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Real-Time Microscopy of Two-Dimensional Critical Fluctuations:
Disordering of the Si(113)-(3 3 1) Reconstruction
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Using low-energy electron microscopy, we have studied the critical fluctuations associated with
disordering of thes3 3 1d reconstruction on Si(113). We not only observe and quantify the increas
spatial correlations nearTc, but also the associated slowing down of the relaxation of long waveleng
critical fluctuations. The dependence of the slowing down on correlation length is consistent
theories for phase transitions with nonconserved order parameters. In addition, we show that step
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
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Large scale fluctuations at critical points are a strik
manifestation of atomic level thermal fluctuations. Si
the first observations of critical opalescence in light s
tering from CO2 in 1869 by Andrews, scattering expe
iments (by light, x rays, neutrons, and electrons) h
been the most widely used method for studying crit
fluctuations [1]. In most cases, scattering experiments
termine time averages of spatial fluctuations. For ex
ple, the magnitude and correlation length of fluctuati
in the degree of order at an order-disorder transition
be studied by measuring the amplitude and width of a
fracted x-ray beam associated with that order. Altho
the dynamics of critical fluctuations in fluid and magne
systems have been extensively studied with scattering
niques, it is far more difficult to study the dynamics
solid-state structural transitions, despite their importa
Recently, important progress was made using x-ray in
sity fluctuation spectroscopy [2], where scattering of co
ent x rays gives rise to temporal fluctuations in the spe
pattern nearTc. However, this promising method is still
its infancy, and the experiments are very demanding e
with the brightest x-ray sources presently available.

In this paper we present a time-and-space reso
study of the disordering of the Si(113)-s3 3 1d sur-
face reconstruction at 693±C, using low energy electro
microscopy (LEEM). In short, this second order, tw
dimensional phase transition is imaged in real space (
tial resolution,40 nm) and in real time (time resolutio
,30 ms), and recorded live on videotape. Since the
dered and disordered phases give different contrast
image becomes noisy due to critical fluctuations. NeaTc

the size of the fluctuations exceeds the microscope re
tion, and at the same time, the fluctuations undergo cri
slowing down. From these observations we can dire
relate the spatial coherence lengthj of the fluctuations
to the decay timetrel of long wavelength fluctuation
and determine the dynamical critical exponentz [1,3]. In
addition, the intensity of the fluctuations shows a str
increase nearTc, related to the divergence of the spec
heat, allowing an estimate of the critical exponenta [1].
0031-9007y96y77(12)y2522(4)$10.00
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Our results are in all respects consistent with previo
x-ray and low energy electron diffraction (LEED) studi
of this phase transition. But while previous visualizatio
of critical fluctuations have largely depended on numeri
simulations, in this work the transition is directly observ
in real space and real time. The video record provides
overwhelmingly large, but rapidly acquired database wh
can be used for subsequent quantitative analysis.

Extensive diffraction measurements [4–6] of the thre
fold degenerates3 3 1d reconstruction [7] on Si(113
have shown that it disorders continuously in a second
der transition at about 700±C. One reason this transitio
is of interest is that it is a possible realization of the chi
three-state Potts model [8,9]. Although characteristics
chiral behavior have been observed in the transition,
measured critical exponentsb, g, andn are close to those
of the standard three-state Potts model. The estimate
the critical heat exponenta perhaps tend to be greate
than the Potts value of1y3, ranging from 0.25 to 0.8 [4,5]
These relatively large values ofa aid the observation o
the transition with microscopy. An important feature r
vealed by the diffraction experiments (and also obser
in our experiment) is that correlations in the disorder
phase are highly anisotropic. At 0.1% ofTc, correlations
in the f11̄0g direction are a factor of 10 smaller than in th
transversef3̄3̄2g direction [6].

In our experiments, the Si(113) surface was clean
by heating to 1250±C for a few seconds. The surfac
was then observed using LEEM [10] in mirror mod
(i.e., under imaging conditions in which the electrons
reflected just in front of the sample), as it was cool
and heated through the phase transition. Concurren
LEED was used to monitor the degree ofs3 3 1d order.
As has been previously reported [4–6], we found thatTc

varied from run to run by about 20±C, although during
each run the transition was reversible. At approximat
1 ±C increments near the transition, LEEM sequen
lasting about a minute were recorded onto video ta
T was typically stable to better than 0.5±C during these
sequences. At highT, (113) oriented terraces have
© 1996 The American Physical Society
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uniform bright intensity. At lowT the terraces are darke
presumably due to a difference in work function betwe
the ordered and disordered phases. At intermediatT,
the fluctuations characteristic of a second order transi
appear in an extremely distinctive way, as we now disc
in detail.

