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Despite its importance in theoretical studies of surface diffusion there has been limited experimental
progress in developing methods to measure the dynamic structure $fqtoy. In this work we study gases
adsorbed on single-crystal surfaces and show that their equilibrium dynamics is measurable in a diffraction
experiment through density fluctuations described by the dynamic correlation fusfign) S(q,0)). Using
a lattice-gas model with nearest-neighbor repulsive interaction, we demonstrate how to separate out the mi-
croscopic dynamics caused by diffusion and adsorption-desorption from the fofi®(mit)S(q,0)). Our
analytical results show thdS(q,t)S(qg,0)) decays as an exponential with a time constafaf). Significant
deviations from the hydrodynamic dependence efd)=D.q? are found with and without desorption. These
deviations have important consequences in extracting diffusion constants from experiments.

[. INTRODUCTION to make these measurements have been based on electron
emission techniqueFEM and STM(Refs. 2 and 8. The
The use of atomic imaging techniquése., Scanning high spatial amplification of the electron emission prodgess
Tunneling Microscopy(STM) and Field Electron Micros- result of the exponential dependence of emission on changes
copy (FEM) has demonstrated how information about sur-in the local adatom concentratipprovides the necessary
face adatom mobility can be obtained by following in detail gain to magnify the small equilibrium density fluctuations.
the diffusive path of a few adatoms in well defined configu-These techniques measure density fluctuations over a vari-
rations (single atoms, dimmers, elc. This information in-  able diameter of 30-300 A depending on the magnification
cludes the determination of the energy barrier, diffusionfactor in the emission geometry. A serious problem with
mechanism, etc., of the configuration under investigationthese methods is that the electron emission process requires
However, these experiments are limited to regimes of eithethe presence of a high electric fieltypically 0.5 V/A). De-
low adsorbate coverage or in conditions far from equilibriumpending on the system under study, field effects can modify
(i.e., low temperaturgs The reason for this is that the time the diffusive motion of the atom. If the diffusing atom has a
scale set by the experiment selects processes with the fast&stficiently high polarizability or permanent dipole moment,
rate while other microscopic processes corresponding to thée electric field can change normal diffusion to a biased
slower rates “freeze” out. Because of these limits, the dy-random walkd In addition, depending on temperature density
namics of these systems are parametrized by the so-callégictuations can be extremely fagbuch faster than seconds
tracer diffusion coefficient), . In the opposite limit of finite SO that processes faster than the integration time constant in
coveragehigh particle densiti@sand/or at high temperatures the electronics cannot be followétypically video rates
(when many microscopic processes are operatirmjlective Despite the success of these methods in measuring surface
effects become more relevafe.g., formation of ordered diffusion coefficients in numerous systems, there are motiva-
phases, long-range correlations in the atom motion).dft. tions to use a reciprocal space mettod., surface diffrac-
these limits the system’s dynamics require a different detion) to measure the density fluctuations. Besides the electric
scription of the diffusion process that is based on the collecfield and the limited time resolution problems mentioned
tive or chemical diffusion coefficienD)... At a finite cover- ~ above, there is an impetus to developing temporal diffraction
age,®, the degree of mass transport in the system depend®ethods because they measure quantities more intimately
on the differences in energy costs when an atom occupig€lated to those derived by theoretical analysis of adsorbate
various sitegi.e., chemical potential differencesThese dif-  dynamics in surface diffusion.
ferences arise from both interactions between the adsorbate In a diffraction experiment, the quantity measured is the
atoms and/or the substrate atoms and thus also depend on fgucture factor|(q,t). For an adsorbate withN possible
local adsorbate distribution. Measurements of the collectiv@dsorption sites, of whicdN are occupied, the structure
diffusion coefficient reveal important information not only factor from the adsorbate is defined as
about the adatom-substrate interactions but also about 1
adatom-adatom interactions. Methods for measubp@®), I(q,t)= —ZJ p(r' Hp(r'+r,tyexp(—iq-r)dr'dr,
however, are much more difficult to implement than methods (N®)
for measuringD; . @
To measureD., one must be able to detect small- wherep(r,t) is the local adsorbate concentration at position
amplitude, thermally produced concentration fluctuations ir and timet, andq is the momentum transfer vector. Fluc-
the adsorbate under equilibrium conditions. So far, attemptgiations about the time-averaged mean valuel @f,t),
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{1(q));, are measured as a function of time and are used téesolution window are not in general correlated. The second

construct the autocorrelation function, restriction prevents sampling time broadening of the true
time constant.
Cla,t)=([1(a,t) =1 (a@) 1 (a0 =(I(D)]). (2 As demonstrated recentlge.g., Refs. 5 and)éboth con-

Th . bl ditions are met with a high-resolution low-energy-electron-
he averaging proges(s) means an ensemble average Ovel g4 ction (HRLEED) diffractometer(with resolution better
different configurations of the system but in practice it is

carried out as a time average si ¢ . libri than 0.001 A%). Since signal acquisition in HRLEED is
led ou ; Verage since systems in equiiibrum afg, ;o4 o, pulse counting using a high gain Channeltron de-
ergodic and the two averaging processes are equivalent.

