metallic sur-
is the main physical mechanism. The way a dimer is physfaces[13], iridium dimers on iridium surfacefl5], etc. We
isorbed or chemisorbed on a surface affects its diffusive mothink that these cases can also be rationalized using the same
tion. Experimental studies by using scanning tunneling mifrocedure we discuss below.
croscope(STM) of dimer diffusion on a crystalline surface In order to understand the behavior of molecular diffusion
show a very rich phenomeno|0qy]_ The understanding of Mmany different approaCheS have been followed in the litera-
the diversity of diffusion mechanisms is a challenging prob-ture, ranging fromab initio molecular dynamics, semiempir-
lem with important implications in fields such as heteroepi-ical calculationgtight binding to parametrized potentials, as
taxial crystal growth, chemical etching, chemical vaporin classical molecular dynamics. Most of them have tried to
deposition, and chemical surface absorption. A molecule cafXplain the details of the diffusion, starting from surface re-
exp|0re a surface by ]umpmg potentia| barriers and partiauwonstruction up to molecular m0b|l|ty on the reconstructed
governing the absorption. Our aim here is to study the diffuSurface. Even though many results can be obtained from
sive aspects of this dynamical process by means of a simpfch calculations, it is difficult to extrapolate them to experi-
statistical model within experimental scales. mental time scales, which usually are of seconds. Here we

The last few years have witnessed an increasing intereffopose a phenomenological approach based on the numeri-
in molecular diffusion due to the development of more so-cal simulation of the Langevin equation for a set of nonin-
phisticated experimental setups which are able to follow théeracting dimers in the presence of a periodic potential,
molecule path during diffusiofi2—4]. For example, in the which mimic.the surface underneqth. We neglect the precise
area of microelectronic devices there is a particular interesturface details and we only take into account the most rel-
to understand the elementary processes involved in the h@vant scales. Within this simple approach we are able to
moepitaxial silicon crystal growtf5—11). A particular case reproduce results obtained from other, but more demanding,
of this growth is the diffusion of small Smolecules on a Si Methods and to make experimentally observable predictions.
surface. The $100] surface reconstructs in dimer rows with  All this phenomenology suggests, that even though the
different characteristic lengths. Due to this surface anisoPOtential energy surface is rather complicated, it can be sim-
tropy, dimer diffusion can adopt many different configura- Plified by keeping only a periodic potential with two differ-
tions. STM variable temperature experimef8} indicate a  €nt spatial scales, and A, along thex andy Cartesian
preferential direction. The activation barrier for different @€s, respectively. In the case of a silicon surface, the char-
dimer orientations can be estimated from experimental megCteristic length scales are the dimer-dimer distance on the
surementg1,7] and it has been theoretically determined bySame row and the distance between different rows. A dimer
ab initio calculations[9,11]. Basically, there are two more IS considered as a diatomic molecule connected by a har-
favorable configurations which are parallel or perpendiculafMonic spring, with a characteristic vibrational frequency and
to the dimer surface reconstructigorystal [110] orienta- ~ €quilibrium distance given by the ad-dimer experimental or
tion). At finite temperatures the deposited dimers are able t&P initio data(with a mismatch with respect to the crystalline
diffuse and interchange between these two principal orientdconstructed surfageWithin this geometrical scheme the
tions as observed by STIA,7. ad—(j|mer atoms lie close in two lje|ghbor|ng wells. Ir) our

Due to the importance of the silicon diffusion, we have Particular example, the-axis is defined along thgl10] di-
applied our model to this physical system. However, thereection and the/-axis along th¢110] direction of the silicon
are many other examples where molecule diffusion is alssurface. We denote the two most probable dimer configura-
important, like in large molecules on metallic surfacestions asA and B following the notation introduced in Ref.
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With these new definitions, the equations of motidn
transform into

Fe= = ViV = VU + (D), (5)

where

a a a a
V=cos )\—rxk+ )\—ryk cosm| —ry— —Ty|, (6)

X y Ay )\y
, w2a2
U= %k, (d,-1?% K= £OZ , (7)
Vo

with  the new distances between atomsd;,
=\(r,—Tx2)?+(ry1—1y2)% and now the noise term has a cor-
relation,

FIG. 1. Plot of the two-dimensional potential and dimer most I ,
probable configurations in dimensionless units. (m(8)7m(8')) = 286 6y S — ') (8)
with 8=KBT/VO.
[1]). Any other configuration, such as along the wells diago- The parameters of the model ake, &, a, \,, and A,.
nal, are not very probable. Changing some of these parameters could mean just to
According to our previous discussion we simulate dimerchange the nature of the substrate or the dimer.