As one cools from highT, the transition first shows
up as increased fluctuations in image intensity on a t
scale close to the video rates1y30 sd. To characterize
these fluctuations, we measured the total intensityILstd in
square regions of sizeL on step-free (113) terraces as
function of timet. Figure 1 showsILstd for L  170 nm
at 699±C and 693±C. Inspection of the LEED patter
at 699±C reveals a diffuses3 3 1d beams: there is only
short rangeds3 3 1d order. At high T, the observed
fluctuations appear spatially random. If the observ
fluctuations were spatially random, then the time avera
Fourier spectrum should be white, independent of w
numberq. The actual spectrum shows an isotropic pe
at q  0, consistent with white noise spatially convolut
with a 2D isotropic Gaussian with a full width of 40 nm
Since this width is independent ofT at highT, we interpret
it as the instrumental resolution of the LEEM in mirr
mode. So, at highT each region of the images separa
by distances greater than the instrumental resolu
is fluctuating independently in time, implying that th
correlation lengthj of fluctuations on the surface
smaller than the instrumental resolution.

As T decreases, the magnitude of the image fluctuat
increases, as shown by comparing the 693±C fluctuations
plotted in Fig. 1 with the 699±C fluctuations. To quantify
this, Fig. 2 shows theT dependence of the mean squa
intensity kI2

Ll 2 kILl2, taking the averages over time, f
L  170 nm. The intensity fluctuations increase un
they reach a peak at about 693±C, after which they begin
on

s in
as
FIG. 1. Time dependence of the image intensity fluctuati
at two temperatures: (a) 699 and (b) 693±C.
n

n
s

e

d
d
e
k

n

s

to decrease. Observation of the LEED pattern at 690±C
shows that the surface has long-ranges3 3 1d order [11].

To understand the factors which govern these inten
fluctuations, we suppose that the surface potential (
thus image contrast) of each region of the surface
determined by an average of thelocal environment of the
surface atoms in that region. At second order transitio
such averages have the same critical properties as
energy [12]. The mean square fluctuations of energy
quantities diverge near the critical point like the spec
heat C, i.e., ase2a , where e  jT 2 TcjyTc. So, the
mean square fluctuation of the random image fluctuat
should have the formkI2

Ll 2 kILl2 ~ L2C ~ L2e2a [13].
We thus interpret the peak in the image fluctuatio
observed in Fig. 1 as due to the divergence of the spe
heat atTc ø 693 6 1 ±C. Given the limitations of the
data, it is difficult to give an accurate estimate ofa. The
lines in Fig. 2 show fits bye2a with a T independent
background (in part due to shot noise in the image),
a symmetric amplitude on either side of the transition
expected for the three-state Potts model). The solid
shows the fit witha fixed to the Potts value of one-third
The dashed line shows a fit whena is 0.6, which is in the
middle of the range of previous diffraction estimates [
The fit is slightly better for more of the data, althou
there is little statistical difference between the two fi
The magnitude of the fluctuations is reasonable fo
second order transition. From Fig. 2, nearTc the critical
part of the mean square fluctuations pers3 3 1d unit cell
is about equal to the square of the average image inten
The total difference in the image intensity between
ordered and disordered states is observed to be rou
a quarter of the average intensity. So the mean sq
fluctuations per unit cell are about1ys0.25d2  16 times
the square of the image contrast. This number is typ
s

FIG. 2. The time average of the mean square fluctuation
image intensity of 170 nm square regions of the surface
a function of T. The peak near 693±C locates the critical
point. L2 is in units of the s3 3 1d unit cell area, i.e.,
1.27 nm 3 1.15 nm. The fits are described in the text.
2523
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of the order of magnitude of the ratio of the mean ene
or density fluctuations to the square of the energy
density changes for 2D lattice gas models of surface ph
transitions within 0.1% ofTc [14].

