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Roughening and melting of Au(110) surfaces
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The structure of the Au(110) surface was investigated in the temperature range between 60 and
1250 K by the ion channeling and blocking method using an electrostatic energy analyzer. An
anomalous temperature dependence of the blocking pattern was found around 680 K which may be
caused by a roughening transition. Above 770 K the number of visible atom layers increases faster
with increasing temperature, as expected from the temperature dependence of the mean vibration
amplitude. The number of observed disordered (110) layers follows a logarithmic growth law as
predicted by the premelting theory and molecular dynamics simulations.

I. INTRODUCTION

As shown by recent experiments as well as by
molecular dynamics calculations and simulations,
some open metal surfaces, Pb(110) or Al(110) surfaces
for instance, begin to melt far below their bulk melting
point TM. For fcc crystals it was found experimentally
that surface melting is present on (110) and absent on
(111)and (100) surfaces.

At around 70% of TM a distinct increase of the num-
ber of visible (110) layers is observable, assuming that
the experimental technique allows a precise measure-
ment of the quasiliquid-layer thickness. Out of sev-
eral surface-sensitive methods, medium-energy ion spec-
troscopy (MEIS) was shown to be the most suitable tech-
nique for the direct measurement of the number of disor-
dered layers, provided that the energy resolution of the
spectrometer is high enough to obtain nearly layer by
layer resolution.

MEIS was applied in the study of the melting behavior
of Pb(110) (Refs. 2—6) and Al(110).r It could be shown
that the temperature dependence of the number of disor-
dered layers can well be understood within the framework
of the Landau-Ginzburg theory of surface melting. rz ts

One expects a temperature-dependent divergence of the
number of layers, which are visible to the ion beam and
detector, in comparison to the increase due to the mean
vibration amplitude of the surface atoms. The differ-
ence between the measured number of layers and the ex-
pected number of layers for the given temperature or vi-
bration amplitude is a direct measure of the thickness of
the quasiliquid layer.

This thickness was shown to follow first the loga-
rithmic law In[To/(TM —T)], where To is a charac-
teristic material-dependent temperature (see Sec. III).
For temperatures very close to the bulk melting point

(TM —0.5 K) the dependence is expected to be a power
law —(TM —T)

In this paper a temperature-dependent study of the
structure of the Au(110) surface is presented in the tem-
perature range from 60 K to 1250 K, which is 90 K be-
low the bulk melting point at TM ——1337 K. Au(110)
shows at low temperatures' a (2 x 1) missing row re--
construction. The order-disorder transition of the (2 x 1)
reconstruction appears at a critical temperature T, of
(670+20) K. 's 's For temperatures around T, a roughen-
ing transition is predicted, '

Only a few experiments with x-ray diffraction, low

energy ion scattering, "-' and low-energy electron diffrac-
tion (LEED) (Ref. 22) have investigated step densi-
ties at the Au(110) surface. It was shown that the
roughening transition will generate a high step den-
sity at the Au(110) surface, which disappears for higher
temperatures. "- By low energy ion scattering ' it was
shown that a threshold for the formation of atomic steps
lies around T, .

Beside these experimental data for the Au(110) sur-
face structure molecular dynamics simulations predict
that above the (2 x 1) ~ (1 x 1) deconstruction transi-
tion a liquidlike surface disorder appears near 70% of TM .

The thickness of the quasiliquid layer grows logarithmi-
cally as expected for a system governed by short-range
forces. zs This premelting effect for the open Au(110) sur-
face is expected also by considering thermodynamical
calculations. '-

The purpose of our investigation of the Au(110) surface
was to check these predictions by the MEIS technique
and to prove whether or not surface roughening with a
following premelting of the surface occurs. Indications
of surface roughening and evidence for premelting of the
Au(110) surface were found by analyzing the energy spec-
tra and position distributions of the backscattered ions,
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which were measured by the ion channeling and blocking
method using an electrost, atic energy analyzer equipped
with a position sensitive detector.

The experimental data and details of sample prepara-
tion are described in Sec. II. The results of our measure-
ments are given in Sec. III and discussed in Sec. IV by
considering the results in terms of the present theoretical
models for the surface melting effect.

