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ABSTRACT A general approach of second-harmonic generation
(SHG) studies for surface phase transitions (PTs) is presented,
with a thermodynamic classification of surface PTs and their
relation to SHG parameters. The symmetry aspects of SHG
near a surface PT are discussed, including issues connected
with separation of surface and bulk contributions and the role
of atomic and mesoscopic inhomogeneities. This approach is
illustrated by applying it to two systems revealing a (near-) sur-
face PT: single-crystalline SrTiO3 near a bulk structural PT and
single-crystalline Au in an electrochemical cell revealing an
order—disorder and a reconstructive PT.

PACS 42.65 .ky; 68.35.Rh

1 Introduction

Optical second-harmonic generation (SHG) with
its high surface and symmetry sensitivity has been proven
to be a powerful tool for studying surface phase transi-
tions (PTs). Already, the first experiments on surface phase
transitions (time-resolved laser-induced silicon melting [1],
(1 x 1) — (7 x7) surface reconstruction of Si(111) [2]),
showed the power of the SHG technique for such kinds of
studies. During the last two decades the number of surface
PTs that were studied using SHG has continuously increased.
Despite the development in recent years of more direct ex-
perimental techniques like scanning tunnelling microscopy
(STM) [3], low-energy electron diffraction (LEED) [4], and
most recently synchrotron X-ray diffraction (XRD) [5], there
are still many conditions for which SHG remains the best
choice for studying surface PTs. First of all these are PTs at
buried interfaces, when for example the surface undergoing
a PT is in contact with a liquid or a PT in a near-surface layer
with a thickness of several lattice constants, which can be con-
sidered as a solid—solid interface. Another class of examples is
studies of the dynamics of surface PTs. And where the buried
interfaces can sometimes also be studied (with some limita-
tion) using other techniques, (nonlinear) optical techniques do
not have any rivals in studying dynamics, as using state-of the
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art lasers time scales from hours down to femtoseconds can be
exploited.

In this paper we discuss a general approach of SHG stud-
ies of surface phase transitions. We give a symmetry analysis
of SHG radiation during a surface PT, in which contributions
from surface and bulk are discussed, as well as the role of
atomic and mesoscopic scale inhomogeneities in connection
with fluctuations or with a mixture of phases. After that a ther-
modynamic classification of surface PTs and their relation to
SHG parameters is given. This approach is applied to two sys-
tems revealing a (near-)surface PT: single-crystalline SrTiO;
(STO) with a structural PT and a single-crystalline Au(111)
electrode undergoing different types of surface PT depend-
ing on electrochemical conditions. For each observed PT, at
the end of the appropriate section the main results that can be
obtained from SHG studies are emphasised.

2 Theoretical consideration

There are several ways to classify surface phase
transitions: according to the change of symmetry (order—
disorder, order—order, incommensurate), according to the
behaviour of thermodynamic functions (first order, second
order), according to the localisation of the PT layer (subsur-
face, near-surface, in adsorbate layer), or according to their
nature (structural, magnetic, ferroelectric). As far as SHG is
concerned, the symmetry of the surface plays the most im-
portant role in distinguishing different phases. Therefore we
will first of all classify the surface PTs according to symmetry.
Apart from symmetry, in most cases the surface band struc-
ture changes. This requires an analysis of the spectrum of the
surface states and its changes during the PT. Examples of this
can be found in the literature [15-21] and will not be further
discussed here. Finally, a thermodynamic classification will
be given with regard to the SHG parameters. In the follow-
ing general consideration we will use the term ‘surface PT’
without specifying its localisation, which will be done in the
examples.

It is important to note that when a surface is studied by
SHG the light/media interaction depth is very small. In order
to distinguish between bulk and surface, the interplay between
the symmetry and depth of the nonlinear polarisation source
is exploited: for centrosymmetric media the thin surface layer
with a high dipole-type nonlinear optical polarisation gives
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a SHG field strength comparable to the effective bulk-layer
contribution, with a much weaker quadrupole-type nonlinear
polarisation. It means that when using SHG mostly PTs at the
surface of centrosymmetric bulk media can be studied. Hence
only interfaces of centrosymmetric media will be considered
in the following.