A il show in th ; ftector, the sampling gate time can in principle be as low as
O 0L e anly by th pse widh i e Chaneon
' . However, the diffracted count rate may place a practical limit
ture factor,S(q,t), defined as of ~1-10 us on the gate time. The successful use of high-
1 resolution LEED to measure temporal fluctuations has been
S(q,t)= —ZJ Sp(r',0)8p(r' +r,t)exp(—iq-r)dr'dr, shown in recent experiments that monitored thermal equilib-
(NO) rium step fluctuations on a high-index stepped4@0) sur-

() faces in the temperature range= 700—900 K> 1(q,t) was
wheredp(r,t)=p(r,t)—(p). The average adsorbate concen-measured at different diffraction conditions by varying the
tration (averaged over space and tinie (p)=©. normal component of the momentum transfgy, Strong

Theoretical progress in recent years has developed efluctuations were observed at the out-of-phase conditign,
pressions that relate the collective diffusion coefficient to= (2! +1)7/d, whered is the step height anidis an integer.
equilibrium thermodynamic quantities such as the averag®t this gz, 1(q,t) is maximally sensitive to the step position
jump rate,T’, and a thermodynamic factor analogous to thepecause neighboring steps spatter destruc.tl_vely. No fluctua-
Darken equation relatin@(®) to the tracer diffusion coef- tions were observed at the in-phase-conditiqyr- 2| 7/d,

ficient D, : 2% wherel (q,t) is insensitive to step positiofi.e., neighboring
steps scatter constructively
A ulKT) For the case of step fluctuations, the forml¢f,t) has
D(0®)= D—ine (4)  been derived from a continuum model for different step ki-

netics. These calculations predict strong differences in the

wherep is the chemical potentiak is Boltzmann's constant, time structure of the diffraction signal depending on which

a is the lattice constant, anflis the temperature. physical process dominates the kinetics. It is possible to have
The reason a measurement qut) is so desirable is Mmore than one minOSCOpiC process present ina System with

because the thermodynamic factor is related to the dynamiée resulting fluctuations originating from competing pro-

structure factor in the limit that bothandq go to zero' cesses. An example would be low-temperature inert gas ad-
sorption on a surface where both the desorption and diffusion

A(ulkT)| ~1 barriers are sufficiently lovseveral millivolt3 so that both
() =(S5(0,0). (5  processes contribute to the adsorbed atom density
fluctuations’® In this example, dynamic equilibrium exists
If it is possible to measure the full decay of the structurebetween the rate of adsorption of gas-phase atoms from the
factor S(q,t), then the collective diffusion coefficient can be incident flux and the rate of desorption of atoms in the sur-
extracted from the expression f&(q,t) in the hydrody- face lattice gas. In addition to these dynamics, it is possible
namic regime §—0): S(q,t) ~ §(q,0)(1-Dg%).* for the adsorbed atoms, during their residence time on the
t—0 surface, to diffuse to different sites, nucleate islands, and
Despite the importance of the dynamic structure factor ingenerate domains of the ordered phase as a result of their
theoretical studies of surface diffusion and the developmenmutual interactions. Atoms desorbing from the two-
of different methods for its calculation, there is limited dimensional2D) ordered phase back to the lattice-gas phase
progress in developing experimental methods to measurgive rise to density fluctuations with different dynamics
S(qg,t). In part this is because the small-amplitude densitycompared to the adsorption-desorption process.
fluctuations give rise to correspondingly small variation in  Under these conditions, when two microscopic processes
[(g,t), making them difficult to detect. However, this prob- operate with possibly different time constants, what deter-
lem has been overcome recermtfymaking the possibility of mines the fluctuations i8(q,t)? Stated another way, what is
measuringD .(®) a reality. the form of the measured autocorrelation from fluctuations of
A direct measurement @&(g,t) can be carried out with a 1(q,t) due to different combinations of diffusion and
diffraction technique if two experimental conditions are re-adsorption-desorption rates? We would like to answer this
alized: first the instrument should have highresolution so  question as well as to be able to extract the physical signifi-
measurements can be carried out at well-defined wave vecance of the measured time constantCgfy,t) for different
tors g, and second the acquisition speed should be sufficombinations of desorption versus diffusion rates. To be able
ciently fast compared to the time constant of the physicato do this, as shown in the next section, we need to calculate
process under investigation. The first restriction is required(q,t) for both processes. These calculations show thatjthe
because integration over a finite window in reciprocal spacelependence is markedly different depending on which pro-
Aq, can average out the time structure. This follows from thecess is involved in the kinetics. Therefore, by comparing the
fact that fluctuations with different wave vectors within the measureds(q,t) from a diffraction experiment with the re-
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sults of our calculations, not only can the dominant procesSubstitution of Eq(73a) for the adsorbate concentration into
be identified, but it should be possible to deduce energeticEq. (1) and using Eq(6) gives an expression fdCy(q,t) in
parameters such as activation energies for diffusion and deerms of the discrete occupation variables:
sorption as well as adatom-adatom interactions. .