II. EXPERIMENTAL

A. Setup of the MEIS experiment

MEIS connected with a high-resolution energy spec-
trometer equipped with a toroidal electrostatic energy
analyzer (TEA), has been used previously s with great
success to detect and investigate surface melting on
Pb(110) and Al(110) surfaces. The detailed description
of the apparatus and method is given in Refs. 24—26. In
our experiments a 300-keV proton (&H+) or alternatively
helium (~zHe+) beam was used. The obtained data for the
for the different ion beams can be compared by rescaling
the He-beam data about the difference between a Monte
Carlo simulation for the He and H beam. The beam is
produced by a Van de Graaf accelerator. The experi-
ments were performed with an ion current of Ib,~~ ——0.4
pA measured on the sample and an energy stability of
the accelerator better than 100 eV.

The crystal was positioned in a double alignment ge-
ometry where the incident beam is aligned with the( 101 & and the mean axis of the TEA with the & 011 &
direction with an accuracy bet, ter than 0.05, As the
alignment of the sample relative to the ion beam and
detector is along low-indexed crystal directions, the top-
most atoms of the crystal cause a shadow cone on the
inward path of the impinging ions and block the ions
on their outward trajectory. These effects make the
method surface sensitive so that the position signal of the
backscattered ions shows a distinct minimum on the out-
ward detection direct, ion v hich is called a blocking dip.
On the other hand, the energy spectrum shows a sur-
face peak (SP) because the scattering intensity from the
bulk atoms is strongly suppressed by the shadowing ef-
fect. By analyzing the area of the surface peak (SPA)
and calibrating this SPA to the yield obtained at ran-
dom incidence of the ion beam to the crystal a direct
value for the number of surface atoms per unit area
is measura, ble, These random orientations of the crystal
were produced by rotating the sample to positions of the
space vector (8, 4, n) which were chosen by a computer
random-number generator.

Disordered layers, whose atoms are displaced from lat-
tice sites, will give an additional contribution to the SPA
of an ideal, well-ordered crystal. This can be understood
because those layers da not part, icipate in the shadowing-
blocking effect. The area density of disordered layers
can be determined by subtracting the number of layers
obtained from a. Monte ( arIo simulat, ion of the ordered
surface from the measured number of visible layers.
The measured and simulated number of visible atoms per
unit area, are averaged over the blocking dip full width
at half maximum (FVf HM). The simulation regards the

experimental parameters as lattice structure, relaxation,
beam parameters, and mean vibration amplitudes of bulk
and surface atoms at given temperatures.

The experiments were performed in an UHV chamber
with a pressure of 4 x 10 Pa. The UHV surface melting
study can be regarded to take place in equilibrium with
Au vapor since the evaporation rate of Au atoms is very
small due to the Au vapor pressure of 8 x 10 ~ Pa at
1000 K. To check the crystalline quality of the surfaces
the chamber is equipped with a LEED system.

B. Surface preparation

The surface of the Au crystal (10 mm diameter, 3 mm
thick) was oriented with an accuracy of 10—15' parallel
to the (110) plane. A platinum wire (0.5 mm diameter)
which fits into a slot on the side of the crystal fixed the
crystal on the Mo sample holder. The sample holder is
placed on a three-axis goniometer and is equipped with a
resistance heater and a Ni-Cr-Ni thermocouple for tem-
perature measurement. The temperature was stabilized
with a programable PID controller within 0.1 K. Cryo-
genic temperatures were reached by cooling the sample
with a copper braid, which is connected to a continous-
flow helium cryostat.

