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Distinguishing step relaxation mechanisms via pair correlation functions
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Theoretical predictions of coupled step motion are tested by direct STM measurement of the fluctuations of
near-neighbor pairs of steps on(Bll)—\f§><\f§R30° Al at 970 K. The average magnitude of the pair-
correlation function is within one standard deviation of zero, consistent with uncorrelated near-neighbor step
fluctuations. The time dependence of the pair-correlation function shows no statistically significant agreement
with the predicted?’? growth of pair correlations via rate-limiting atomic diffusion between adjacent steps. The
physical considerations governing uncorrelated step fluctuations occurring via random attachment/detachment
events at the step edge are discussed.
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Structural and compositional fluctuations will play an in- to remain the same for evaporation-condensation and for step
creasingly important role in thermal stability, device perfor-edge diffusiont>~1* However, when terrace diffusion is rate-
mance, and fabrication processes as material structurdisniting, two different regimes of correlation-function scal-
shrink to the nanoscale, and surface-to-volume ratio$ng can occur. For step fluctuations that are much smaller in
increasé—2 On solid crystalline surfaces and interfaces,wavelength(and thus amplitudethan the spacing between
crystalline-layer boundaries (step3 undergo thermal steps.z=3 behavior is still predicted. For longer wavelength
fluctuations?® which can couple into charge -carrier fluctuations, a crossover t@=2 scaling occurs. This
scatterin§ and structural evolutioh.The ability to observe diffusion-from-step-to-stefDSS mechanisrfithus yields an
step fluctuations in real time using scanned probe and ele@&lternative explanation for the observation of an expomrzent
tron microscopies provides the opportunity to quantify this=2. Figure 1 shows schematically the two surface processes
stochastic behavior and to understand the underlying mech¢ading toz=2 overlaid on a 3D rendering of a real pair of
nisms. monatomic steps. In both 2D-EC and DSS, step relaxation

For more than a decade it has been recognized that theccurs by the exchange of mass with a reservoir. For EC, the
statistical properties of step fluctuations are determined byeservoir is provided by the equilibrium concentration of the
the rate-limiting transport mechanism underlying theirmobile species on the terraces between the steps. In this case,
relaxation®® When the stochastic time evolution of step edgeterrace diffusion must occur so rapidly that any fluctuations
positionx(t) can be accessed, it is possible to determine thén concentration due to step motion are healed by diffusion

temporal correlation functidr? much faster than the time scale of attachment and detach-
X ment events at the steps themselves. In contrast, the reservoir
G(t) = ([X(Yo.t +to) = X(Yo,t0) ]9, (1) for the DSS case is provided by the neighboring steps, which

act as perfect sinks and sources of mobile adspecies. Micro-

which quantifies the mean-squared displacenieat, fluc- scopically, this involves rate-limiting transit over the ter-

tuation of the step as a function of time. When the underly-
ing microscopic processes governing the relaxation have dis-
tinct energies, the temporal correlation function is expected
to grow with a fractional power of time

G(t) = ct*? (2

with an exponent that depends only on the rate-determining
transport mechanism and a prefactor that depends on the en-
ergetic and kinetic parameters of the underlying microscopic .
processes.