2.1 Symmetry analysis of surface PTs

The nonlinear polarisation of the surface is of
dipole type and is determined by its point-group symmetry
through the nonlinear susceptibility tensor ¥ ®:
PP2w) = %3 Ej(@) Ex(), e))
where E(w) is the electric field of the incident wave. The
structure of ¥® (nonzero tensor components) for any type
of surface symmetry can be found in [6]. This surface polari-
sation interferes with the quadrupole-type polarisation of the
bulk, which for dielectrics is described by

PR20) = x5 Ej(@) Vi Ei(w), 2

where Xz(]%) is the bulk nonlinear susceptibility tensor. In (2) the
nonlinear source arises from electrons that are localised on the
atom core. In the case of a delocalised electron system (semi-
conductors, metals) and simple cubic symmetry, the nonlinear
polarisation can be written as [7]
P2 =yVi(E-E)+(E\ViE, 3)
where y and ¢ are constants.

The nonlinear susceptibility tensor components or at least
their linear combination can be obtained by measuring the
SHG intensity (for various combinations of input and out-
put polarisation) during rotation of the sample around its
normal. In (1) and (2), depending on the surface symme-
try, both isotropic (independent of surface orientation) and
anisotropic (dependent on surface orientation) components
can be present. In (3) the first term corresponds to the isotropic
contribution, and the second term is anisotropic. The source
of nonlinear polarisation described by the second term of (3)
is localised in the bulk of the crystal. The first term is more
complicated. It can be expressed in terms of phenomenolog-
ical complex parameters a, b, and d, introduced by Rudnick
and Stern [8]. The parameters a and b determine the excita-
tion efficiency of the normal and tangential components of the
surface current, and therefore the corresponding polarisation
is localised in the near-surface region. The parameter d is of
pure bulk origin. It was shown in [9] that the surface parameter
a gives the main contribution to the SHG field, and that » and
d can be neglected. So, finally, from (3) we obtain isotropic
surface and anisotropic bulk contributions.

A symmetry analysis of the SHG intensity gives informa-
tion on a surface PT if the surface symmetry changes while
the bulk symmetry remains the same. If there is no interaction
between bulk and surface (the case of a near-surface PT), the
polarisation described by (1) and (2) can be summed up inde-
pendently into a total SHG polarisation. If a PT occurs in the
topmost or adsorbed (sub)monoatomic layer, electrons in two

neighbouring layers are not independent and the whole ‘sand-
wich’ should be considered on top of the bulk, which in turn
can be taken into account independently. So we have to con-
struct an effective § ™ for the surface ’sandwich’ and then sum
up (1) with (2) or (3).

2.1.1 SHG field at ordered surfaces; order—order
phase transitions.

If a crystal is imagined to be cut into two pieces with
all atoms and bonds kept in their bulk positions an imagi-
nary (1 x 1) surface appears. For such a surface there is no
way to distinguish between the surface and bulk contributions
and therefore the surface symmetry analysis becomes use-
less. A real surface is different: after the crystal is cleaved
the surface usually undergoes a relaxation process leading to
the appearance of different kinds of surface states and surface
reconstructions. If the surface undergoes a phase transition,
both the energy of the surface states and the symmetry can
be changed. Therefore the surface phase transitions can be
probed either by SHG spectroscopy or by the analysis of the
SHG symmetry properties. In this paper we focus on the sym-
metry analysis.

For any type of surface symmetry the SH field generated
at a single-crystalline (nonreconstructed) surface can be ex-
pressed as

3
ENrec = fo+z (ci cosiW¥ +5; sin i) ,

i=1

“)

where ¥ is the azimuthal angle of the crystal relative to one
of the crystallographic axes; fy, ¢;, and s; are linear combina-
tions of ¥ and %@ tensor components (or ™, y, and ¢)
depending on the studied system.

For low-index surfaces (4) becomes simple. For example,
for a (100) surface of a cubic crystal with symmetry (m3m),
Enrec 1s constant for a SH wave polarised in the plane of
incidence (p-out) and equals zero for a SH wave polarised
perpendicular to the plane of incidence (s-out). For a (110)
surface of the same crystal Engec = ag + aa cos(2¥) for p-out
(zero for s-out). Fora (111) surface

ENrec = fO +c3 COS(3W) (5)
for p-out and
ENrec =53 Sll’l(?)q/) (6)

for s-out.

If a surface reconstruction takes place, two possibilities
arise.