Associated with the increased magnitude of fluctuati
at a second order phase transition, fluctuations nearTc be-
come more correlated. Figure 3(a) shows a sequenc
images of the surface at 693±C. The images show the ex
pected enhanced spatial correlations along thef3̄3̄2g direc-
tion. To measure this enhanced correlation, we calcul
the spatial autocorrelation functiongsrd  kkkfIsr 1 r 0d 2

kIlg fIsr 0d 2 kIlglll along this direction. [HereI was the
intensity of each (8.5 nm 3 8.5 nm) pixel of the image.]
Again, the thermodynamic averages were made by ave
ing over several thousand video frames. Figure 4(a) p
gsrd for two T ’s. The increased correlation length as o
approachesTc is clearly visible. To measure the correl
tion lengthj, we fit gsrd by A exps2ryjd [15]. Far above
Tc, the 40 nm resolution of the instrument limits the sma
est observable correlation length. NearTc the measured
j becomes at least 80 nm. Correlations in the transv
f11̄0g direction are always too short, compared to the
strumental resolution, to be detected. This anisotrop
consistent with the x-ray diffraction observations of t
phase transition; the maximumj measured in thef11̄0g
direction (ate , 0.001) was only,30 nm [6].

As the correlations become longer ranged and
magnitude of the fluctuations becomes larger, they a
become slower. The presence of longer time com
he

co

h
ty

or
om
FIG. 3. (a) A sequence of images of Si(113) near t
critical point. Each (0.5 mm 3 1 mm) image is separated by
0.4 s, and averaged over the previous 0.4 s. Extended
relations are clearly seen in thef3̄3̄2g direction. (b) A square
mm image of the intensity nearTc crossed by a step bunc
(light vertical line). We find no correlations in image intensi
across this step bunch.
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nents in the fluctuations nearTc (see Fig. 1) is already
an indication of critical slowing down. To quantify thes
fluctuations, we computed the time autocorrelation fu
tion of ILstd: cstd  kkkfILst 1 t0d 2 kILlg fILst0d 2 kILlglll.
Figure 4(b) shows plots ofcstd for the sameT ’s as shown
in Fig. 4(a). As expected, associated with the increas
correlation length the relaxation time of the fluctuatio
increases. In much the same way as computer simula
are analyzed [16], we determine the relaxation time by
ting cstd to exps2tytreld. trel is changing from around
160 ms at highT to at least 720 ms within a degree ofTc.

For fluctuations with wavelengths larger thanj, the
dynamical theory of critical slowing down [3] predicts th
the relaxation time should diverge as one approaches
critical point astrel ~ jz, wherez is the dynamical critical
exponent. Theoretically,z is found to be around 2 fo
systems where the fluctuations do not have to cons
any quantity, and around 4 when the fluctuations conse
the order parameter. Since the order parameter is
conserved during surface reconstructive transitions
surface does not phase separate into reconstructed
non-reconstructed regions at lowT), one expectsz ø 2.
Figure 5 plotstrel vs j as extracted from Figs. 4(a) an
4(b), yieldingz  1.9 6 0.3. Recent estimates ofz for
the three-state Potts model with nonconserved dynam
give about 2.2 [16]. From this estimate ofz, we can
estimate the time scale of the atomic events respons
for the observed fluctuations; extrapolatingtrel of Fig. 5
to lengths of the size ofs3 3 1d unit cell s,1 nmd gives
approximately1024 s. This is a reasonable number f
Si surfaces—it is comparable to the time between rand
r-
FIG. 4. (a) The spatial autocorrelation functiongsrd of the
image intensity along thef3̄3̄2g direction for twoT ’s. (b) The
temporal autocorrelation functioncstd of the image intensity
summed over 170 nm square regions for the sameT ’s. The
triangles are forT  695 ±C; the circles are for aT within 1±C
of Tc.
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FIG. 5. Log-log plot of the relaxation timetrel vs correlation
lengthj obtained from exponential fits such as those shown
Fig. 4. By fitting totrel ~ jz , we deducez  1.9 6 0.3. The
solid circles are from the experimental run of Fig. 2; the ot
symbols are from different runs.

ad-dimer exchanges with step edges on Si(001) at sim
T ’s, for example.

Surface structural transitions often involve a chan
in atomic density. In this case surface diffusion mig
limit the phase transition kinetics. In this scenar
one expects [3] thatz ø 2 1 ayn ø 2.7 (using the
valuesa ø 0.6 and n ø 5y6 [4,6]). This value ofz is
only marginally consistent with Fig. 5. If fluctuation
were limited by surface diffusion, the time scale
the fluctuations to would be influenced by the pro
imity of surface steps, which act as sources or si
of adatoms. We did not observe any marked diff
ence between relaxation times near and far away f
step edges.

