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Au(110) (1 x 2)-to-(1 x 1) Phase Transition: A Physical Realization
of the Two-Dimensional Ising Model

J. C. Campuzano, M. S. Foster, G. Jennings, and R. F. Willis
Cavendish Laboratory, Unt versit'yof Cambridge, Cambridge CB3 OHE, United Kingdom

and

W. Unertl
Physics Department, University ofMaine, Orono, Maine 04473

(Received 12 December 1984)

%e report the first measurements of the critica1 exponents of a phase transition at the surface of
a clean metal, the Au(110) (1&&2) (1 x 1) transition. The exponents P, y, and v and the ampli-
tudes were. measured by LEED and place the phase transition in the two-dimensional Ising univer-
sality class. The critical scattering is observed to peak above T„signaling the breakdown of the
Ornstein-Zernike theory, and is in numerical accord with predictions of Fisher and Burford.

PACS numbers: 64.60.Fr, 61.14.Hg, 68.20. +t

The prediction'2 that continuous order-disorder
phase transitions can be classified into a small number
of universality classes, each one determined by quanti-
ties which are not system specific, such as the interac-
tion range, the symmetry of the ordered phase, and
the dimensionality of space, implies that some univer-
sality classes exist only in two dimensions. While this
has prompted many studies of physisorbed and chem-
isorbed overlayers, 3 many metals and semiconductors
also show phase transitions at their surfaces which do
not occur in the bulk. The purpose of this Letter is to
report the measurement of the critical exponents of a
phase transition which occurs on the surface of a clean
metal, and fits the two-dimensional (2D) Ising univer-
sality class.

Specifically, we present a study of the phase transi-
tion which occurs on the surface of Au(110). At room
temperature on a carefully prepared surface, there is
double periodicity in the (11) direction, and hence a
(I x2) LEED pattern which has been ascribed to a
missing row structure. 4 For tempertures greater than—700 K, the —,'-order spots disappear and an ap-
parently primitive (I x1) structure is observed. It has
been suggested4 s that the high-temperature phase is
disordered in the "lattice gas" sense, that is, the top-
layer atoms are randomly placed on the surface rather
than aligned in rows, but remain in the same type of
site as in the ordered structure. From symmetry con-
siderations, Bak has predicted that the transition
might belong to the 2D Ising class. Our high-
resolution LEED measurements of the critical ex-
ponents confirm that this is indeed the case.

It has been demonstrated7 that LEED is an ideal
technique for studying surface phase transitions. It
has high surface sensitivity, and the short interaction
times allow every configuration of the system to con-
tribute independently to the diffracted beams. The

major drawback of LEED is the limited resolution of
conventional diffractometers. We have overcome this
limitation with a new kind of high-resolution LEED
diffractometer which has a sufficiently narrow
response in q space con1pared with the experimental
peak width that we are able to extract directly the
structure function

S(q, T) =I(T)B(q—qo)+X(q —qo, T)/X (T), (1)

where I(T)5(q —qo) is the long-range order, X(q
—qo, T) are the fluctuations in order (short-range or-
der), Xo(T) are the fluctuations of a random nonin-
teracting system, and q is the momentum transfer of
the electrons. For the Au (110) (1 & 2) structure,
qo= (h2m/a, km/a). In LEED, multiple scattering is
always present, but one still obtains a structure func-
tion of the form (1) provided that one is dealing with
correlation lengths larger than the inelastic mean free
path of electrons in the sample, in which case the
multiple-scattering contribution will be small. For
most elements„ the inelastic mean free path is of the
order of 4—10 A for electrons of 20 eV. Furthermore,
Roelofs et al. pointed out that scattering at right an-
gles is at a minimum for metals in the energy range
used. Then, if the electrons are incident normal to the
surface, multiple scattering in the plane of the surface
will be further minimized.

The experiment consists of measuring the —,'-order
beam profiles, given by the structure function (1).
The profiles were obtained with normal-incidence elec-
trons of 20 eV by the scanning of a Faraday cup along
the (11) direction. Because of the limited extent of
the ordered (I && 2) regions on the Au(110) sample (as
explained below), the Faraday-cup aperture was in-
creased to admit Aq —0.010 A ', in order to improve
the signal-to-noise ratio. The measured profiles were
then corrected for this finite aperture by following the
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procedure of Als-Nielsen.
The 99.995'/0-pure Au crystal was cut to expose the

(110) face with an accuracy of 0.5 . Only coarse
mechanical polishing was employed, as Au is very soft
and excessive working results in a high concentration
of defects. The crystal was electropolished and cleaned
in situ by ion bombardment. No traces of contamina-
tion were observed by Auger spectroscopy. The tem-
perature of the sample was controlled to a relative sta-
bility and precision of 4T/T= 10 4, although the ab-
solute temperature accuracy is only + 5 K.

Figure 1 shows some typical high-resolution profiles
of the (1, ——,

' ) beam at temperatures (a) above, (b)
near, and (c) below T, . The peak intensities of the
—,'-order beams show no hysteresis as a function of
temperature. According to Eq. (1), to obtain the
long-range order and fluctuations we least-squares fit
functions corresponding to I(T) and X(q —qo, T) to
the measured profiles, after the Debye-Wailer effect
has been divided out. For T « T„ there are no fluc-
tuations X and the beam profiles are dominated by
I(T). It can be seen that the —,'-order beams [Fig.
1(c)] have twice the full width at half maximum of the
integral-order ones [Fig. 1(d)]. This is because the
average size of the (1x 2) domains on the surface is
limited to —150 A. Similar values have been ob-