1) The symmetry of the surface layer is not changed.
This happens for instance at a hexagonal surface for the
1 x1— +/3x+/3 and /3 x /3 = 2+/3 x +/3 reconstruc-
tions or for a rectangular surface for the (1 x 1) — (2 x2)
reconstruction. In this case the expressions for the nonlinear
polarisation are not changed, and the impact of the recon-
struction on the SHG response only appears as a change of
(existing) Fourier components in (4). The origin of this change
depends strongly on the nature of the studied surface and will
be discussed together with the examples.
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2) The symmetry of the surface is changed. This hap-
pens for instance for more complicated reconstructions like
(1 x 1) = (23 x +/3) (and all other types with a high ratio
of reconstructed/nonreconstructed surface lattice constants).
The most general result of such a reconstruction is that the
high-order symmetry in the topmost layer is replaced by
a lower-order symmetry. Considered together with the under-
lying layer the total symmetry is lowered as well. This means
that additional terms appear in the expression for the nonlin-
ear polarisation together with possible changes of the previ-
ously existing terms. The situation gets more complicated by
domain formation that generally accompanies such a recon-
struction process. A comprehensive analysis of the influence
of 23 x +/3 domain formation at a hexagonal (111) surface on
the SHG anisotropy is given in [10]. It results in the appear-
ance of one-fold and two-fold components in (5) and (6) with
the azimuthal angles shifted by ¥ and ¥, from the position of
the three-fold components:

Eree= fo+c1cos (W — W) +crcos (2 (¥ — W) 7
+c3cos (3¥),
where ¢; andc; as well as ¥; and ¥, depend on the domain
spatial distribution (density of uncompensated domains). It is
important to note that the presence of uncompensated domains
changes the azimuthal dependence of the SHG field only if the
symmetry of individual domains is different from the symme-
try of the nonreconstructed surface. If not, than the presence of
domains changes only the magnitude of existing components.

2.1.2 SHG in an incommensurate surface (layer);
commensurate—incommensurate PTs.

An incommensurate structure can appear for a PT driven
by the adsorption of ions. The topmost layer of adsorbates
can be perfectly ordered with a well-defined symmetry. How-
ever, if this surface layer or adsorbates develops a nonra-
tional periodicity with respect to the bulk, the total top ’sand-
wich’ structure is incommensurate. With respect to symme-
try, an incommensurate structure corresponds to a random
or isotropic structure that gives only an isotropic contribu-
tion to the p-out SHG field (with zero s-in, s-out). Therefore
a PT from ordered to incommensurate structure will result
in an increase of the isotropic component of the surface sus-
ceptibility. (The change in anisotropic components during
a commensurate/incommensurate PT calls for different ex-
planations: see Sect. 2.2.)

2.1.3 SHG at a disordered surface; order—disorder PTs.

Two kinds of disordering of the surface layer are possible
during a PT: atomic random and island(nucleus)-random.
Both of them should be considered as atomically rough but
with a different in-plane correlation length. An atomically
rough surface was studied in [11, 12] for a silicon/silicon
oxide interface. It was shown that atomic roughness leads
to a change of the isotropic component in the SHG field.
The most distinguishable result can be obtained for polarisa-
tion combinations for which the isotropic component in the
case of a flat surface is forbidden (s-in, s-out). Therefore an
order—disorder PT with random atomic scale inhomogeneities

should result in the appearance of a (forbidden for s-in, s-out)
isotropic contribution in the nonlinear polarisation.

In-plane inhomogeneities of the surface with a correlation
length that is of the same order of magnitude as the wave-
length were studied in [13, 14]. It was shown that such in-
homogeneities give rise to an incoherent background and the
scattering indicatrices (dependences of SHG intensity on scat-
tering angle) give a measure of the correlation length. There-
fore an order—disorder PT with mesoscopic inhomogeneities
should result in the appearance of scattered background.

2.2 Thermodynamic classification of surface PTs

Phase transitions can be classified according to
the behaviour of the free energy F, which in classic phase-
transition theory is a function of temperature and pressure:
F(p, T) [4]. For surface PTs the free energy can also be
a function of coverage and electric field. When the first deriva-
tives of the free energy (9F/0T), or (3F/dp)r change dis-
continuously the transition is called first order. When only
the second-order derivative changes discontinuously (with the
first-order derivative being continuous) a PT is called second
order.

For first-order PTs not only the free energy, but also
other equilibrium parameters (for example coverage, mag-
netisation), change discontinuously. Due to the presence of
metastable states, co-existence of phases and hysteresis are
observed instead of steps in the system parameters. Therefore
the presence of hysteresis in the SHG field can be considered
as evidence of a first-order PT.