One difficulty often faced in interpreting measureme
of correlation lengths obtained in diffraction experime
is the presence of defects such as surface steps, since
defects can limit the size of correlations. In microsco
such effects can be minimized—we measuredgsrd on
very rare micron sized step free regions of the surfa
for example. The effects of defects on correlations
be also directly observed. The most common defect
our surfaces was bunched steps [17]. Figure 3(b) sh
fluctuations nearTc on two terraces separated by such
step bunch. There are no obvious correlations in inten
and indeedgsrd is close to zero forr across the step bunch
Not unexpectedly, steps limit the size of correlations, a
often supposed.

In conclusion, we have observed critical fluctuations
a second order solid-state phase transition in real space
ing LEEM. From our data we obtain a dynamical critic
exponentz  1.9 6 0.3, a value within the range of theo
retical expectations. We observe the increase of the m
square fluctuation amplitude, directly related to the div
gence of the specific heat. Finally, the presence of s
limits the allowable correlations length, as fluctuations
uncorrelated across atomic steps.
r

s

ese

,

n
s

,

s

s-

n
-
s

We thank Mark Reuter for his assistance with t
experiments and Geoffrey Grinstein for his helpful su
gestions. W. T. acknowledges a grant from the Germ
Max-Planck Gesellschaft, and N. B. partial support fro
the University of Maryland.

*Present address: Institut für Experimentalphysik, Fr
Universtität Berlin, Arnimallee 14, D-14195 Berlin
Germany.

[1] H. E. Stanley, Introduction to Phase Transitions an
Critical Phenomena(Oxford, New York, 1971).

[2] S. Braueret al., Phys. Rev. Lett.74, 2010 (1995); S. B.
Dierker et al., Phys. Rev. Lett.75, 449 (1995).

[3] P. C. Hohenberg and B. I. Halperin, Rev. Mod. Phys.49,
435 (1977).

[4] Y.-N. Yang et al., Phys. Rev. Lett.64, 2410 (1990).
[5] J. Schreiner, K. Jacobi, and W. Selke, Phys. Rev. B49,

2706 (1994).
[6] D. L. Abernathy et al., Phys. Rev. Lett.71, 750 (1993);

Phys. Rev. B49, 2691 (1994).
[7] K. Jacobi and U. Myler, Surf. Sci.284, 223 (1993).
[8] D. A. Huse and M. E. Fisher, Phys. Rev. B29, 239 (1984).
[9] W. Selke, inPhase Transitions and Critical Phenomen

edited by C. Domb and J. L. Lebowitz (Academ
London, 1992), Vol. 15.

[10] W. Telieps and E. Bauer, Ultramicroscopy17, 57 (1985);
R. M. Tromp and M. C. Reuter, Mater. Res. Soc. Sym
Proc.237, 349 (1992).

[11] At low T there is some sign of imperfections in lon
ranges3 3 1d order: ,1 mm long straight light streaks
separated by several 100 nm run in thef3̄3̄2g direction.

[12] See N. C. Bartelt, T. L. Einstein, and L. D. Roelofs, Ph
Rev. B 32, 2993 (1985), and references therein.

[13] If the image intensity were determined by the local net
der (as it might be in dark field imagining using an app
priate diffraction beam), then the mean square fluctuati
would be proportional to the ordering susceptibility.

[14] For the Ising model the ratio of the critical part of th
energy fluctuations to the square of the energy differe
between ordered and disordered phase ate  0.001 is
4.4. Similarly, the ratio of the density fluctuations to t
total density change of the hard hexagon model (wh
has 3-state Potts exponents) at the samee is 4.0 [R. J.
Baxter, Exactly Solved Models in Statistical Mechani
(Academic, London, 1982)].

[15] We only usedr’s greater than the instrumental resoluti
to perform the fits. Energy fluctuations typically ha
shorterj’s (as well as shortertrel’s) compared to orde
parameter fluctuations, so thej’s we obtain cannot be
directly compared to diffraction measurements. Fits
simple exponentials always worked well. Very nearTc,
gsrd should decay as1yr22ayn . We never observed thi
behavior, perhaps becausej was never much greater tha
the spatial resolution.

[16] E.g., S. Tang and D. P. Landau, Phys. Rev. B36, 567
(1987); L. Schülke and B. Zheng, Phys. Lett. A204, 295
(1995).

[17] S. Song, M. Yoon, and S. G. J. Mochrie, Surf. Sci.334,
153 (1995), and references therein.
2525


