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Observations of Surface Temporal Fluctuations by Low Energy Electron Diffraction
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We present evidence for equilibrium temporal fluctuations in a high resolution low energy electron
diffraction (LEED) experiment. These fluctuations are the reciprocal space analog of current
fluctuations in field emission microscopy and therefore can be used to extract surface kinetic
information. We show that even when the electron beam illuminates an area larger than its correlation
length, time correlated data can be extracted from LEED. To demonstrate this, we present time
dependent data from a W(430) surface, which reflects thermal step fluctuations. Our results illustrate
the potential of LEED as a real time, ultrafast probe. [S0031-9007(98)07297-4]

PACS numbers: 68.10.Jy, 61.14.Dc, 61.14.Hg, 68.35.Fx

Real time surface kinetic information is crucial to the The electron energy was kept fixed at 150 eV correspond-
understanding of many important surface phenomena iring to a wavelength of.00 A. The LEED transfer width
cluding diffusion, growth, 2D phase transitions, and manywas~1300 A at the experimental geometry used in these
others [1]. Real space probes, in particular field emissioexperiments. Reciprocal space coordinates are given in
microscopy (FEM) and scanning tunneling microscopyterms of the conventional cubic unit cell with sides =
have been used to obtain diffusion information [2,3]. In27/a = 1.988 A~!. The components of the momentum
these experiments time correlations in the emitted curreritansfer,g; andq, , are measured parallel and perpendicu-
from the tip can be related to the movement of atoms intdar to the (110) plane, respectively. Cleaning procedures
and out of a small probe area on the surface. These tecfoer the tungsten surfaces have been described elsewhere
nigues require the use of high electric fields and thereforg8]. The stepped W(430) surface has a staircase structure
the role of electrostatic forces on surface kinetics becomesonsisting of (110) terraces of width= ma; = 15.64 A
an important issue to be evaluated [4]. If an analogougm = 7 anda; = a/+/2 = 2.23 A).
technique could be developed in reciprocal space, kinetic Data were accumulated with a digital counter that can
information could be gained for a large variety of sys-acquire and store data with a gate time as lows usec
tems near equilibrium conditions. For convenient labo-without any interrupt (“dead time”) for storing the signal
ratory use, low energy electron diffraction (LEED) is the on the computer. For the experiments presented below the
experiment of choice. But because the electron beam dactual gate time was 16.67 msec. Time series data were
ameter is much larger than the finite correlation ler{dth  taken over 2000 to 10 000 gate periods.
ofa LE6ED beam, it is not clear whether the incohzerent sum The measured autocorrelation funct@(r) is defined as
over 10° domains (where the area of a domain{<) in a _

LEED experiment would average out any time correlations G(r) = (81(q, 1d1(g, 1 + ;. @)
in the collected signal [5]. This has been one motivatiorHere 61(q,t) = {I(q)); — I(q,t), where I(q,t) is the
to develop coherent x-ray sources by using small aperturediffraction current (number of pulses in a gate period
to produce beams small enough to encompass a few doecorded by the electron multiplier) and the average in
mains [6]. Eqg. (1) is over time. In an actual experimentr) is inte-

In this Letter, we show that beam diameter is not thegrated at fixed wave vectaer over a finiteAg defined by
limiting parameter in a temporal LEED measurement. In-the instrument resolutiofdg ~ 0.005 A~'). For now we
stead, it is the probe current density that increases the trigssume tha g is sufficiently small so that we can ignore
kinetics signal relative to statistical noise. Since currenthe integral. However, because of the strapglepen-
densities in LEED are very large~10%° electrongm?),  dence ofG(r), discussed below, thgintegration bears on
temporal measurements should be possible. To demotthe accuracy of determining (7). In a typical diffraction
strate that we have measured the temporal fluctuation frommeasurement the electron beam has a finite correlation
a W(430) surface that contains a high density of atomidength = 27 /Aq. Since the beam diametér is much
steps using higlg-resolution LEED. The motion of a step larger than/, the collected current is an incoherent sum
is clearly visible in the time autocorrelation function of overM domain, wheré/ =~ (D//)?>. The beam diameter
the diffracted beam. Both temperature and wave vectoat the sample was measured to f& um at FWHM.
changes distinguish these correlated fluctuations as beirkhe beam diameter thus enclose$0®> domains.
due to steps. G(7) can be written in terms of the average auto-