The (110) crystal was cleaned by Ar+-ion sputtering
with 0.5—2 keV for 20—30-min duration with an emission
current of 30 mA, 450 K and an incidence angle of 45'
and subsequent annealing at 750 K for several hours (2—
10). To obtain a homogenous sputtering the sample was
rotated under the Ar+-ion beaiai. We checked another Au
crystal of the same quality and with the same cleaning
procedure in a different UHV chamber by Auger elec-
tron spectroscopy. After the above-mentioned sputtering
procedure the contamination was less than the detection
limit of l%%uo of a monolayer. To check contaminations
on the Au surface directly in the UHV chamber a MEIS
impurity investigation was done before each experiment.
This was done by measuring t, he total energy spectrum of
backscattered particles up to the Au-SP energy at k Eo,
where k is the kinemat, ic factor of the elastic collision
and Eo the incident energy (300 keV). The detection limit
for C and 0 was found to be 8'%%uo of a monolayer.

To achieve the complete (2x 1) missing row reconstruc--
tion the surface had to be annealed once again at 520
I4 after sputtering for 2 min with 0.5-keV Ar+ ions.
The surface structure was finally checked by LEED.
The (2x1) pattern showed sharp spots on our reverse
view LEED optics, thus indicating a mell-ordered surface
structure. After this procedure the crystal was turned
into the described double alignment geometry ( 101 )
—+ (011).

III. RESULTS

The experiments were performed with a 300-keV pro-
ton beam and the geon&et, ry described above. The beam
geometry is depicted in Fig. 1 which shows the missing-
row reconstruction, relaxation, and the buckling of the
third layer caused by the missing atom rows on the top
layer.

The number of visible (110) monolayers, which con-
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FIG. 1. Scattering geometry: The Au(110) (2xl) surface
in double alignment geometry, the impinging particles are pro-
tons of 300 keV energy. The dotted circles show the positions
of a perfect crystal. The striped circles show the situation for
the real crystal with relaxation and buckling
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tribute to the surface peak (SP), can be obtained by
integrating the backscattered yield over the SP and cali-
brating this quantity as described in Sec. II. In this anal-
ysis a minimum number of monolayers is expected in the( 011 ) blocking direction at 8 = Ob~«k. The shape
of the blocking pattern obtained from SP integration is
characteristic for the vibrational behavior of the atoms
which contribute to the SP for the following reasons.

Regarding the increase of the mean vibration ampli-
tude with temperature it can be understood that atoms
of deeper layers become more and more visible. This
is due to the fact that the location probability outside
the shadow cone increases for these atoms. So the total
number of visible layers will increase with temperature.

But the width of the blocking dip taken at half max-
imum also shows a characteristic temperature behavior.
The probability that the backseat tered particles will not
undergo a perfect blocking process increases with a higher
vibration amplitude of the surface atoms and so the
backscattered intensity increases due to the additional
scattering processes for angles around Hblo, k reducing the
total blocking dip width. One expects a continuously de-

creasing FWHM of the blocking dip with temperature.
Some typical blocking patterns which show the described
behavior are displayed in Fig. 2 for different tempera-
tures.

We measured the blocking dip in the temperature
range from 300 K to 1240 K and observed a deviation
from the expected temperature dependence as derived
by the Monte Carlo simulation (Fig. 3). A fit to the
measured blocking profiles of Fig. 2 shows a minimum
of the FWHM at 680 K. The fit function was an inverse
Gaussian distribution overlayed to a first-order polyno-
mial. The FWHM values were taken from the Gaussian
distribution.

Figure 4 shows the surface peaks for some typical tem-
peratures between 470 K and 1240 K. For temperatures
T ) 770 K the surface peak area (SPA) increases much
faster. Each peak is well separable in the studied tem-
perature range. The background was subtracted from the
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FIG. 3. FWHM of the Au(110) ( 011 ) blocking dip
as function of temperature. The dot-dashed line is a fit to
the measured FWHM values. The solid line is a fit to the
blocking dip width obtained by the Monte Carlo simulation
for an ordered surface.

FIG. 2. Au(110) blocking pattern at various tempera-
tures showing the decrease of the ( 011 & blocking dip
FWHM with temperature. Each point represents the inte-
grated backscattering intensity under the surface peak cali-
brated against random height; the solid line is a Gaussian fit
to the data (see also text).
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FIG. 4. Surface peaks as function of temperature: The en-

ergy spectra at some different temperatures show the broad-
ening and increase of the surface peak at k Eo, with Eo the
incident energy of the protons (300 keV) and f' the kinematic
collision factor.