Our analysis is based on a lattice-gas model with repul- _
sive nearest-neighbor interactions. Depending on the local Cola )= (n®)4|1,|§3,|4 <p|1(0)P|3(O)p|2(t)p|4(t)>
environment of the atom, the interactions will affect the
single-atom rate for both desorption and diffusion and lead to xexd —iq-(Io—l1+14=13)]. (8)

rates that are coverage-dependent. . ) . )
One clearly sees the difficulty in writing an analytic ex-

pression forCy(q,t) since we must derive expressions for
the four-point correlation functions that depend both on
space and time. To do this, we must know the conditional
Although we will derive the relation between the mea- Probabilities to occupy sitep;, andp;, at timet given the
sured quantityC(q,t), and the theoretically more relevant occupation of site$),l and pi, at an earlier timgé=0 when
quantity,(S(q,t)), within the lattice-gas approximation, the these sites are separated by a distdped, andl,—1,, re-
derivation that follows is general enough to be applicable tospectively. This conditional probability, and th@(q.t),
the continuum case. The expression@l,t) in Eq.(2) can  will depend on the extent that correlations develop in the

Il. RELATIONSHIP OF THE DIFFRACTION
AUTOCORRELATION FUNCTION TO S(q,t)

be rewritten as system as a result of the interactions between the adatoms
and will be a strong function of temperature.
C(a,)=(1(q,01(a,t)) = (I (@)*=Co(q,t) (I (@))*. It is a general result in statistics that higher-order correla-
(6) tion functions can be expressed in terms of lower-order cor-

' S . . relation functions by employing the cumulant expansidh.
Clearly the first term in this expression fully determines the?t a temperaturd the distributionP{p,(t)} is a normal dis-

time dependence of the autocorrelation function. The I"Jlstnbution[where{}denotess ecific configurations of the sys-
term ensures that the correlation function will decay to zero P 9 y

The expression foCy(q,t) in Eq. (6) can be rewritten in "e”?S occupathn variableg(t)], .then there IS a vyell-
terms of site-occupation variables using the definition Ofdeflned_exp_ressmn for the four-pomt_ correlatlor_1 functlons as
I(q.t) in Eq. (1) a combination of three- and two-point correlation functions

9 . . .
Before continuing, note that we neglected explicitly the2nd the averages gi(t).” Similarly, the three-point corre-

bulk contribution to the structure factor in E{.). However, 'a“of‘ functlons can be expressed in te”’?S of two-point cor-
if we assume that the adsorbed overlayer is ordered, contélation functions and the averages. Details of the calculation

mensurate, and forms a nonprimitive superstructure comWIII _be given elsewheﬂé? but the reduction process Is
traightforward and gives

pared to the substrate, we can ignore the substrate contribd
tion to 1(q,t) if we chooseq properly. Specifically, this type C(q,t)=(S(q,))4 1+ F2(2q—b)]+2(S(q,1))I(g—b)
of discrete lattice gas will produces a structure factor with

nonzero intensity at wave vectors parallel to the surface of X[1+F(29—b)], (99
g,=bn/2 (n an intege). Hereb is a reciprocal-lattice vector

of the substrate surface lattice, anbd=h(2#/a,)X 1 N _
+k(2m/a,)y (h andk integers. For n odd, the intensity at J(q—b)= W;I exd —i2q-(l;—12)], (9b)
theseq’'s only has a contribution from the adsorbate atoms 12
and not the substrate atoms. Generalization to the case when 1 N
both adatom and substrate atoms contribute to the structure _

F(29—b)=— exd —2q-14]. 9c
factor (as would be the case foreven is straightforward. (24-b) N % H-29-1] (©o

For a discrete lattice gap(r,t) can be written in terms of
the occupation variablesy,, for each point on the lattice ~ The functionJ andF have simple analytical expressiohs
(p;=1 if the site is occupied and,=0 if the site is empty, ~ but are essentially functions inq=b and 2j=b, respec-
tively. They simply reflect the fact that, at any time, atoms
N are found only on lattice sites.
p(r,t)=2 pi(t)8(r—1), (79 Equation (93 shows that the measured autocorrelation
! function in a diffraction measurement is determined by the
dynamic structure factor. In the next section, we derive
(S(q,t)) for the case of an adsorbate where both diffusion
and adsorption-desorption cause local fluctuations in the ad-
sorbate density.