All the data presented here were taken with a highcorrelation function from a single domairG,(r) =
g-resolution LEED diffractometer described elsewhere [7]4(61, ;(t)61,:(t + 7)););. If the electron beam exposes
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M incoherent domains, each domain will add as arwherel, ;(¢) is the diffraction intensity from théth inco-

incoherent sum to the total collected current as herent domain andf,,) is the average signal from each do-
u main (i.e.(I) = M(I,)). &(t)is anoise source presumed
SI(t) = D (I,)) — [1,:(t) + &(1)]. 2 to be purely statistical so that its autocorrelation function
,~=Zl i P @) is (&(t)é;(t + 7)) =(1,)8;,=;6(r =0). From Egs. (1)

| and (2) the measured autocorrelation function is then

G(7)
I

The last term can be dropped if there are no correlatibnaoise with no time correlations as expected at this diffrac-
between the scattering from different domains. The im+tion condition. Since the in-phasg(r) shows no time
portant conclusion of Eq. (3) is that the correlations carstructure, these data verify that nonrandom noise sources
be measured as long as the second term is of order unitin the experiment are essentially zero for times greater than
SinceM is proportional toD? (area of the beam)z,(7)  the gate period. At the out-of-phase diffraction condition
can be measured regardless of the beam size for sufficienttile measured correlation function in Fig. 1 shows a strong
large current density/)/D?. It is important only that the time dependence that decays with a characteristic time
current density and thud) be sufficiently large for the constant.
temporal diffraction signal to be measured. Figure 2 showsG(7) for the out-of-phase condition at
To demonstrate tha®,(7) can be measured, we have two different sample temperatures. No decay is observed
conducted a series of temporal diffraction experimentat 300 K and the value ofi(r = 0)/{I) is again nearly
on W(430). On this stepped surface entropy favors thé..0 as expected for purely statistical noise. But when the
meandering of a step edge at elevated temperatures [3ample temperature is increased to 986 & = 0)/(I) =
If we think of a step edge as a string, its shape (or.35 and the out-of-phase autocorrelation function in Fig. 2
“amplitude”) fluctuates in time based on how atoms diffuseagain shows a characteristic decay. The observed wave
between sites on a step. The characteristic time for theseector dependence ofi(r) along with its temperature
fluctuations is based on interactions between adjacent stedependence clearly indicates that the source of the time
as well as a number of possible rate limiting processedluctuations is from correlated motion of steps. These
attachment/detachment of atoms from the step edgesgsults conclusively demonstrate that temporal fluctuations
thermal diffusion of atoms across the terraces, or periphergan be observed with LEED.
diffusion of atoms along the step edges [10]. Ina LEED We have also explored the temperature dependence of
experiment the measured intensity is due to the relativé&;(r = 0). The data for both in- and out-of-pha&dr =
phase differences of an electron wave scattering frond) are summarized in Fig. 3. More precisely, Fig. 3 is
adjacent steps. As the step positions fluctuate in time, the
relative phases between adjacent steps also fluctuate giving

— st =0+ L0, 081,00+ Dy + (M = DL 08, + ). (@)
M T,

rise to temporal fluctuations in the diffraction intensities. 14— | :

Time series data for the diffraction intensity from the [
W(430) surface were taken as a function of temperature 12 L @2‘1 b
and wave vector. The wave vector selection is critical r
since the sensitivity to step fluctuations can be tuned by Lok b
the proper choice of; andg, . At an in-phase condition, At P
e.g.,q. = a*(3,3,0), adjacent steps scatter constructively ¥ i ]
and the diffraction intensity is insensitive to step fluctua- é 08 ¢ B
tions [11]. At this wave vectorG(r) should represent 2 [ Mha=025250 ]
only statistical noise [i.e.G(7) = {(I)6(7 = 0)]. When E 0.6 1 ]
g1 is tuned to an out-of-phase condition, e.g., = 2 i
a*(2.5,2.5,0), adjacent terraces interfere destructively 04 ]
and the effects of step fluctuations on the diffracted [
intensity are at a maximum. At the out-of-phase con- 02 s
dition the diffraction has a maximum intensity ifj = - 9=G30
a*(1/2m,1/2m,0), wherem = 7 for the W(430) surface. 0.0 — , o A
We have selected this value g@f to collect the time series 0 2 4 6
data and measui@(r). 7 (sec)

Figure 1 shows raw data f@¥(7)/{I) for both in-phase _ _ _
and out-of-phase wave vectors®t= 711 K. Note that FIG. 1. The autocorrelation fun_ctloﬁ}(r)/<1> vs time for
o _ ) both in-phase;; = (3,3,0) (heavy line) and out-of-phasg =
G(r = 0)/{I) = 1.0 for the in-phasg, as expected from ;5’5 57 (jight line) wave vectors af = 711 K. Ther = 0
Eq. (3). ltis clear from the data that the in-phaser) is  value of G(r)/(I) is marked with an ©” (in-phase) and F1”
essentially ad(r = 0) function consistent with random (out-of-phase) to show the delta function (statistical noise) term.
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FIG. 2. The autocorrelation functio@(7)/{I) vs time for the

out-of-phase wave vector at 300 K (heavy line) and 989 K

(light line). At 300 K G(r) is purely statistical noise with
G(0)/{I) being~1.0 (marked with an ©”). The 7 = 0 value
for the 989 K data ot5(0)/{I) = 2.35 (marked with a 1" and
is off scale).

a plot of[G(7 = 0)/{I) — 1]/{I), which from Eq. (3) is
equal toG,(r = 0)/M(I,)* = (8I;)/M(I,)*, the mean

that there is no temperature dependenceGofr = 0)
within the uncertainty of the experiment. Above 500 K
the out-of-phas& ,( = 0) rises out of the noise region.
As we show below, the temporal fluctuations increase with
temperature because the mean squared step fluctuation is a
strong increasing function of temperature.