SPA linearly by correction about the area under the line
between the minimum yield counts behind the SP and
the mean energy of the peak. We can exclude the pos-
sibility that the observed effect is due to damage of the
surface by the ion beam. The gm;„value behind the SP
would then show a nonproportional increase with tem-
perature. The MEIS data were also taken at different
spots on the sample.

The conversion of the surface peak area into the num-
ber of visible Au(110) monolayers [one monolayer (1 ML)
corresponds to a single (110)atomic plane which is equiv-
alent to 8.49x10i4 atornscm sj in the temperature range
from 60 K to (TM —90 K) shows a temperature depen-
dence which is plotted in Fig. 5. The result of the Monte
Carlo simulation is drawn as a solid line.

The simulation regards following crystal parameters.
First- and second-layer relaxations were choosen to be
6drz/d = —18% and Edq3/d=+4'%%uo, respectively. Buck-
ling of the third layer was also considered with a 14'
shift from the lattice sites (0.2 A).~s The relaxation val-
ues are kept constant for temperatures above T, . The vi-
bration is assumed to be isotropic and uncorrelated and
is simulated by a three-dimensional Gaussian distribu-
tion. Since the vibration amplitudes of the first (Ll) and
second layer (1,2) are greater than the bulk value they
were choosen to be ol.g ——1.5ob„)k and o.1.2

——1.3ob„)k
for T ( T, . For temperatures above the deconstruction
transition temperature these amplitudes are expected to
be greater. This was regarded by the simulation by
oL, q

——2.0ob„&k and o'L, 2
——1.5ob„~k. The temperature-

dependent values for the vibration amplitudes were cal-
culated from the Debye temperature for Au eD ——170
K. A typical bulk value at 700 K is ~b„~k —0.13 A. The
simulation results in a linear increasing number of visible
layers due to the increase of the vibration amplitude of

FIG. 5. Au(110) surface peak area as function of tem-
perature: The number of disordered layers increases starting
at 770 I4k due to surface melting. The solid line represents
the Monte Carlo simulation {Ref. 27) for a —18% relaxed top
layer and +4% (Ref. 28) relaxed second layer. The vibration
amplitudes of the first and second layers were increased for
T & T, compared to the values for T ( T, . The dashed line
is a spline fit to the experimental data. The filled circles rep-
resent results with helium ions as impinging particle. These
points were normalized by comparison to proton simulation
data.

the atoms contributing to the surface peak with temper-
ature. The slope of the increase is greater for T ) T, .

For temperatures below 400 K the experimental data
were also obtained by a He beam (filled circles). To com-
pare these data with the H-beam data they were rescaled
as mentioned above. The experimental results exceed
the simulated results about 0.5 ML. We assume that this
could be due to a higher vibration amplitude or a lat-
t, ice distortion, which would make more monolayers visi-
ble to the ion beam and detector. The observed plateau
between 450 K and 650 K indicates an influence of the
order-disorder transition to the number of visible (110)
layers. Near T, the vibrational motions of the outermost
atoms are assumed to be more correlated. This would
result in a decrease of the visible atoms per unit area.

Above 770 K the experimental data increase much
faster than the simulated results. T' is the temperature
above which the creation of disorder on the surface be-
gins. We conclude that this increase of number of visible
Au(110) monolayers is due to a creation of a thin quasiliq-
uid layer. The data are reversible and reproducible.

To check the growth law of the quasiliquid layer, which
is assumed to be a logarithmic law, the number of disor-
dered layers, calculated as the difference between exper-
imental and simulated data, is plotted versus a logarith-
mic (TM —T) temperature scale. Figure 6 shows that the
data can well be parameterized by a logarithmic growth
law. Fitting the data yields the following experimental
law for the growth of the quasiliquid layer thickness for
temperatures greater than T'=770 K:
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pating in a step of a rough surface are assumed to have
a larger and more anisotropic vibration amplitude com-
pared to atoms of a smooth surface. To illustrate this
behavior the amplitudes of the edge atoms in a surface
step are drawn in Fig. 7 as dotted ellipses. The increased
amplitudes of the one- and two-layer atoms are shown
by larger circles. Additional scattering processes on the
surface will occur in blocking direction and result, in a.