wherel is the position vector of an adsorption site on the
surface]=na,+ ma, with n andmintegers. The correspond-
ing Fourier transform op(r,t) is

N
5(Q,t):2 p(t)exp(—iq-1), (7b) I1l. DETERMINATION OF THE DYNAMIC STRUCTURE
T FACTOR (S(q,t))
N For simplicity, we will assume that the adsorbate rests on
5p(q,0) = E [p(t)—Olexp—ig-). (70 a square lattice and that the overlayer has a nonprimitive unit
[

cell [e.g., ac(2Xx2) structure, wherd =0.5]. It is easily
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shown that interference between the substrate and the over- dp, NN

layer adds an additional term to E(Pa proportional to Lp|Ed—:2 {p|+s1w|+§,|(p|)—p,w,,|+sﬁ(p,)}
~(fg/fa)%(S(q,t))8(q—b) (wherefg andf 5 are the atomic t s

structure factors of the substrate and adsorbate atoms, re- +(1_pI)W|A(p|)_p|WID(p|)’ (13)

spectively. Since the main objective in the current paper is

to determine both thg andt dependence d§(q,t) for dif-  \yhere NN denotes the summation over four nearest-neighbor
feren_t microscopic processes, we will ignore the S“bStrat%ositions,s. The first term in Eq(13) describes the prob-
contribution in further discussions. _ ability of an atom already present at one of the four neigh-
In the limit of no evaporation or adsorption, atoms canyring sited + s to hop to sitel. The second term describes
hop to nearest-neighbor sites at a rat€T,0). In the ab-  he probability of an atom already at sit¢o hop to one of
sence of interactions, and at zero coverage, the hopping rajge four nearest-neighbor sites. The third term describes the
is simplyw(T, 0 =0)=Wy(T) =Dy(T,0)/a", whereDy(T,0)  probability of an atom in the gas phase to adsorb into an
is the tracer diffusion coefficient whe®=0. In the presence empty sitel and the last term describes the probability of an
of interactions, the hopping rate will be modified by the local 3tom at sitd to desorb back into the gas phase.
adatom concentration. In the subsequent discussion, we al- The |ocal jumps described by E@L3) will change the
low only nearest-neighbor interactions with a strength  jhstantaneous occupation of any sitat timet. Since the
(S8E>0 for repulsive interaction Even with this simple in- occupation of the site$ determines the global quantity
teraction, the transition dynamics become sufficiently COM-g(q,t) according to Eqs(3) and(7), fluctuations in the local
plicated because they cause long-range correlations betWG%Ecupation variables will generate fluctuations $q,t).
atoms to develop, especially at low temperatures. With arpere is a standard methddescribed elsewhel® that can
nearest-neighbor approximation in mind, the retg.s, 0 pe ysed to write an equation of motion 8tq,t). To do
jump from a sitel to a nearest-neighbor site-s, is influ-  this, we start by using Mori’s projection operator method to
enced, at finite coverage, by the occupation of the foumrite the equation of motion for the Fourier coefficients of
nearest-neighbor sites at positidrss; as well as the occu- the local concentratiodp(q,t) given by Eq.(70):
pation of the sitd+s,,

4

SE op(q,t)
Wi 1+s,(P1) =Wo(1—pjys ,Jex WE pl+s|)- (10)
<1

t
_J’ op(g,t—t1)M(q,ty)dt; +B(q,t).
We are implicitly assuming that the diffusion energy barrier 0

is changed bysE if an adjacent site is occupied and that the (14)
total interaction is a simple additive sum of interactions from
all occupied adjacent sites. B(q,t) are the Fourier coefficients of some stochastic

In the opposite limit, when diffusion is zero, the dynamics gyjying force that lead to fluctuations ifip(q,t). Note that
of the _ overlay(_er is described by adat(_)m adsorptiontpe residual forcedB(q,t), are perpendicular t6p(q,t) and
desorptlon. In th|s. limit, when the coverage is zero, the sySinerefore do not contribute B(a.t)). M(q.t) is referred
tem is paran/leterlzed by the rates of Adesorptm_l’i’,, and o as the “memory” term and contains information about
adsorptionW?. The two ratesV™ andW" are not indepen- how the jump of an atom at timedepends on all previous
dent but are related by a detailed balance because in equilifymps, In other words, it describes correlations between past
rium the average coverage is constéhf\s for diffusion  and future jumps. These correlations develop either because
alone, we use the same dependence on the local environmeditagatom-adatom interactions or because of the slow equili-
of the atom(i.e., nearest neighborand repulsive interac- pration time to the substrate phonon bath. Because of these
tions to describe the adsorption-desorption rates at finite COMmemory effects, the assumption of statistically independent
erage, successive jumps is never strictly valid.
Equation(14) is derived from the Liouville equation and
5 SE A is completely general in that it applies to all forms of the
wp(p) = WP ex ﬁE Pris | (1)  dynamic operator and not just thederived from our model.
=1 By using standard Laplace transform techniqusse Ref.
12), the Laplace transforrtS(q,z)) of (S(q,t)) can be writ-
. . SE A ten
Wi(p)=WAexp — 17 2, Prg |- (12
S(q,0
(S(a,2))= Z+Q<( ad)
a)+M(q,2)