Power-law behavior has been observed experimentally for
steps on met&f® and semiconductor surfacésn virtually
all cases yielding exponents »£2 or z=4. For an isolated
step, analytical results fdB(t) exist for three important lim-
iting cases of surface transport processe3hese are 2D
evaporation-condensatiofeC) with z=2, step-edge diffu-
sion (SED) with z=4, and terrace diffusioTD) with z=3. FIG. 1. Schematic illustration of the two surface processes,
In addition, if one considers steps that are not isolated, e.gevaporation condensation at an isolated step and diffusion across
steps on a vicinal surface with an average step-step spacinige terraces between steps, leadings scaling of the temporal
L,'* the power laws of the correlation functions are predicteccorrelation function.
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races, and a relative attachment/detachment rate so fast thatrilependent ol.2 This is, at the least, a time-consuming
is essentially instantaneous. Before moving on, we must notexperiment and, depending on the specific system, may be
that mass transport in any real system rarely involves justinattractive for a host of other technical reasons. An alterna-
one of the ideal processes, and instead always representgiee is to evaluate the nature of the correlations of fluctua-
balance of all threé?*3 In this more complete picture, the tions between adjacent steps. To accomplish this, another
wavelength of fluctuations serves as an important parametaimple statistical analysis has been proposed by Blagojevi
in determining which underlying mechanism dominates theand Duxbury(BD) to test the physical mechanism governing
measured correlation function. step fluctuationg® Their analysis employs theoretical predic-
Scaling of the correlation function with=2 (or equiva- tions for the time dependence of the pair correlation function
lently, scaling of Fourier mode decay time with the square offor neighboring steps on a vicinal surface. This function,
wave numbei10.12-14.16.5Y has been observed in experiment defined by
for Si(111) (Refs. 8 and 1pat elevated temperatures, for _
Si(001) in two distinct temperature regimé%l’ for the cor- Ca) = XnlYo, U+ o)Xnsa(yo, o)), (5)
rugated metal surfaces ALLO) (Ref. 1§ and Mq011) (Ref. s also referred to as the cross correlation function because it
10) at elevated temperature and(PL0) (Ref. 19 at room  measures the statistical interdependence of two stochastic
temperature, and for @i11) with a y3x V3R30° overlayer processes. If steps on a vicinal surface are approximately
of Al at elevated temperaturé-2?|t is rather surprising that isolated, fluctuations of a given step should be nearly inde-
the z=3 signature of terrace diffusion for isolated sté€ps  pendent of the fluctuations of its neighbors in the array.
short wavelength fluctuatiopsas scarcely ever been seen. It When each step position in E) is referenced to its center
is possible that in some cases this is due to a DSS mechaf massi.e., (x,(y,t))=0], C,(t) should vanish for any iso-
nism, which requires long-wavelength fluctuations, and inated step mechanistti.e., EC, TD, or SED. Additionally,
others to an attachment/detachment pro¢2BsEC), which  BD show the time dependence that should be observed when
can be present independent of wavelength. In this work wetep fluctuations are correlated. For neighboring step fluctua-
demonstrate the application of a second method of analysifons limited by DSSC;(t) takes the forrt®
of step fluctuations, the step-step pair correlation function, to

distinguish the two physical mechanisms that can yield _ [16DckgTO?t 1
—5 : : Ci)=+/— =~ ==Coss (6)
=2 in the temporal correlation function. 9mBL 6

Consider first the temporal correlation functit): if
the steps in an array are far apart relative to the length-scalén contrast to our conventional definition & in Eq. (1),
of step fluctuations, then the isolated step interpretation of 8D include a prefactor of 1/2 on the right-hand side. Hence,
rate-limiting 2D-EC for z=2 is valid even when 2D- the factor of 1/6 in Eq(6) is 1/3 in their notatior]. This
evaporation/condensation and terrace diffusion occur simulequation is particularly important because it provides both

taneously. The form o6(t) is then given b§>1213 the form and the magnitude of the correlations that would
> arise due to DSS. To conclude that DSS is the limiting un-
Geu(t) = AkgT anapt 3) derlying process, it is necessary to verify that measured func-

EC 7B, : tions satisfy Eq(6).

As an example of a situation when non-vanishing cross
where 7, is the average time between EC events at the steporrelations can differ from Eq6), we note that whiles(t)

edge,$ is the step stiffness, ara, anda, are the projected Mustipso factovanish att=0, Cy(t) need not. BD's assump-
surface lattice parameters normal and parallel to the stepion of independently fluctuating steps becomes untenable
respectively. If the steps are closely spaced relative to thehen the fluctuation amplitudend thus the wavelength of
wavelength of step fluctuations, diffusion across the terraceie measured fluctuationbecomes comparable 1o, then
between two neighboring steps, with fast evaporationin-phase fluctuations must dominate, leadingQgt)=0.
condensation process@slative to the terrace diffusion rate Likewise, there should be in-phase fluctuations when there
at the step edges themselves results in similar power-lawre strong repulsions between stg¢pgy., elastic repulsions

scaling withz=223%-%In this DSS caseG(t) become%’ and very small step spacing#&n upper bound on this effect
can be gleaned from the examination in Ref. 13 of the vari-
Gpedl) = 16Dcks Tt (4 ance of the terrace width distribution in the limit of asymp-
DS WSEL ' totically large repulsion, where the tendency to in-phase fluc-

tuations should be strongest. If the steps fluctuate

wherelL is the step separation and the kinetic parameter aphdependently, then this variance should be twice that de-
pearing in the expression is the combination of the surfacéuced in a mean-field, single-active-step mddekhile the
diffusion coefficientD and the equilibrium surface adspecies calculated value of-1.8 (rather than pindicates a modest
concentratiorc, and Q) =a,ay, reduction due to in-phase step fluctuations. It is unclear pre-