decrease of the dip width.
But this is only one explanation for the observed

anomaly. For a straightforward analysis we have to ex-
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FIG. 6. Disordered layer thickness: Number of disordered

monolayers on the Au(110) surface plotted vs an inverse loga-
rithmic temperature scale up to 90 K below the bulk melting
point TM showing that the data fit well to the theoretical
exponential growth law.
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N, 9(T) is the number of disordered atoms per cm 2 at
thermal equilibrium. Equation (1) agrees well with the
predicted growth law for surface melting.
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IV. DISCUSSION

How can we explain the minimum of the blocking
dip width at 68Q I4? One possible explanation for this
anomaly may be an increase of the vibration amplitudes
in this temperature range. An increase of the mean vi-

bration amplitude can be expected for a surface above
the roughening temperature. The edge atoms partici-
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FIG. 7. Schematic illustration of MEIS on a rough sur-
face: The anisotropic vibration amplitudes of the atoms lo-

cated in a surface step are shown by dotted ellipses. The in-

creased amplitudes of the two top-layer atoms are illustrated
by circles of larger diameter.

FIG. 8. Simulation results concerning influences on the
blocking dip shape: (a) Strong relaxation change of the top
layer at 680 K for the (1x1) phase. The relaxation of the first
interlayer distance changes from Adzes/d = —18% (o) to an

unrelaxed surface (~). (b) Enhancement of an anisotropic vi-

brational amplitude of first- and second-layer atoms at 700 K
for the flat surface in the (1x1) phase. The difl'erent blocking
profiles I and II are discussed in the text.
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elude other eA'ects. Possibly a strong relaxation change
might occur at the top layer. This possibility was checked

by another simulation for the (1 x 1) phase at 680 K.
A strong change of the top-layer relaxation (Adq2/d =
—18'%%uo) to an unrelaxed top layer gave no significant
change in the width of the blocking dip. The difference
of the FWHM was less than 0.15', which is in the or-
der of the position-sensitive detector resolution (0.1').
Two typical blocking curves for the relaxed and unre-
laxed Au(110) surface are shown in Fig. 8(a). But the
difference between simulated and measured FWHM of
the blocking dip as depicted in Fig. 3 is about 0.9' at
680 K thus indicating that the relaxat, ion change cannot
explain the anomaly.

The influence of an anisotropic and strongly increased
vibrational amplitude on the width of the blocking dip
was also simulated for a flat surface. Figure 8(b) shows
the result of such a simulation with two blocking profiles
at 700 K. The three orthogonal components of the vibra-
tional amplitudes (0, cr&, o, )=o of first (Ll) and second
layer (L2) were simulated by three Gaussian distributions
with the z direction parallel to the surface normal. The
components for curve I were O'L&

—(2.2,2.2, 1.5)o'b„~q and

crL2 ——(1.5, 1.5, 1.5)orb„~k. For curve II the components
of the vibrat, iona] amplitu&lf. vectors were increased to
o.'r', =(5.0,5.0,3.0)O'bg]g alld O'L~ ——(2.5,2.5,2.5)o'bU)k. This
increase and anisotropy of t, he vibrational amplitude re-
sults in a decrease of the blocking dip width about
68=0.45'. However, the increase and anisotropy on a
rough surface might be even stronger.

Because MEIS is a method which is sensitive to the
mean area density of the surface structure, the observed
decrease up to 680 K may be understood as an in-
crease of the step density at the Au(110) surface. As
mentioned above the simulation takes into account the
(2 x 1) ~ (1 x 1) deconstruction transition by a change
of the vibration amplitudes of the two top layers. There-
fore we would not expect that the minimum is due to
the deconstruction transition. Another reason for this
is that for temperatures greater than 680 K the FWHM
approaches the simulated curve again, thus indicating a
decrease of the surface step density. The observed min-
imum of the width of the blocking dip may be related
to the vacancy and step formation, recently observed by
LEIS

Also a LEED study had shown that the step density
decreases above 720 K due to a smoothing of the rough
surface. We conclude that the observed anomaly may
be explained by a roughening transition where the step
atoms vibrate anisotropically with an enhanced ampli-
tude compared to the bulk atoms.