In case of a second-order PT, the symmetry is lowered
to one of the subgroups of the original point group and an
order parameter 1 changes continuously. The free energy can
then be expanded in a series of the order parameter (Landau—
Ginzburg theory). The case of a three-component surface
order parameter for a PT driven by a temperature change was
discussed in [22]. Here we introduce an analogous expansion
for a 2-D system and a one-component order parameter for
a PT driven by an electric field normal to the metal surface:

F()—IA.?+IB4+ICXV)2 (8)
n = 3 n 2 n ) n.
Here, the coefficients A, B, and C are generally functions of
temperature T, pressure p, electric field E, and coverage 6.
For fixed T, p, and 6 the first coefficient A (E) becomes zero at
the phase-transition point: A(E() = 0. Near E( one can obtain
from (8)

r, , 1, 1 )
Fn) = 5Aen”+-Bn"+-C(Vn)~, )
2 4 2
where A/ is constant and ¢ = (E — Eo)/Ep. As (9) coin-
cides with the common Landau expansion fort = (T — T,) /T,
(with t being substituted by ¢), calculations of critical expo-
nents are identical. Therefore the values of the critical expo-
nent are equal as well:
no el (10)
The value of the critical exponent depends on the model: the
mean-field approximation gives 8 = 1/2, the exact value for
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the two-dimensional Ising model is 8 = 1/8, for the three-
state Potts model 8 =1/9 or 8 =1/12 (depending on the
site occupation) [23]. In the close vicinity of a second-order
PT, fluctuations of the order parameter increase (critical be-
haviour), and this region can be described by scaling theory.
According to the scaling hypothesis the nature and fine struc-
ture of the system do not play any role but only the dimension
of the system (in our case 2-D), the symmetry of the order
parameter, and the character of the interactions are important.

An additional way to distinguish between first- and
second-order PTs is to study the dynamics of the process. In
particular, in electrochemical systems this is based on the cur-
rent transient while a step voltage is applied to the surface. For
a first-order PT (nucleation and growth), it is given by [24]

() = keare= /0 (11)

For a second-order PT (random nucleation), it is given by [25]

j(t) = kye”n, (12)
In these expressions «; and k, are amplitudes and #; is a time
constant.

2.2.1 SHG parameters for first- and second-order
surface PTs.

There is no general model to describe the nonlinear sus-
ceptibility during a surface PT. The first attempt has been
made in [22]. For a second-order PT (not magnetic and not
properly ferroelastic [26]) the surface nonlinear susceptibility
can be expressed in terms of the surface order parameter 1 as
Xi%k = X};k + Dijkm M1 Mom » (13)
where 3" and 3! are the nonlinear susceptibility tensor in the
low- and high-symmetry phases respectively and 9 is a fifth-
order tensor corresponding to the surface point-group symme-
try. If the order parameter is one-component (scalar), (13) also
can be used with & being a third-order tensor corresponding
to the symmetry of the surface. The dependence of the order
parameter on the PT-inducing external parameters (7', E) is
described by (10).

For a first-order PT the concept of an order parameter can-
not be used. In this case, theoretically, the SHG field should be
a step function in a PT point. In reality the step is smoothed
and hysteresis in the SH field is observed. Hence one can write
for the effective nonlinear susceptibility for the range of exter-
nal parameters where two phases co-exist:
X (T, E) = H(T, E)x}} + L(T. E) x;.. (14)
where H(T, E) and L(T, E) are partial densities of the high-
symmetry and low-symmetry phases respectively. This ex-
pression allows us to determine the partial densities of the two
phases in the vicinity of a PT.

In the special case of a metal surface in an electrochemical
environment, the SHG transient can be used to distinguish be-
tween first- and second-order PTs. For metals within a jellium

model the isotropic term f depends on the surface charge
o [27],

fo(o) g+ a0, 15)

where oy and «; are constants. The charge transient can be cal-
culated from (11) and (12), which give together with (15) the
SHG transient:

fo(o) oce™ @0’ (16)
for a first-order PT and
fo(o) oce™0 (17)

for a second-order PT.

3 Experiment

For studying a near-surface PT, single-crystalline
SrTiOs (110) was used. Details of the structure and growth
procedure are described in [22]. The crystal undergoes a bulk
structural phase transition at 7, = 105 K; the near-surface PT
was observed at 7* = 150 K.

A real surface PT was studied on single-crystalline
Au (111); details of the preparation procedure are described
in [28]. Cyclic voltammograms (current—voltage depen-
dences) in 0.05 M sulfuric acid were measured after electrode
preparation as evidence of the high quality of the surface [29].
In order to obtain different kinds of surface phase transitions,
different electrolytes were used: 0.5 M sulfuric acid H,SOg4
(see Sect. 4.2), 0.1 M sulfamate acid H,NSO3;NH, 0.1 M sul-
furic acid H,SOy (see Sect. 4.3), and 1 mM CuSO4 in 0.05 M
H,SOy4 (see Sect. 4.4). In all experiments the electrode volt-
age was measured relative to an saturated calomel electrode
(SCE).