To distinguish 2D-EC from DSS when the correlation cisely howCy(t) evolves at small times when it is initially
function is observed to scale &%, one could undertake a finite, but this issue is beyond the scope of this paper, which
systematic study of surfaces with different average step sep#reats data for whiclC,(t) manifestly vanishes initially.
rations L. DSS-limited fluctuations would show a weakly  We have evalua_ted pair correlations on a surface consist-
L-dependenG(t) while 2D-EC limited fluctuations would be ing of a uniform V3 y3R30° overlayer of Al on Sil11)
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FIG. 2. STM “pseudoimage” obtained at 970 K by scanning the &=~
tip repeatedly over a fixed position on the step etlge The hori- <
zontal direction in the image is thedirection and the vertical axis :
corresponds to the total duration of the scan. Thus, the dimension. 3=
of the image aré100 nmx 23 9. 33
with an average step separation of 45 #hExperimental
details can be found in Ref. 20. In that work, the temporal 100 1
correlation function yielded an exponentzf2, and a num-
ber of argumen#8-??were made to establish the consistency 180 L . . .
of the EC mechanism. Here we have extended that analysi 0 ! 2 3
by computingC,(t) for STM images that have two neighbor- (b) time (s)

ing monatomic steps in the field of view. An example of one
such image is shown in Fig. 2. As reported previously, this g1, 3. (@) The usual temporal correlation function averaged
type of pseudoimage is obtained by scanning the STM tiRyer four images similar to the one shown in Fig. 2 at 970 K. The
repeatedly over a fixed point on the step edf® times  computed curves are only shown for early times when power law
usually ranging from 20 to 100 so that the digitized step scaling is expectedb) The pair correlation function averaged over
position results in a time series that lends itself to statisticathe same four images used to measure the curya)iand plotted
analysis}520 over the identical time span. Note the change in vertical scale be-
In this method of time-dependent imaging, two adjacentween(a) and (b). Error bars are the standard error from the four
steps are sampled at slightly different times. For exampleseparate measurements.
the step on the right in Fig. 2 only came into view after the
step on the left. Thus, the times used in the computation oBD is straightforward. However, for the full 23-s measure-
pair correlations have a small offset. For the image in Fig. 2ment time, the pair correlation function continues to fluctuate
the scan rate was 4900 nm/s, and the steps were separatg@und zero.
by ~55 nm. Thus, the time difference between sampling ad- There is no obvious functional form to the time depen-
jacent steps was onky 11 ms, which is a factor of 4 smaller dence of the measured pair correlation function. The statisti-
than the temporal resolution along the vertical axis of thecal error in the curve in Fig.(8) is consistent with vanishing
pseudoimaggi.e., the temporal resolution with whidB(t)  pair correlations. For a curve that is identically zero, accord-
can be measurgdAs long as the offset is constant for all ing to the predictions of Ref. 23, there are no correlated step
images(e.g., the variability in step spacing is much smallerdynamics, and the steps can be considered as effectively iso-
than the net step spacinghis does not create a problem for lated in their fluctuations.
the analysis. Direct comparison with Eq(6) further establishes the
The results foiG(t) andC,(t) are shown in Figs.(®) and  dominant isolated step behavior for this surface. Figure 4
3(b), respectively, for four images obtained at a temperaturshows 1/6 of the measured correlation function from Fig.
of 970 K [note the expanded scale in Figbg. The curves 3(a) on the same axes as the corresponding measured pair
in Fig. 3 were obtained by averaging curves from four STMcorrelation function from Fig. ®). The experiment does not
images, each with two adjacent steps. The total imaging timenatch the DSS prediction théx(t) =(1/6)G(t), although for
in each case was 23 seconds, but the curves are only plottéithes less than about 1.0 s the large statistical scatter in the
for the first few seconds whe((t) shows unmistakable individual points in Fig. 8) does intersect the 1/6 curve
power-law growth and comparison with the predictions ofin Fig. 4. This large scatter in the cross correlation function is
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sents a more controlled experimental procedure for evaluat-
60 = ing the DSS mechanism than testing the step separation
dependence of Eq4) using different samples prepared with
4or ] different step densities. In this way, from an experiment on a
single vicinal surface, it is possible to extract enough infor-
mation to distinguish between the DSS and 2D-EC mecha-
nisms of step relaxation.