As mentioned, the time decay of the measured auto-
correlation function can give specific information about
the kinetics of step motion. Previous work based on a
Langevin analysis of reflection electron microscopy im-
ages was used to determine the mechanisms for step fluc-
tuations on Si(111) [10]. In principle a similar analysis of
LEED intensity fluctuations is also possible that would re-
late the physical parameters responsible for the fluctuations
to specific properties of the autocorrelation function [i.e.,
time constant and functional form of the decay®fr)].

At this point further theoretical development is neces-
sary before this type of analysis can be carried out. We
can, however, rationalize that the observed time constant
of ~1sec measured fror(7)/{I) at 989 K in Fig. 2 is
not unreasonable. FEM fluctuation experiments on vici-
nal W(320) have measured a self-diffusion coefficient of
D, = 10710 cm?/sec [12]. This suggests that a typical
time for an atomic event (i.e., attachment/detachment from
a step) ist, ~ (a®)/D; ~ 1077 sec. The large fluctua-
tions in a step edge are built up from the collective mo-
tion of individual atomic events. Since fluctuations in the
diffracted intensity can be measured with wavelengths up

squared intensity fluctuation due to a single domain dividedo the coherence length of the instruméfit= 1300 A),

by the number of domains. The two dashed lines in Fig. 3he time constant for collective motion of the steprjs~
represent the upper and lower statistical sample error if the,({/a)*> ~ 1 sec as observed. In addition step fluctua-
signal was purely due to random noise. Nearly all of the intions on Si(111) have been measured at a temperature of
phase data (open circles) fall within these limits indicatingl173 K and are also on the order of seconds [10]. Assum-
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FIG. 3. The normalized autocorrelation functi@r),(0) as a
function of temperature for in-phag®) and out-of-phase®)

ing that an attachment/detachment mechanism is the rate
limiting process on W(430) as it is for Si(111), our ob-
served time constant of 1 sec is not unreasonable since
the diffusion activation energy for W vicinal surfaces is
slightly lower (E = 0.9 eV) [11] than the one for stepped
Si(111)(E = 1.0 eV) [10].

While the time dependence 6f(7) cannot yet be related
to atomic processes, the magnitude of the fluctuation [i.e.,
G(0)] can be derived from static equilibrium properties of
the steps, specifically the mean squared displacement of
a step. To show that the experimental results are indeed
reasonable we have estimat@d)/(I,)* at 7 = 0 using
a simple model for the diffraction from a stepped surface.
Assume for simplicity that each step moves independently
of the others (i.e., no step-step interactions). kdie the
number of atom rows in a terrace:[= 7 for the W(430)
surface] and\( y) be the position of the step away from the
T = 0 K position at a poiny along the step. LeW, be
the number of steps in the bedm10*) and let the spacing
between rows in a terrace and the step height be denoted by
a, andb, respectively. Then if the momentum vector at
an out-of-phase conditionig, = 7 /b andq) = 7/ma,

wave vectors. Dashed lines are statistical limits placed byndwe assume that(y) is independent of, the diffracted

acquisition sampling time and count rate.

amplitude is
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iNyeim/2m N1 An immediate application of this method is the measure-
Aplg.1) = Sir(zr/2m) ]ZO cogA(t)m/m] ment of surface diffusion coefficient®,) in interacting

+isimA 4 systems at equilibrium. Adsorbate diffusion causes den-
. _ . i sirf J(t)”/m]_' 4) sity fluctuations in the adsorbate layer, leading to inten-
Since the total amplitude is a vector sum ovérinde-  sjty fluctuations in the adsorbate superlattice spots. The
pendent vectors in the complex plane, Eq. (4) representgtocorrelation function of the superlattice spot intensity
a random 2D walker witht and y displacement vari- can then be related tb,. Since the density fluctuations
ables given by cdd;m/m) and sifA;m/m), respec- gare both generated and measured spontaneously in equi-
tively. The intenSity fluctuations then can be written in |ibrium, linear hydrodynamic theories can be used to com-
terms of(¥) ando; = (¥%) — (¥)* [13]. As an estimate, pyte the diffusion coefficient and compared directly with
we assume thak; obeys Gaussian statistics with a meanthe fluctuation results. This is in contrast to diffusion mea-
squared deviation of§A?). Assuming that(dA%) < surementtechniques that use sharp density profiles where it
(7 /m)* gives remains an open question on how to relate measurements
Gp(0)  27%(5A%)? 5) to equilibrium calculations when severe nonlinear effects
N : are present [16].

M(I,)? N,ym*
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