(15
In general, we will have contributions from both
adsorption-desorption and diffusion. This mixed dynamic
situation will be parametrized by, the ratiowP/W, (i.e.,
the ratio of desorption to diffusionthe ratioSE/kT, and the
coverage®. We can define a dynamic operatbr,that gov- _ _
erns the equation of motion of the occupation varialpiest O(q)=— (p(—0,0Lp(q,0)
site | due to all three processes: (N®)%(S(q,0))

SThe term{)(q) is the frequency matrix that depends on the
dynamic operatot [defined in Eq(13)]:

(16)
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In order to proceed towards finding an expression forending site of the jump and the other thrpg s are the

(S(q.t)), we must make a simplifying assumption to Eq. nejghhoring sites that interact with it. There are no exact
(15). We will follow the “standard” approximation and ne- gy nressions for these correlation functions. However, as de-
glect the memory effect and assume that successive JUMRgined in Sec. II, we can again use a cumulant expansion to
are stansucglly independefite., a Markoylan dlffu5|on Pro-  reduce the problem to one of solving only two-point corre-
cess. Inclusion Qf memory effgct_s remains an important un-j,iq functions,(pp;), and averagepwith the assumption
solved probl_em in dlfoSlon_. Wlthl_n the standard assum_ptlonthat deviations from the most probable configuration of
the expression fo(S(q,z)) is easily tran_sformed back into {p()} are normal. What then remains is a method for
Fhe time domaln smcél(q)'ls not a functlon ofz. The result evaluating these two-point correlations.
is an exponentially decaying function of time, Without loss of generalityas far as the relation between
_ the different microscopic processes and the sha ft
(S(a.t))=(S(a.0))e e, 17 is concernef] we exan?inepthe dynamics of an adrs?;(rgaZe for
where the characteristic decay time of a fluctuation inthe case®=0.5 [e.g., the coverage for an idea(2X2)
(S(q,t)) is given by the inverse of the frequency matrix. overlayel. The static analysis of this problem is completely
It is important to notice that by neg|ecting memory ef- deflned from the well-known solution of the |Sing model and
fects, the decay of the structure fac{&(q,t)) from an equi- ~We Will make use of some of those resuifisThe exact so-
librium fluctuation isalwaysexponential in time regardless lution of the 2D Ising model dynamics, however, and the
of whether or not these fluctuations are due to diffusioncalculation of the time-dependent correlation functions is
adsorption-desorption, or a combination of the two. The ini-Still an open question. To proceed with our problem of find-
tial magnitude of the fluctuation &t 0 is given by the static INg an expression fof)(q), we must introduce some ap-
structure factor or wave-vector-dependent “compressibilProximation for the functional decay ¢pp;) on the sepa-
ity,” (S(q,0)). Becausg S(q,t)) decays as an exponential, ration c_ilstanc¢l—1_|. Whatever.the approximate form for the
it follows from Eq. (9a) that the diffraction autocorrelation two-point correlation we use, its validity will depend on the
function C(q,t) also decays as an exponential fp+ (2n correlation lengthg(T), in the adsorbed film. For example,
+1)b/2 (or the sum of two exponentials for=nb). at temperatures wherg&T) is small, longer-range correla-
It is obvious from Eq.(13) thatL is a simple linear op- tions will be unimportant and a short-range approximation to
erator and therefor€ (q) will be a sum of two terms, one {PiP;) Will be adequate.
from diffusion kinetics and one from adsorption-desorption As a first drastic approximation to simplify the algebra,
kinetics. SinceL depends on each microscopic processWe have carried out the summation in Eg6) within the
Q(q) will in turn depend on which process is operating, duasichemical approximation to the Ising motfeln this
specifically through its] dependence. Therefore, an experi- @Pproximation the two-point correlations become
mental measurement of thee dependence of)(q) should

allow the active dynamic process to be identified. This will 0, 1=
be demonstrated in Sec. IV. 20(1-0) .
To evaluate Eq(16), we begin by defining the parameter  (pp;)=4 @ — , 1.j are NN
o, =exp(= SE/KT)—1, which will allow us to rewrite the ex- V1+40.0(1-0)+1
ponential terms in Eqg10)—(12) as the product of combi- 02 otherwise,
nations of the occupation variablps. The dynamic operator (20
L can also be written in terms of these combinations. Since ) ) )
the p's are discrete variable® or 1), we can write whereo_ is defined before Eq18). Equation(20) expresses

the statistical independence of sites that are further away
SE than nearest neighbors. We point out that such a drastic ap-
ex tﬁE p|+s):H (0:Pi+st1). (18)  proximation suppresses long-range correlatioespecially
S S whenT/T.<1) and can underestimate some of the observed
effects discussed in the next section.