For the SHG experiments both femtosecond Ti:sapphire
and nanosecond Nd:YAG laser systems were used. The
Ti:sapphire laser (= 800nm) had a pulse width of about
100 fs, a repetition rate of 78 MHz, and was focused onto
a spot of 0.1 mm in diameter. For detection a photon-counting
system was used. To measure the scattered background we ei-
ther rotate the detection system (in the case of STO around the
vertical axes to measure scattering indicatrices) or use a two-
channel detection system, with one channel measuring the
specular and the second channel the scattered signal. In this
case the second photomultiplier tube (PMT) was located at the
scattering angle of 20 degrees.

The YAG laser based system operates at a fundamental
wavelength of 1064 nm, a pulse width of about 3.5 ns, and
an energy per pulse of 3 mJ, and was focused onto a spot of
about 0.5 mm in diameter. For detection a PMT (Hamamatsu
H5784-06 photonic sensor with built-in amplifier) followed
by a boxcar averager—integrator (Stanford Research SR245)
for signal processing was used. For dynamic measurements,
periodic (10-20 Hz) square pulses from a function generator
triggered by the laser power supply were applied to the elec-
trode. The delay time of the laser pulse with respect to the
voltage pulse was varied in the range of 0—100 ms. In this way
the SHG signal from the electrode was measured in different
temporal states of a deposition/dissolution process. Details of
dynamics measurements are presented in [28].
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For both systems the polarisation of the fundamental wave
was controlled by a Berek compensator, and of the SH waves
by a Glan prism. The angle of incidence was kept at45 degrees
for STO and 30 degrees for the electrochemical measure-
ments. The azimuthal anisotropy I, (¥) was measured by ro-
tating the sample around its normal. The SHG signal was dis-
criminated spectroscopically by appropriate colour and band-
pass filters.

4 Results and discussion

4.1 Structural phase transition in a near-surface layer

A structural PT in the subsurface layer was ob-
served for the first time in single-crystalline SrTiOs, which
reveals a bulk structural PT from m3m to 4 /mmm point-group
symmetry [22]. The near-surface PT was found at the tem-
perature 7* = 150 K, which is 45 degrees higher than the bulk
T.. Here we want to show that these results fall under the gen-
eral considerations of second-order phase transitions, namely
the correlation of the SHG field with the order parameter. Ad-
ditionally, we show the role of scattered radiation in these
measurements.

Asis shown in Sect. 2.3, for second-order PTs fluctuations
of the order parameter increase in the vicinity of a PT, giving
rise to intensive scattering of SHG radiation [30]. Figure la
shows typical SHG scattering indicatrices for different tem-
peratures. These measurements allow us to separate specular
and scattered radiation: as the scattering profile is rather wide,
we subtract the signal at the polar angle of 5 degrees from the
total signal at zero polar angle; the difference is attributed to
the specular signal. As can be seen in the temperature depen-
dence of the scattered light (Fig. 1b), contrary to our expec-
tation no scattering was found that could be attributed to sur-
face critical phenomena. The smoothly increasing scattered
intensity down to low temperatures must be attributed to crit-
ical phenomena connected with the low-temperature (40 K)
incipient PT. As similar dependences are observed in trans-
mission as well, we can conclude that this scattered radiation
is generated in the bulk of the crystal. This is not surprising,
because the scattered radiation is incoherent and the differ-
ence between transmission and reflection geometry based on
the coherence length [22] disappears.

The temperature dependence of the pure coherent SHG
field in the specular direction is shown in Fig. 2. Polarisa-
tion combinations are s-in, p-out and p-in, p-out. Above
T = 150 K the coherent SHG equals zero within the error bar.
In the temperature range 7 < 150 K these dependences are
linear, with a change in slope at the bulk transition tempera-
ture T, = 105 K. The temperature 7* = 150 K is attributed to
a near-surface structural PT, and according to (10) and (13)
these linear dependences indicate that the nonlinear suscepti-
bility follows a general power law with the critical exponent
B = 1/2 (mean-field approximation).

So, in summary, for the single-crystalline SrTiO3 we find
from our SHG data:

— anear-surface PT on the (110) surface at 150K, i.e. 45K
above T, of the bulk;

— the SHG field obeys a power-law dependence with the crit-
ical exponent 8 = 1/2;
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FIGURE 1 Observation of near-surface phase transition at SrTiOz (110):

a scattering indicatrices of SHG intensity in reflection geometry for different
temperatures; for exact specular direction the SHG signal is a superposition
of two contributions: coherent (near-surface) and incoherent (bulk); b tem-
perature dependence of SHG scattered intensity measured at the scattering
angle of 6°

— the scattered intensity due to fluctuations of the bulk order
parameter is high, but no critical scattering from the sur-
face was found.