The growth law of the observed quasiliquid-layer thick-

ness can be derived from a Landau-Ginzburg-type theory
of surface melting. van der Veen, Pluis, and van der
Gon showed that short-range interactions between the
surface atoms result in a logarithmic temperature depen-
dence of the disordered layer thickness.

For temperatures very close to the bulk melting point
[( (TM —0.3 K)j a departure from the logarithmic law
into a power law with exponent (—1/3) is predicted.
Experimental indications have been found only for the
Pb(110) surface. s This departure can also be understood
with the above theory, where it was shown that long-
range interactions will be more important at tempera-
tures near TM compared to short-range interactions be-
tween the surface atoms. For the Au(110) surface we
could not check this prediction, but we could confirm the
logarithmic growth law:

N, q(T) = No in
~ ~

(atoms cm ). (2)

No is a. material specific constant of microscopic di-
mensions ( 10~s atoms cm ) and LM the latent spe-
cific heat for melting per Au atom (8.35 x 10 ~0 3). The
quantity Ap represents t, he free-energy balance per unit
surface area, about which it is energetically favorable for
a dry surface to be completely wetted by a liquid layer.
Pluis, Frenken, and van der Veen~ showed with a simple
thermodynamic model that, surface melting will only oc-
cur when this energy balance is positive. The free-energy
balance is defined by subtracting the specific free ener-
gies pt„and p, ~ from p,„atthe bulk melting temperature
TM for the interfaces liquid-vapor, solid-liquid, and solid-
vapor. The microscopic constant No follows the relation

~&
pi&'1~

42) (3)

p~ is the density of the liquid disordered Au layer (5.9 x
102~ atomscm s) and (~ the correlation length of the
short-range interactions. The physical meaning of (~ is
that it represents the distance after which the surface
order parameter has changed about a factor e. We cal-
culated a value of 3.96 0.2 A for (~. (TMbp)/(LMNO)
in Eq. (2) has the dimension of temperature (= To).
From our fit to the experimental data we obtained 639.7
K which gives for the energy balance b,p of the inter-
faces per unit surface area. a value of (46.6 + 0.8) x 10
3/m . From the literature values, 29 which are quite un-
certain (especially p, ~

and p~„are not accurately known
at TM) one extracts an expected energy balance of Ap =
33x 10 3/m .

It should be pointed out that our experimental values
for the characteristic quantities of surface melting agree

TABLE I. Overview about characteristic premelting quantities.

Surface
Pb(110)
Ai(110)
Au(110)
Au(110)

Ref.
3
1

10
this study

Method
M EIS
MEIS

molecular dynamics simulation
MEIS

f( (A)
6.2
4.9

4.4+0.6
3.9+0.2

a~ (1O-' S/m')
21.2
29.2
49.4
46.6

To (K)
55

117.67
630+350

639.7

T' (K)
450
750

& 1000
770
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well not only with the theory, but also with molecular
dynamics simulations of the Au(110) surface performed
by Ercolessi et al.

These simulations with 20 x 40 x 32 atoms and periodic
boundary conditions predict a correlation length (i
4.4 + 0.6 A and a Ay of 49.4 x 10 s J/m2.

So far only open fcc (110) surfaces, for which Ap ) 0,
showed the surface melting effect. To summarize our
results for the Au(110) surface in comparison to the other
MEIS studies of the metal surfaces Pb(110) and Al(110),
which were shown to premelt, Table I gives an overview
about the characteristic quantities for premelting.

We conclude that by this study evidence for the pre-
melting effect of the Au(110) surface is given. The ex-
perimental MEIS results confirm nicely the results of the

molecular dynamics simulation. But it must still be
checked whether a power law near the bulk melting point
occurs and whether the closer packed Au surfaces do not
show premelting because of their negative Ap value.
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