Within the quasichemical approximation, the decay con-
stant()(q) is fully determined by the static equilibrium two-
point correlation functions. This result is fully legitimate be-
cause the system is in an equilibrium configuration.
Although a closed-form solution to Eq16) can be devel-

With this identity, (q) can be rewritten as a series of
multiterm correlation functions since the correlation function
(p(—q,0)Lp(q,0)) is a sum of terms of the formp,Lp)).
For example, the second term in Ed.3) would lead to a
term inQ(q) proportional to

oped in this approximation, the final expression is cumber-
Q(q)oc---+Wo< PPk(1=prsd [] (uprag+1))+-. some and will not be reported here. For the purposes of our
s'#s discussion, we will instead simply display results fo(q)

(19 that were calculated based on the outline given above. The

) reader is referred to Ref. 10 for details of these calculations.
Therefore, the evaluation of the frequency matf{(q),

requires one to calculate correlations between simultaneous
occupation of positions in clusters containing up to six sites.

The largest clusters require the evaluation of six-point corre- - since the decay ofS(q,t)) is always exponential when

lation functions of the form(p;ppi+sPi+sPi+s,Pi+s,)  memory effects are neglected, the distinction between which
wherej,l range over the entire lattice. Tr|u1?+s1 term is the  microscopic mechanism is operating in a system cannot be

IV. RESULTS
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LI A A L 1(a)]. This is because the probability to desorb from, or ad-
30 - /T, >>1 7 sorb at, any site on the lattice is constant, independent of the
WA/WD = 1 1 local environment of the atom. With interactions this is no

25 - 4 longer true. In Fig. (), when interactions have been in-

s | | cluded, we see a strong dependence if)2(q): a maxi-
mum atq=0 and a minimum neay~ m/2a.

This change in the dependence of)(q) with interac-
tions is related to the formation of th&(2x2) structure.
L5 7 Since both desorption and diffusion are local processes, the

- local energy barrier is affected by the occupation of neigh-
1oL (a) . boring sites according to Eqg11) and (12). For long-
S N S R S S T R wavelength fluctuationsg—0), changes in site occupation
00 01 02 03 04 05 06 07 08 09 1.0 relative to equilibrium values are far apart. Therefore, for

qalnt these types of fluctuations, nearest-neighbor sites remain oc-
cupied, thus maximizing the effect of the repulsive interac-
tion and increasing the difference between desorption and
adsorption rates. This in turn minimizes the relaxation time
of the fluctuatior or makes(2(q) a maximunj. Such effects
are expected to be more pronounced at even lower tempera-
tures. The largest change in nearest-neighbor concentration
occurs for fluctuations with wavelengths betwekr-3a
—4a (or ga/m~3—2). This will produce many empty
neighboring sites leading to a subsequent decrease in the
repulsive interaction for this wavelength disturbance. This in
turn increases the adsorption rate and decreases the desorp-
tion rates, thus increasing the relaxation time of the fluctua-
tion. Since()(q) is the inverse of the relaxation time, it must

ot——t——l—td be a minimum neaga/ w~0.5-0.7.
00 01 02 03 04 05 06 07 08 09 10

qa/r

T [ L T T T T T T T T T
20 T/T, = 0.766
' WA/WP = 100

B. Diffusion;: WP=W"=0

FIG. 1. Theq dependence df for ® =0.5 in the limit of a pure In the limit of pure diffusion W°=W"=0), theq depen-
adsorption-desorption. The wave vector is in thedirection @,  dence ofQ2(q) is very different. This is because, unlike for
=0). (8 No interactions withw*/WP=1; (b) strong interaction  adsorption-desorption, there is a conservation law for the oc-
(T/T.=0.766) with WA/WP=100. Note the minimum aga  cupancy of sitegi.e., the hop to a neighboring site can occur
=ml2. only if the site is empty In the absence of interactions, Eq.