4.2 Phase transitions in the surface layer

4.2.1 Second-order order—disorder PT at an Au (111) surface
induced by adsorption of sulfate anions.

There are two PTs at Au(111) in sulfuric acid: when the
surface is negatively charged, the surface is 23 x +/3 recon-
structed; when the surface is positively charged, the surface
is v/3 x +/7 reconstructed. There is some voltage range in be-
tween where the surface is nonreconstructed. The (1 x 1) to
(23 x +/3) PT will be discussed elsewhere [31]. Here we fo-
cus on the order (+/3 x ﬁ) — disorder PT occurring at 0.8 V.
Although this phase transition was widely studied by different
LEED [33], in situ STM [32, 34], electrochemical [35], and
SHG [10] experiments a thermodynamic classification (first
or second order) of this PT is absent.

In the current—voltage dependence (cyclic voltammogram
or CV) the PT manifests itself in a reversible way by nar-
row spikes at Uy = 0.78 V. In STM measurements a (/3 x
«/7) surface reconstruction was observed [34] for U > U
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that is formed by sulfate anions. Sulfate anions start to ad-
sorb randomly around 0.3V, and the surface coverage in-
creases (see Fig. 3a, thick line, data are taken from [35]).
At Uy it reaches the critical value of 0.2 and the order—
disorder PT takes place (see Fig. 3, thin line). For U > U
the whole sample is divided into domains. Three types of do-
mains exist with the point-group symmetry of each domain
being m.

The azimuthal rotational dependences of SHG intensity
at different electrode potentials are shown in Fig. 3b. In the
ordered phase these dependences should be described by (7)
with an appearance of one- and two-fold Fourier components
at Up. However the one-fold component is rather high for all
potentials, and its change at Uy does not exceed 5% (error bar

for this type of measurements), while the change in the three-
fold component is about 10%. This allows us to use (5) for
the fitting procedure both for the nonreconstructed and recon-
structed phases.

Further measurements have been done by measuring the
SHG response simultaneously with the CVs. The SHG in-
tensity was measured at the maximum (¥ = 0), minimum
(¥ = /3), and the intermediate points (¥ = 7/6) of the azi-
muthal dependence. The voltage dependence of the SHG in-
tensity at the maximum (Fig. 3a, dots, p-in, p-out polarisation
combination) reveals a break exactly at Uy. This break re-
mains in the three-fold component, but does not exist in the
isotropic component. No hysteresis in the voltage dependence
of the SHG intensity is observed. The voltage dependence
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FIGURE 3 Order—disorder sur-
face PT at Au(111) in sulfu-
ric acid: a thin line — cyclic
voltammogram for Au(111)
in 0.1M H,SO4 (left-hand
scale); thick line — coverage
of (bi)sulfate anions (right-
bottom scale), the data are
taken from [35]; dots — SHG
intensity at maximum of ro-
tational anisotropy; b azi-
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of Acz =c3 (ﬁ X ﬁ) —c¢3(1 x 1) (the increase of c¢3 for

U > Uy overits value for U < Uy, which was averaged over 30
experimental points in the voltage range 0.6—-0.78 V) is plot-
ted in Fig. 4a on a logarithmic scale.

The same measurements and calculations have been done
for the s-in, s-out polarisation combination. The three-fold
component in this polarisation combination does not show
any feature at Uy (similar to p-in, p-out). Although for s-in,
s-out an isotropic contribution is forbidden, Fourier analysis
shows that f3* # 0. Keeping in mind that for this polarisation
combination the one-fold component falls within the error
bar, we attributed the observed dependence to the presence
of atomic scale inhomogeneities. fj increases with increas-
ing voltage and depends linearly on the sulfate-ion coverage
(Fig. 4b). No scattered background was found for this system
for all measured polarisation combinations.

The absence of hysteresis in the I»,(¥) dependence,
the discontinuity of the derivative (but continuity of the c3-
component itself), and the presence of atomic scale inhomo-
geneities (rather than islands) all point to the presence at U
of a second-order order—disorder PT. This yields, following
(10) and (13), a power-law dependence of Acs on the voltage.
A linear fit of the experimental dependence Acz(U) plotted on
a logarithmic scale in Fig. 5a gives for the slope 0.22 +0.04.
The unit cell of (+/3 x +/7) structure is centrosymmetric (see
Fig. 5a, inset). Therefore the nonlinear susceptibility in this
phase is described by (13) with a quadratic dependence on the
order parameter. This means that the critical exponent for this
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FIGURE 4 Order—disorder surface PT at Au(111) in sulfuric acid: a de-
pendence of PT-induced three-fold component Acg P for p—p polarisation
combination on reduced electric field (logarithmic scale); inset: the model
(4/3 x 4/7) structure formed by sulfuric anions; b coverage dependence of
the forbidden isotropic component in s—s polarisation combination. Funda-
mental wavelength is 800 nm

transition is 8 = 0.11 £ 0.04. This value is in agreement with
the critical exponent calculated within the framwork of the
three-state Potts model with occupied bridge sites (8 = 1/12).
Recently, Koper and Lukkien [36] demonstrated using Monte
Carlo simulations that the narrow spikes in the CV should be
attributed to a second-order PT. The same calculations made
for the surface PT studied in our experiment would be very
helpful in understanding the nature of the observed PT.

