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Real-Time Microscopy of Two-Dimensional Critical Fluctuations:
Disordering of the Si(113)-8 x 1) Reconstruction

R.M. Tromp! W. Theis!* and N. C. Barteft
'IBM Research Division, T.J. Watson Research Center, P.O. Box 218, Yorktown Heights, New York 10598
2sandia National Laboratories, Livermore, California 94551
(Received 18 April 1996

Using low-energy electron microscopy, we have studied the critical fluctuations associated with the
disordering of thg3 X 1) reconstruction on Si(113). We not only observe and quantify the increased
spatial correlations nedf,, but also the associated slowing down of the relaxation of long wavelength
critical fluctuations. The dependence of the slowing down on correlation length is consistent with
theories for phase transitions with nonconserved order parameters. In addition, we show that steps limit
the size of the correlation length, as is often conjectured. [S0031-9007(96)01062-9]

PACS numbers: 68.35.Rh, 61.14.Hg, 64.70.Rh, 68.35.Bs

Large scale fluctuations at critical points are a striking Our results are in all respects consistent with previous
manifestation of atomic level thermal fluctuations. Sincex-ray and low energy electron diffraction (LEED) studies
the first observations of critical opalescence in light scateof this phase transition. But while previous visualizations
tering from CQ in 1869 by Andrews, scattering exper- of critical fluctuations have largely depended on numerical
iments (by light, x rays, neutrons, and electrons) havesimulations, in this work the transition is directly observed
been the most widely used method for studying criticalin real space and real time. The video record provides an
fluctuations [1]. In most cases, scattering experiments desverwhelmingly large, but rapidly acquired database which
termine time averages of spatial fluctuations. For examean be used for subsequent quantitative analysis.
ple, the magnitude and correlation length of fluctuations Extensive diffraction measurements [4—-6] of the three-
in the degree of order at an order-disorder transition cafold degenerate(3 X 1) reconstruction [7] on Si(113)
be studied by measuring the amplitude and width of a difhave shown that it disorders continuously in a second or-
fracted x-ray beam associated with that order. Althoughder transition at about 70C€. One reason this transition
the dynamics of critical fluctuations in fluid and magneticis of interest is that it is a possible realization of the chiral
systems have been extensively studied with scattering teclthree-state Potts model [8,9]. Although characteristics of
niques, it is far more difficult to study the dynamics of chiral behavior have been observed in the transition, the
solid-state structural transitions, despite their importancemeasured critical exponengs y, andy are close to those
Recently, important progress was made using x-ray intensf the standard three-state Potts model. The estimates of
sity fluctuation spectroscopy [2], where scattering of coherthe critical heat exponernk perhaps tend to be greater
ent x rays gives rise to temporal fluctuations in the specki¢han the Potts value df/3, ranging from 0.25 to 0.8 [4,5].
pattern neafl.. However, this promising method is stillin These relatively large values of aid the observation of
its infancy, and the experiments are very demanding evethe transition with microscopy. An important feature re-
with the brightest x-ray sources presently available. vealed by the diffraction experiments (and also observed