(16) can be solved without any approximations:
determined from the time dependenceQifg,t) alone. This

is in contrast to the kinetics of steps where the time depen- Q(q)=2Wo{2—cogqsa) —cogq,a)}. (21
dence of C(q,t) was directly related to the microscopic
mechanism responsible for step fluctuatibhsiowever, in This result is plotted in Fig. @). For fluctuations with

an adsorbate system, the microscopic kinetics leading to demvavelength\/2=a (qa= ), the relaxation time is a mini-

sity fluctuations in the film can be distinguished by the mum[Q(g) maximum because diffusion need only proceed
dependence of)(q). To illustrate this point, we calculate through neighboring sites. Long-wavelength fluctuatiogs (
Q(q) (with repulsive interactionsfor several limiting cases —0) take forever to decajf)(q)=0] because the atoms in

of diffusion and adsorption-desorption. a chain 2r/q long must all diffuse in a correlated fashion.
For small values ofy, Eq. (21) has the approximate form
A. Adsorption-desorption: Wy=0 Q(Q)jim g—0~Wo(Q- a)2. This is the expected dependence,

characteristic of diffusion in the long-wavelength hydrody-

We begin by looking at the case of pure adsorption—namic regime

desorption(no diffusion,Wy=0). The ordered phase of the
adsorbate_wnl have a_crltlcal temperatuie,, that we will _ Qi qﬁO%chz_ (22)
use to define the relative strength of the adatom interactions
[for the Ising modeBE=1.76& T, (Ref. 13]. Figure 1 shows In other words, the collective diffusion coefficient is defined
Q(q) versusq for the case of pure adsorption-desorption inas the curvature of th€ versusq curve. Equation(22) is
two limits: (&) no interactions(which is parametrized by plotted as the dashed line in FiggaRand 2b). Thus the
the limit T/T.—<0) and(b) for temperatures below the criti- curvature in Fig. 2a) definesD.(®) for the noninteracting
cal temperature of the ordered phase formatidfr, model: D (®)=D, as expected.
=0.766. Note that] lies along thex axis defining one side of If we allow interactions in the pure diffusion limit, tHe
thec(2X2) unit cell. versusg curve(nearq=_0) becomes steeper as shown by the
For the case of no interaction€(q) is independent of dashed curve in Fig.(B). Since the curvature d@ versusq
the wave vector over the whole Brillouin zorieee Fig. is proportional to the collective diffusion coefficiefEq.
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e e e L ‘ interpretation of surface diffusion coefficients measured from
T/T >> 1 , 1 different experimental methods. In other words, we can ask
4+ ¢ / when is the long-wavelength hydrodynamic limit a valid ap-
proximation for interpreting diffusion data? Each experimen-
tal method has a characteristic diffusion length sdalever
which the density fluctuations relax. In FEM or STM fluc-
tuation measurements it is the probe area; in quasielastic he-
lium scattering experiments it is the inverse of the momen-
tum transfer Aq) ~1; in optical diffraction experiments it is
the diffraction grating period, etc. If the long-wavelength
limit is to be valid, therR must be greater thand/, other-
wise the extracted diffusion coefficient will be inaccurate.
To see this, consider Fig.(@. Suppose the regioq
<( is not accessible experimentally. Measurifigq) for
g>¢. and assuming that it obeys the limiting ford (g?)
causes the measur@q. to be lower than the actual value. In

(a)

P S R RO N N R B SR
00 01 02 03 04 05 06 07 08 09 10
qaln

S I B L A the case of Fig. @), the measured./D, would be 6 if
ol T/T, = 0.766 / | Q(q) were measured aja/7=0.8 (instead of the actual
value of 17. This difference will be more pronounced if a
more accurate expression for the pair correlation function
s 30 7 (pip;) were used becausg would move to lower values as
§ the temperature is decreased. The error associated with mea-
g 20 7 suring D, when g>q. is very relevant to recent literature
results that show large differences in the diffusion coeffi-
10 . cients measured experimentafiyor found in Monte Carlo
(b) simulations:®%°
0 —

s | L L : ) | i I L | L | I 1 L | L L 1

00 01 02 03 04 05 06 07 08 09 10

qgaln Figure 3a) shows the case of a mixed process with dif-

fusion and adsorption-desorption in the limit of no interac-

FIG. 2. Theq dependence df for ®=0.5 in the limit of a pure  tions (T/T,—=). For ®=0.5, one expects from a detailed
diffusion (WA=WP=0). The wave vector is in the, direction  palance thatvA=WP [we have choseWP® to be the same as
(@y=0). (@ No interactions. The parabolic dependen@&q) the rate of diffusionW, in Fig. 3(@]. As can be seen in Fig.
~Dq” (dashed curve witd.=D,) typical of the hydrodynamic 3.5 ()(q) does not go to zero at=0. This is a result of the

regime is observed up to a wave vecty~m/5a. (b) Song jinearity of the operatot that makes the contributions from
interaction T/T.=0.766). Again the parabolic dependence is Ob'the fwo microscopic processes additiveQ(O):(WA

served up tajo~ /52 (dashed curvebut D¢ =16.8D, (16.8 times +WP)+D_.g% One can easily invert an experimental mea-

the diffusion constant in the noninteracting lipnit surement of2(q) aroundgq=0 and still deduce in a unique
(22)], repulsive interactions have increaded as expected. way the diffusion coefficient and the rate of desorption-
From the curvature neay=0, a value ofD.=17D, is found  adsorption from the curvature and background, respectively.
(i.e., 17 times greater than in the noninteracting ljmilthis Figure 3b) shows the case for mixed processes at a finite
increase is consistent with Monte Carlo simulations restllts. temperaturel/T,=0.766 withWP=0.03W, and®=0.5. In