So, in summary, the SHG study of the sulfate-induced dis-
ordering of the (+v/3 x +/7) structure of an Au(111) surface
yielded the following results:

— the SHG field obeys a power-law dependence with critical
exponent 8 = 0.11, giving the first experimental evidence
that it is a second-order PT;

— only atomic scale (and no mesoscopic) inhomogeneities
appear to be present on this surface.

4.2.2 First-order order—disorder incommensurate PT in ad-
sorbed layer of sulfamate anions.

An order—disorder PT takes place at an Au(111) surface
in the presence of sulfamate anions. Sulfamate anions dif-
fer form sulfate anions by replacing one oxygen by an amino
group. The CV for Au(111) in sulfamate acid (Fig. 5a) re-
veals very narrow reversible spikes at Up=0.2 V. In STM
images above 0.2 V, a well-ordered molecular structure is ob-
served [37] and attributed to the sulfamate layer. The unit
cell of this structure is almost square (3.81 x 3.94 A2). This
structure is incommensurate with respect to the underlying
Au (111) as no coincidence lattice was found on a larger scale.
The ordered areas form antiphase domains. As no atomic
resolution was obtained below Uy, the observed PT was at-
tributed to a structural order—disorder PT [37].

SHG azimuthal dependences in the p-in, p-out geom-
etry show three maxima for all electrode potentials. Fourier
analysis of the azimuthal dependence (using (4)) shows the
presence of a one-fold component, but its change with po-
tential falls within the error bar (5%). These observations are
consistent with the theoretical analysis for a commensurate—
incommensurate phase transition given in Sect. 2.1.2 and
allow us to restrict ourselves to measuring the potential de-
pendence of the SHG intensity in the maximum, minimum,
and an intermediate point of the azimuthal dependence of
the SHG intensity. CVs were measured simultaneously with
the SHG scans. The isotropic and anisotropic Fourier com-
ponents for the p-in, p-out polarisation combination obtained
from these measurements are shown in Fig. 5. The anisotropic
three-fold component changes sharply near Uy (Fig. 5c). The
whole change takes place in a wider voltage range than the
width of the current spikes and shows a strong hysteresis, in
contrast to the CV measurements. It is remarkable to note that
the hysteresis exists only for the anisotropic component and
not for the isotropic component (Fig. 5b), which is a measure
of the surface charge. From the results for c3 we can calculate
using (14) the fraction H(U) of the ordered phase, the results
of which are plotted in Fig. 5d.

The dynamics of the surface PT was studied by a modified
step-voltage technique. The temporal dependence of applied
voltage is shown in Fig. 6a. The current (Fig. 6a) and SHG
(Fig. 6b) transients were measured simultaneously. The best
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V/3) or a honeycomb structure with Cu coverage of 2/3 and
SO, coverage of 1/3. This phase transition PT1 takes place at
0.22 V. With a further decrease of voltage the second phase
transition PT2 takes place at 0.07 V, in which sulfate an-
ions are replaced by Cu ions and a Cu (1 x 1) structure is
formed.
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The voltammogram of this process is shown in Fig. 7a
by a thin line. Peak A (A’) corresponds to PT1, peak B (B’)
to PT2. The SHG azimuthal dependence reveals a three-fold
symmetry for all phases and no additional Fourier compo-
nents appeared during these phase transitions. Therefore we
measured the SHG intensity (simultaneously with the CV)
dependences on the electrode voltage in the minimum, max-
imum, and intermediate points (¥ = 30°) of the rotational
anisotropy. These are shown for the p-in, p-out polarisation
combination in Fig. 7a by thick lines. The changes in SHG in-
tensity are observed at the same positions where current peaks
are observed. A strong hysteresis is found for PT2 and no hys-
teresis was observed (within the error bar) for PT1. The same
measurements have been done for the s-in, s-out polarisation
combination. The calculated isotropic and anisotropic Fourier
components are presented in Fig. 8(a, b, c).