In this paper we present a time-and-space resolveth our experiment) is that correlations in the disordered
study of the disordering of the Si(118)-X 1) sur- phase are highly anisotropic. At 0.1% Bf, correlations
face reconstruction at 698, using low energy electron in the[110] direction are a factor of 10 smaller than in the
microscopy (LEEM). In short, this second order, two- transversg332] direction [6].
dimensional phase transition is imaged in real space (spa- In our experiments, the Si(113) surface was cleaned
tial resolution~40 nm) and in real time (time resolution by heating to 1250C for a few seconds. The surface
~30 ms), and recorded live on videotape. Since the orwas then observed using LEEM [10] in mirror mode
dered and disordered phases give different contrast, thi@e., under imaging conditions in which the electrons are
image becomes noisy due to critical fluctuations. Near reflected just in front of the sample), as it was cooled
the size of the fluctuations exceeds the microscope resoland heated through the phase transition. Concurrently,
tion, and at the same time, the fluctuations undergo criticdlEED was used to monitor the degree (8f X 1) order.
slowing down. From these observations we can directhAs has been previously reported [4-6], we found that
relate the spatial coherence lengthof the fluctuations varied from run to run by about 2@, although during
to the decay timer,; of long wavelength fluctuations, each run the transition was reversible. At approximately
and determine the dynamical critical exponefit,3]. In  1°C increments near the transition, LEEM sequences
addition, the intensity of the fluctuations shows a strondasting about a minute were recorded onto video tape.
increase neaf,, related to the divergence of the specific T was typically stable to better than 06 during these
heat, allowing an estimate of the critical exponenitl]. sequences. At highil, (113) oriented terraces have a
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uniform bright intensity. At lowT the terraces are darker, to decrease. Observation of the LEED pattern at €90
presumably due to a difference in work function betweershows that the surface has long-raii@ex 1) order [11].
the ordered and disordered phases. At intermediate  To understand the factors which govern these intensity
the fluctuations characteristic of a second order transitiofluctuations, we suppose that the surface potential (and
appear in an extremely distinctive way, as we now discusthus image contrast) of each region of the surface is
in detail. determined by an average of tleeal environment of the

As one cools from highT, the transition first shows surface atoms in that region. At second order transitions,
up as increased fluctuations in image intensity on a timsuch averages have the same critical properties as the
scale close to the video ratg/30 s). To characterize energy [12]. The mean square fluctuations of energylike
these fluctuations, we measured the total intengify) in ~ quantities diverge near the critical point like the specific
sguare regions of size on step-free (113) terraces as aheatC, i.e., ase ¢, wheree = |T — T.|/T,.. So, the
function of timet. Figure 1 showd,(r) for L = 170 nm  mean square fluctuation of the random image fluctuations
at 699°C and 693C. Inspection of the LEED pattern should have the form?) — (I;)* « L2C « L2e~* [13].
at 699°C reveals a diffus€3 X 1) beams: there is only We thus interpret the peak in the image fluctuations
short ranged(3 X 1) order. At highT, the observed observed in Fig. 1 as due to the divergence of the specific
fluctuations appear spatially random. If the observecheat at7. = 693 = 1°C. Given the limitations of the
fluctuations were spatially random, then the time averagedata, it is difficult to give an accurate estimateaaf The
Fourier spectrum should be white, independent of wavédines in Fig. 2 show fits bye ™ with a T independent
numberqg. The actual spectrum shows an isotropic peakackground (in part due to shot noise in the image), and
atg = 0, consistent with white noise spatially convoluted a symmetric amplitude on either side of the transition (as
with a 2D isotropic Gaussian with a full width of 40 nm. expected for the three-state Potts model). The solid line
Since this width is independent dfat highT, we interpret  shows the fit witha fixed to the Potts value of one-third.
it as the instrumental resolution of the LEEM in mirror The dashed line shows a fit whenis 0.6, which is in the
mode. So, at higfi each region of the images separatedmiddle of the range of previous diffraction estimates [5].
by distances greater than the instrumental resolutioifhe fit is slightly better for more of the data, although
is fluctuating independently in time, implying that the there is little statistical difference between the two fits.
correlation length¢ of fluctuations on the surface is The magnitude of the fluctuations is reasonable for a
smaller than the instrumental resolution. second order transition. From Fig. 2, ndarthe critical

As T decreases, the magnitude of the image fluctuationpart of the mean square fluctuations p&rx 1) unit cell
increases, as shown by comparing the 893luctuations is about equal to the square of the average image intensity.
plotted in Fig. 1 with the 699C fluctuations. To quantify The total difference in the image intensity between the
this, Fig. 2 shows th& dependence of the mean squareordered and disordered states is observed to be roughly
intensity (I7) — (I;)?, taking the averages over time, for a quarter of the average intensity. So the mean square
L =170 nm. The intensity fluctuations increase until fluctuations per unit cell are abowf(0.25)> = 16 times
they reach a peak at about 6%3 after which they begin the square of the image contrast. This number is typical
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10 FIG. 2. The time average of the mean square fluctuations in
time (s) image intensity of 170 nm square regions of the surface as
a function of T. The peak near 69% locates the critical
FIG. 1. Time dependence of the image intensity fluctuationgpoint. L? is in units of the (3 X 1) unit cell area, i.e.,
at two temperatures: (a) 699 and (b) 693 1.27 nm X 1.15 nm. The fits are described in the text.
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of the order of magnitude of the ratio of the mean energyients in the fluctuations nedi. (see Fig. 1) is already
or density fluctuations to the square of the energy omn indication of critical slowing down. To quantify these
density changes for 2D lattice gas models of surface phadtictuations, we computed the time autocorrelation func-
transitions within 0.1% of’. [14]. tion of I;.(¢): c(¢) = (I (¢t + t') — U] [1(t) — Up)]).