diffusion on a crystalline surface by the following set of  Returning to the example which motivates this work, we

Langevin equations, in the overdamped limit: take the values of the parameters fr@ initio or experi-
) . mental data of Sion Si surface. The Sis parametrized by
v =—-VV-V,.U+ §(1), (1) the equilibrium distance=2.25A and its normal frequency

»=500 cm®. Assuming that/,=0.5 eV, we gek’'=30. The
experimental observation that the dimer has different prob-
abilities for each configuratiofil,7] can be implemented in
our model with a proper selection of the different spatial
V= Voeos (A + YiA))COS XA~ YidNy) . (2) scales\,=2.35A and\,=3.05A, which mimics the surface
) ) ) o anisotropy observed by the silicon ad dimer. Again, as we
This potential has maximum &b\,,m\,) and minimum at  pave pointed out before, the reconstructed silicon surface has
[(n+1/2)\,, (m+1/2)\,], with a barrier height of/, at the  more length scales, but from the dimer diffusion point of
saddle points connecting two consecutive minimum. A two-view only two of them are responsible for the most probable
dimensional plot of the periodic potential is shown in Fig. 1, configurations. As shown below, it is sufficient to consider
where the dark color represents the minima and the brighthose length scales to calculate the diffusion properties and
one the maximal values of the potential. The interaction poto obtain the dynamics. Another parameter in the simulation
tential between the dimer atoms is is the time integration stes=0.001. We have averaged out
1 9 2 all our observations over a population of 1000 noninteracting
U =2n0’(di—a)%, S dimers(and sometimes 500@0 decrease statistical errors.
whered,, is the instantaneous distance between the two at- Our objective here is to study the diffusive motion of the
oms, a is the equilibrium distanceu=m/2 is the dimer re- dimer and accordingly to evaluate the diffusion coefficients
duced mass, and is the natural dimer vibrational frequency. defined as
The thermal noise acting on the dimer is a Gaussian and 5
white noise with zero mean and correlatiofg(t)¢;(t")) D, = Iimw,
=2yKgT 3§y dt-t"). ' sow 25
We can proceed now by defining a new reduced set of

. : whereRi(s) is a Cartesian component of the center of mass
independent parameters, by the appropriate change of vari-

where subindek=1,2 stands for each particle, andis the
friction parameter and is the particle vector position. The
local potentialV has a simple periodic form,

(9)

ables of the dimer_. . _
' As a preliminary check of our approach we have consid-
. ya? ered a single Si atom diffusing on a periodic potential, with
Xc=ar, = V_S' (4 the same model parameters introduced above. Our numerical

0 results indicate that the diffusion coefficient is sensitive to

which makes the time and spatial variables dimensionlesshe temperaturéKramers’ dependengebut quite indepen-
Accordingly, the length scale is given @units, and the time  dent of the asymmetry of the potential, as expected. Only for
scale controlled by the unknown friction parameterThe  high temperatures the diffusion coefficient start to indicate
value of this parameter will be estimated from experimentakmall directional difference, which constitute corrections to
time scales. Kramers’ prediction.
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FIG. 2. (Top) Typical evolution of dimer orientation correspond-
ing to €=0.2,1,(s) is the normalized dimer length as defined in the  FIG. 3. Average resident dimensionless time in statédia-
text. (Bottom) Histogram of the instantaneous dimer angle with mondg and stateA (circles. kgT in eV.
respect tax axis for e=0.2.
Another important quantity is an effective diffusion coef-

Results are much more appealing when we consider dimdicient obtained for every 'CarFesian direction, as function of
diffusion. First we see that the dimer is usually in one of the€: Results are presented in Fig. 4. From our model we have
two configurations of Fig. 1. Its orientation is given by the OPtained an asymmetry given It > D,. This difference in
angle between the dimer and theaxis, asl,(s)=|x,(s) d!ffu5|or_1 co_efﬁments can be tested experimentally since
—%(9)|/\, In Fig. 2, we plot a typical time evolution of dlmgr d|ffgS|on asymmetrles have been rn_easured for similar
l,(s). This figure clearly shows that only two possible con- qonflgyrat|ons:19]. Itis clear that a transition betwee.n con-
figurations are probabléA and B of Fig. 1). The path fol- figuration A and B or reversed, requires the same displace-

lowed by the dimer from one configuration to the other isment change(\Ax|,|Ay|):()\X/2,)\y/2). This indicates that