For the interpretation of these results the voltage depen-
dence of the surface coverage and charge is shown in Fig. 7b, ¢
(plotted with the use of results of [44]).

For the p-in, p-out polarisation combination the voltage
dependence of the isotropic component almost follows the de-
pendence of the total charge (see Fig. 8a, ¢). Keeping in mind
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potential deposition of Cu: a cyclic voltammogram (thin line, left-hand scale)
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sulfate anions (solid line): data are taken from [44]; ¢ surface charge: partials
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that the charge is modelled and not measured simultaneously,
this points in favour of the Dzhavakhidze et al. model [27].
It also means that even for the UPD layer there is no dir-
ect contribution to the SHG polarisation from Cu adatoms.
The voltage dependence of the amplitude of the three-fold
component c3 in the UPD region is very similar for the p-in,
p-out and the s-in, s-out. Quantitatively, these dependences
are similar to the voltage dependence of sulfate-ion cover-
age (or partial negative charge). Although it not clear why the
anisotropic component is selectively sensitive for negative-
ion adsorption, it seems that it can be used as a measure
of the surface transformation connected with the anion cov-
erage. The same behaviour was observed for pure sulfuric
acid (see Sect. 4.2.1). However, a microscopic analysis of the
anisotropic SHG Fourier component is required for a better
understanding of these observed dependences.

The anodic part of the voltage dependence of the forbid-
den isotropic component in the s-in, s-out polarisation com-
bination is similar to the case of pure sulfuric acid: for both
a smooth increase is observed while the concentration of ran-
domly adsorbed sulfate anions increases. In the UPD region
(PT1) a peak in fp(U) is observed. This behaviour confirms
the presence of randomly adsorbed species on an atomic scale.
In this process a voltage dependence of scattered radiation
was observed (see Fig. 8d) as well. The minimum of this
dependence corresponds to the pure 1 x 1 Au substrate. An
increase of the scattered radiation is observed in the UPD
region and anodic regions that points to a formation of inho-
mogeneities on a mesoscopic scale.

In order to find the order of these transitions, time-resolved
measurements have been performed. The SHG intensity has
been measured at the maximum of the rotational anisotropy.
Simultaneously the current transients were measured. The
left-hand panel in Fig. 9 shows the temporal dependence of
the SHG intensity and the corresponding current transient dur-
ing a periodic voltage step 0.15 — 0.5V (that overlaps peak
A (A') in CV). Both SHG and current transients were fit-
ted using models of random nucleation and nucleation and
growth. The best fit was obtained using a nucleation and
growth model both for the current and SHG transients. How-
ever, the time constants of the SHG process are at least five
times larger than for the current transient. As the SHG sig-
nal at the maximum contains information about both isotropic
and anisotropic components, and the latter reveals the sym-
metry properties, slower processes that do not influence the
current but influence the ordering at the surface (like diffu-
sion) may slow down the SHG response. The right-hand panel
in Fig. 9 shows the SHG and current transients during a pe-
riodic voltage step 0 — 0.15V (that overlaps peak B in the
CV). No change of SHG intensity is observed during this step.
The current transients do not fall to zero within the present
time range. It means that the time constant of PT2 is given by
tpr2 >> 50 ms, which is consistent with the results of [42, 43].

In summary, for the underpotential deposition of Cu on
Au (111) in the electrochemical cell, in the presence of sulfate
ions we find:

— the SHG transients are consistent with a nucleation and
growth model, confirming the first-order character of this
order—disorder phase transition;
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— SHG scattered radiation is observed during the PT, which
indicates mesoscopic scale inhomogeneities (nuclei for-
mation) in the vicinity of the phase transition;

— atomic scale inhomogeneities increase in the vicinity of
the order—disorder phase transition.

5 Conclusions

We have developed a general approach for the
study of (near-)surface phase transitions by SHG techniques.
This approach implies (i) a theoretical and experimental an-
alysis of the SHG azimuthal dependences of the specular and
scattered components, (ii) a deconvolution from the experi-

mental results of the dependences of the SHG field on the PT-
inducing external parameters, and (iii) analysing the obtained
dependences in relation to the thermodynamic classification
of phase transitions. For a second-order PT we developed
a phenomenological model correlating the order parameter
with the SHG field.

The suggested approach is applied to the studies of differ-
ent types of (near-)surface PTs for which the advantages of the
SHG technique were clearly demonstrated. In particular, we
studied PTs at buried (solid/solid and solid/liquid) interfaces,
i.e. the systems that are hardly accessible by most commonly
used techniques. The dynamics of some of the phase transi-
tions studied enabled the additional separation between first-
and second-order PTs.
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