The evidence presented here strongly supports the inter-
pretation of EC-limited step fluctuations on the13il) sur-
face with a\3x \3R30° overlayer of Al. Interpreting fluc-
tuation kinetics in this way has met with some criticism in
the literature based on simple models for the activated pro-
cess of step attachmelii

Specifically, using a rigid-lattice substrate, modeling at-

time (s) tachment with a one-dimensional activation barrier, and re-
quiring the same pre-exponential factor as for terrace

FIG. 4. Comparison of the average of the pair correlation func-diffusion'* leads to a smaller activation barrier for EC com-
tions (open circley with the theoretical prediction of 1/6 of the pared with the activation barrier for terrace diffusion. How-
value of the temporal correlation functidd(t) (closed circlesto  ever, such simple models do not account for cooperative re-
test the prediction for DSS from Ref. 17. The thick solid curves al’ebonding at the step edﬁgs during the attachment process
the best fits to a two-parameter power law of the form shown in Eqgnd its possible consequences for step edge kinétiEsey
(2) of the text. The pair correlation function is not well-fit by a 5150 do not account for the changes in the preexponential

power law. Furthermore the prediction that the two quantities in thisfactor that will arise when transport is influenced by step
plot should be equal for DSS-limited step kinetics is clearly notyiprational mode¥ or complicated exchange

2?ttirs]2efg(lli5nrg;r bars are the same as in Fig. 3 but omitted for Claritymechanismég'zgln the case of the@x \£’§R300 overlayer of
) Al on Si(111), both rebonding and complicated transition
simply the result of the fact that, for any given observation States are expected. The simple reasons generally given for

the steps are equally likely to be moving either in phase of€J€cting step attachmexi2D-EC) as rate-limiting can rea-
; u%qnably be se_t aside for this system in the face of the strong
quantitative comparison, the experimental curves were eactHPPOItiNg evidence presented here and elsewfi¢nam a
fit to a two-parameter power law and the results plotted a&'0re general perspective, the analysis implemented here
solid lines in Fig. 4. The fit results werél/6)G(t) (orlglnally_de%/eloped n Eef' 23may herl1p to clalgl_fy mass
(334 Dt04120.03 30d G ()= (-36+ 6009010 The pa. transport in the many other systems where ambiguity exists
( ) 1O=( ) P regarding the role of DSS or 2D-EC processes. We expect

rameters foiG(t) are in agreement with the results of Ref. 20 ) .
. . . tgat in such further analyses the issues of crossover between
(not surprising, since the data presented here were include

in that work while the parameters fd€,(t) are statistically competing atomistic processes and the range .Of flpctuatlon
: . . imate2 i wavelengths sample@e., effective system size, in this case
inconsistent with Eq((_S). Thus, the approximate™ scaling g5 nm will be crucial to a correct interpretation of the
of G(t) cannot be attributed to DSS kinetics. observationg®

In Isu_mm?ry, we h?ve extracted Etpel n?greiggggrtﬁr PaIr The analysis presented here provides a useful tool for ad-
correlation unct!or) or stejps- on S )',V XN ) dressing continuum step issues. To go beyond this phenom-
and found that it is not significantly different from zero. onqjogical understanding, atomistic models of the kinetic

Thus, the stochastic evolution of neighboring steps is nearly ocesses of step attachment for complicated surface recon-
statistically independent, eliminating DSS as a relaxation structions would be of great value.

mode and providing strong positive evidence for
evaporation-condensation at the step edges as the rate- This work was supported by UMD-NSF-MRSEC under
limiting relaxation mode governing fluctuations. This repre-Grant No. DMR-00-80008.
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