Associated with the increased magnitude of fluctuation$-igure 4(b) shows plots af(z) for the samel'’s as shown
at a second order phase transition, fluctuations figde- in Fig. 4(a). As expected, associated with the increase in
come more correlated. Figure 3(a) shows a sequence cbrrelation length the relaxation time of the fluctuations
images of the surface at 693. The images show the ex- increases. In much the same way as computer simulations
pected enhanced spatial correlations along332] direc-  are analyzed [16], we determine the relaxation time by fit-
tion. To measure this enhanced correlation, we calculateting c(¢) to exd—¢/7.1). 7wl iS changing from around
the spatial autocorrelation functigriz) = ((I(r + ') — 160 ms at higiT to at least 720 ms within a degree Bf.
(O][I(r"y — {I)]y along this direction. [Herd was the For fluctuations with wavelengths larger thgn the
intensity of each§.5 nm X 8.5 nm) pixel of the image.] dynamical theory of critical slowing down [3] predicts that
Again, the thermodynamic averages were made by averaghe relaxation time should diverge as one approaches the
ing over several thousand video frames. Figure 4(a) plotsritical point asr; « &%, wherezis the dynamical critical
g(r) fortwo T’s. The increased correlation length as oneexponent. Theoreticallyz is found to be around 2 for
approached. is clearly visible. To measure the correla- systems where the fluctuations do not have to conserve
tion length¢, we fitg(r) by Aexp(—r/£) [15]. Far above any quantity, and around 4 when the fluctuations conserve
T., the 40 nm resolution of the instrument limits the small-the order parameter. Since the order parameter is not
est observable correlation length. Nd&arthe measured conserved during surface reconstructive transitions (the
& becomes at least 80 nm. Correlations in the transverssurface does not phase separate into reconstructed and
[110] direction are always too short, compared to the innon-reconstructed regions at Ioly, one expectg ~ 2.
strumental resolution, to be detected. This anisotropy i§igure 5 plotsr.; vs ¢ as extracted from Figs. 4(a) and
consistent with the x-ray diffraction observations of the4(b), yieldingz = 1.9 = 0.3. Recent estimates af for
phase transition; the maximugh measured in th¢110]  the three-state Potts model with nonconserved dynamics
direction (ate ~ 0.001) was only~30 nm [6]. give about 2.2 [16]. From this estimate af we can

As the correlations become longer ranged and thestimate the time scale of the atomic events responsible
magnitude of the fluctuations becomes larger, they alséor the observed fluctuations; extrapolating, of Fig. 5
become slower. The presence of longer time compoto lengths of the size of3 X 1) unit cell (~1 nm) gives
approximatelyl0~* s. This is a reasonable number for
Si surfaces—it is comparable to the time between random
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FIG. 3. (a) A sequence of images of Si(113) near the

critical point. Each @.5 um X 1 um) image is separated by FIG. 4. (a) The spatial autocorrelation functigitr) of the

0.4 s, and averaged over the previous 0.4 s. Extended coimage intensity along thE332] direction for twoT’s. (b) The
relations are clearly seen in th&32] direction. (b) A square temporal autocorrelation function(r) of the image intensity
um image of the intensity nedaf. crossed by a step bunch summed over 170 nm square regions for the sdnse The

(light vertical line). We find no correlations in image intensity triangles are fof' = 695 °C; the circles are for & within 1°C

across this step bunch. of T..
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