It is worth emphasizing that, although(q) shows the this case a detailed balance requil&é=100WP. Physi-
expectedg? behavior, the parabolic form is not valid over cally, WA must be larger thaW® to maintain equilibrium by
the entire Brillouin zone. Instead, it is a reasonable approxicompensating for the higher probability of an atom to desorb
mation only up to some characteristic wave veajr As  rather than to adsorb when repulsive interactions are present.
seen in Figs. @) and 2b), Q(q) deviates from the expected The shape of) versusq in Fig. 3(b) looks similar to the
parabolicq dependence foq. above/5a. curve shown in Fig. @®). However, the wave vectoq,,

The similar values ofy, observed for the two tempera- where deviations from a paraboli¢ dependence begin, is
tures(T/T,= and 0.766 are a result of the approximation found to shift to a smaller valueqg.~ /6.
we have used fofpp;). A more accurate expression would ~ We have intentionally chosen the desorption rate to be
include correlations beyond nearest neighbors that decayeelatively low in Fig. 3b) because higher desorption rates
as a function of|l—j| on a length scale given by a will cause a more dramatic change in the slopé€gf)) near
temperature-dependent correlation lendg{T,). The correla- q=0. In fact, for a sufficiently large adsorption-desorption
tion length would reflect changes in the system configuratiorierm we expect the curvature 6f(q) to become negative at
(e.g., the formation of ordered structures ®iT.<1). We  q=0, d2Q/dg?<0 [as is the case in Fig.(h)]. Under these
expect that a more accurate representatiofipa;) would  conditions, the paraboliq dependence of}(q) completely
produce a smaller value a@f. at lower temperatures. breaks down resulting if)(q) having a minimum away

We would like to briefly side track from the main discus- from zero. In most systems the desorption energy is usually
sion and emphasise that the parameteis relevant in the larger than the diffusion enerdymplying Wy>WP), so it is

C. Mixed diffusion and adsorption-desorption
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FIG. 3. Theq dependence df) for ® =0.5 for mixed diffusion
and adsorption-desorption. The wave vector is in dhedirection
(dy=0). (a No interactions withWP/Wy=1 and WA/WP=1.
The dashed curve is the hydrodynamic limit with.=D,. (b)
Strong interaction withV°/W,=0.03 andw*/WP=100. The hy-
drodynamic limit(dashed curvegives a curvatur® .=4D,. Note

the shift ofg. to a lower value when interactions are increased.

unlikely that a negative curvature (q) atq=0 could be

observable, especially at low temperatures. If this situation is
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dividual contribution from diffusion and adsorption-
desorption could be disentangled. Presumably such addi-
tional information would be determined from a different
experiment.

V. SUMMARY

We have studied the dependence of the dynamic structure
factor (S(qg,t)) on the wave vectoq for different micro-
scopic processes present in an adsorbed surface(ifém
either diffusion or adsorption-desorption, or bptNo matter
what the dynamic process is, the structure factor and its au-
tocorrelation function decay as a simple exponential with
decay constant(q) =1/Q2(q) when memory effects are ig-
nored. Theg dependence of is found to be characteristic of
the dynamics. For the case of pure diffusion, we observe the
characteristic long-wavelength hydrodynamic limit forr
~1/D.q%. When diffusion is replaced by an adsorption-
desorption process, strong deviations from the paralmlic
dependence are observed as expe@sgecially at high tem-
peratures

These results are relevant for the interpretation of equilib-
rium diffraction intensity fluctuation measurement using HR-
LEED. The results of this paper show how information on
diffusion rates, adsorption-desorption rates, and adsorbate-
adsorbate interaction energies can be extracted from com-
mensurate adsorbate systems on single-crystal surfaces. The
results also demonstrate that limiting the range tf values
near the zone boundary causes serious errors in extracting
the collective diffusion coefficient.

All of the results presented here have assumed that
memory effects are absent and that the quasichemical ap-
proximation gives a fair representation of the pair correlation
function. The latter approximation is particularly poor when
T<T, and leads to a pair correlation function that is weakly
dependent on temperature. Future work will use improved
temperature- and spatial-dependent pair-correlation functions
to calculateQ(q). These calculations will provide a better
picture of howS(q,t) depends on different microscopic pro-
cesses.
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