through an intermediate diagonal step, where the atoms ar® should not find any temperature dependent asymmetry

located in two contiguous diagonal wells. This diagonal in-W_hen d'ﬁ“S'F’T‘ oceurs. The origin of the asymmetry IS a
termediate configuration has a very short lifetime and is noflfférent one itis a direct consequence of the larger stability

observed in our simulations,~ 1 corresponds to configura- of the di_mer in configuratiors relqtive o configuratiorA.
tion B (dimer in horizontal positionandl,~0 to configura- AS the dimers spend most of the time in configuratirhe

tion A (vertical position. Our choice of the parameters Vertica! motion(perpendicular to the horizqntal dimer ori.en-
(\x,\y,@) makes the configuratioB more probable than the tan_on) IS fa"_ofed ar_1d hency>D_x. Th_e ratio between dif-

A configuration, as observed in experiméhg]. This is due fusion coefficients in both directions is expected to be pro-
to the fact that the equilibrium distanee=2.25A is closer to
the horizontal length scale,=2.35A. This observation can
be quantified by evaluating the histogramaveraged out in
time and in realizationsof the instantaneous dimer angle
along with thex-axis as shown in Fig. 2. The time average g2t
has been done taking the orientation every given number oi
steps to avoid angular correlations.

The energy associated with these two spatial configura-
tions can be estimated assuming Kramers’ law, and calculats 10° |
ing the average residence time in a given stasgyA andB),
as function of temperatur@ig. 3
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We have considered different values &fcorresponding
to temperatures from ZI%om 0 "Troom (Troom=300 K).
From a numerical fitting of Eq.10) we get the energy which 10° 5 P’ - 20
is required to transit from one state to the top of the barrier T
(Eo=0). We have obtainef,=-0.58 eV andEg=-0.71 eV. °
The obtained difference~0.1 eV) is of the same order asin  FIG. 4. Dimensionless diffusion coefficients i direction
experiment7,1§]. (black dotg andy direction(white dotg for a S dimer.kgT in eV.
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portional to the ratio between the state waiting timeBend  equation, with noise and friction terms, in the overdamped

A limit. The surface is described by a lattice of periodic poten-
D, (S E._E tial wells and the dimer by particles coupled through a clas-
et O - A exp(u) (11)  sical spring. We have taken, as an example, the diffusion of a
D, (Sw KgT Si, dimer on a reconstructed silicga00] surface. The dif-

The inset of Fig. 4 shows the quantikyT In(D,/D,) as a ferent relative population in each of the two most probable
function of temperature. This value is of order 0.1 eV in configuration states observed in experiments has been incor-
agreement with previous estimation from Fig. 3. porated in our model by considering two different spatial
Finally, we can determine the unknown friction parameterl€ngths in the(x,y) directions. We analyzed the waiting time
v. From Eq.(4) we see that this parameter controls the timeln €ach configuration and the diffusion coefficients as a func-
scale transformation between an experim@mnariablg and  tion of temperature. We have found an anisotropy in the dif-
our simulation (s variable. A characteristic experimental fusion coefficient with respect to the directional movement.
time scale is obtained from RefL7], asTe,= V;1~ 101t g.  This is related to the dimer resting time in any of ther B
From our simulation results we can also get an equiva|enft:c_>nf|gurat|ons. Th|s obsgryanon is in qualitative agreement
quantity from a numerical fitting of Eq:10), which yields ~ With the theoretical predictions of Ref9]. Our model has
S~0.17. Using the time scale transformation in E4).we  On€ free parameter to relate with the experimental time scale;

can estimate the value of the effective friction parameter DY setting up this parameter we are able to estimate the ef-
fective surface friction. We contrasted the diffusion proper-

Y= TexpVo 10 kg/s (12) ties of the ad dimer with the atom diffusion, finding that the
Sa? ' crystal anisotropy has more influence on the ad dimer.

This dimensionless friction coefficient can be used to obtain We acknowledge financial support from the Direccion
an estimation of value of the unknown effective friction co- General de Ensefianza Super{@pair) under project No.
efficient. BFM2003-07850, and Millennium Initiative Conacyt-

Summarizing, we have proposed a simple and generdlexico, under Grant No. W-8001. This material has been
model for particle/molecular diffusion of dimers on a crys- also supported by a grant from the University of California
talline surface. Our model oversimplifies the real situation byinstitute for Mexico and the United StatdsC MEXUS) and
only taking the relevant scales and by using experimentathe Consejo Nacional de Ciencia y Tecnologia de México
information as input parameters. It consists of a LangevifCONACYT).
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