(c)

tained by grazing-incidence x-ray measurements. " It
should again be emphasized that this value depends
greatly on sample preparation, 5 "although this limited
long-range order is probably inherent to the missing-
row structure. 4 s The upper bound imposed on the
long-range order broadens I( T) from a 5 function to a
Gaussian function. The width of the Gaussian func-
tion can be uniquely determined by fitting to the mea-
sured low-temperature profiles. Nearing T„ fluctua-
tions start to appear, and the profiles can no longer be
fitted with a Gaussian alone. Fisher and Burford'2
have derived an expression for the fluctuations,

X(q —qo, T) = constx (K2+ $2k2)&i2/(K2+ yk2)

where k = q —qo, K is the inverse of the effective
correlation length, and @ and Q are slowly varying
functions of T with values near T, of /=0. 03 and
Q = 1. Because in our sample the correlations are lim-
ited to —15Q A, K2)) @2k2, and the expression
above simplifies to constxK~(~ +k ), which is of
Lorentzian form. (Note that this does not imply that
q = 0.) The measured profiles are fitted very well over
the whole zone (0.25 & k & 0.75) by the sum of a
Gaussian (of constant width) and a Lorentzian.

After subtracting the background elastic scattering
to account for X ( T), we obtain the critical exponents
A. and the amplitudes Az by fitting the different com-
ponents with asymptotic power laws of the form

(2)

and varying T, for best fit. The exponent P describing
the decay of the long-range order is obtained by fitting
the height of the Gaussian, Fig. 2, line a, giving
T, = 649.75 + 1.5 K (relative error), A&= 1.79 + Q.Q9,
and P=0.13 +0.022; the theoretical predictions are
P = 0.125 and A& = 1.22. The amplitudes are not
universal, ' and therefore cannot be directly compared

9)
C
Qj 0

(b)

~AI
C
67

C,'

~ ~0.7"
~ I

0.4- ~

~ .0.7
~ 0

;-0.4

V
C1

(a)

0.5

0.1-.
7E-2"

N

4E-2
E
C

O

()
(b)—~ —- —-- (c)

~ 0.1
~ ~

Wo
~ s I

~4E-2

Parallel Momentum (gal/a) 1E-2
lE-2

~ ~ \

O. i
iE-2

FIG. 1. Intensity profiles of the (1, —~) beam along (11)
at (a) 756 K, (b) 658 K, and (c) 340 K. (d) (1,0) beam pro-
file along (11) at 340 K. T, =649.75 K. Background inten-
sity is indicated by a dashed line.
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FIG. 2. Fits of the Gaussian height (circles), the

Lorentzian height (triangles), and the Lorentzian width
(squares).
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FIG. 3. Plot of the fluctuations (dashed curve) and the
theoretical result of Fisher and Burford (Ref. 12) (solid
curve) for fixed values of momentum transfer. The locus of
the maxima for the curves are also indicated by correspond-
ing lines.
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FIG. 4. Plot of the long-range order (circles) and
Onsager's theoretical result (Ref. 15) (solid curve); the fluc-
tuations (triangles) and Fisher and Burford's result X = ~"
with measured values of ~ (dashed curve).

to the predictions of Fisher. '3 When fitting the height
of the Lorentzian to obtain the exponent y which
describes the divergence of X as T T,+, care in the
selection of the temperature interval to be used is
necessary. For T very close to T„X does not diverge
because of the limited size of ordered regions. For T
far from T„ the asymptotic power-law definition of y,
Eq. (2), is not valid. Using data points in the range
0.09 & 1 —T,(T & 0.15, Fig. 2, line b, we obtain
y = 1.75 +0.03. The predicted value is y = 1.75. For
t ) 0.15, the data no longer follow the asymptotic
behavior (Fig. 2, line b). The exponent v describing
the growth of x is obtained by fitting the width of the
Lorentzian, Fig. 2, line c, giving v =1.02 +0.02 and
A„=0.8+0.1. The predicted values are v= 1 and
A „=0.43. Surprisingly, x follows power-law
behavior up to t = 0.23, a much wider range than I( T)
and X ( k, T) . Our results bear striking resemblance to
the neutron-scattering results of Samuelsen'4 on
Rb2CoF4, which behaves as a two-dimensional antifer-
romagnet away from T, . In this case, the power-law
behavior of the magnetization, susceptibility, and in-
verse correlation length is over the same range of tem-
peratures as that in Au(110).

Fisher and Burford' predicted that X should peak
above T„as a consequence of the breakdown of the
"classical" Ornstein-Zernike theory. '3 In Fig. 3 we
compare their numerical calculations of the variation
of scattering intensity versus temperature for fixed
wave vector (see Fig. 10, Ref. 12) (solid curves), with
our measured values (dashed curves). There is good
agreement with the theory, although in the data, the
shift of T, vs q is not quite as pronounced as predicted.
However, X clearly peaks above T, . The discrepancy

between theoretical and experimental shift probably
arises from the finite aperture of our detector.

In Fig. 4 we plot the theoretical result of Fisher and
Burford'2 X(O, T) =const&&K" using our measured
values of K and q =0.25. A worse fit is obtained with
q = 0, more than one standard deviation away, in ac-
cordance with the measured value of y and the scaling
laws, strongly suggesting that qe0, again as predicted.
For comparison, we also plot Onsager's exact solution
for the long-range order. '5 Some slight rounding in
the decay of the long-range order can be seen. This
rounding, due to finite-size effects, causes the
disagreement between the theoretical and experimen-
tal values of P.

We conclude that these results place the Au(110)
(1x 2) (1 && 1) phase transition in the 2D Ising
universality class. Some exponents, such as P for ex-
ample, do not vary significantly between some 2D
universality classes. But we have measured three ex-
ponents independently, which cannot simultaneously
be reconciled with those of other classes (particularly
the measured value of v). Although the concept of
universality is strictly a theoretical one, the similarities
between the Au(110) and Rb2CoF4 phase transitions
are revealing.
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