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Ag(111) Surface Reconstruction Studied by Optical Second-Harmonic Generation
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We have studied the optical second-harmonic retlectance of Ag(111) as a function of the incident
photon energy and the interfacial potential in an electrochemical environment. The behavior of the an-
isotropic contribution is consistent with a potential-induced surface reconstruction from C3, to C3 under
conditions of positive surface charge.

PACS numbers: 68.35.Rh, 42.65.Ky, 82.45.+z

The (111)surfaces of fcc metals are particularly stable
with regard to reconstruction. Only one example (Au)
has been clearly identified where this trend is broken
[1,2]. The (111) surface of Ag, in particular, is stable in

UHV —that is, the terminated crystal maintains the same
atomic arrangement as atoms in the bulk. In general,
reconstruction has been understood through a considera-
tion of the relief of surface stress balanced by a lattice-
misfit energy. In the electrochemical environment there
is a large gradient in the interfacial potentia1 diAerence
associated with mutual screening by electrons in the met-
al and by ions in the solution. This leads to conditions
which modify the subtle energy balance established at a
free surface. Under these circumstances it may be possi-
ble to create or lift a reconstruction through external
modification of the potential. This phenomenon has al-
ready been demonstrated on Au [3].

We have discovered a previously unknown surface
reconstruction of Ag(111) under conditions where the
metal is positively charged. The reconstruction was
identified with optical second-harmonic (SH) generation
spectroscopy, which is particularly sensitive to changes in

the surface symmetry.
The rod-shaped Ag single crystal was mounted in

TeAon with only the (111) face, 1.1 cm in diameter, ex-
posed. This functioned as the working electrode of a
standard three-electrode electrochemical cell. The cell
was filled with 0.1-M KqSO4 (triple-distilled water,
reagent-grade electrolyte, zero-grade nitrogen purging).
The Ag(111) surface was mechanically polished in three
steps with 1.0, 0.3, and 0.05 pm alumina, and then chem-
ically polished using a cyanide procedure [4]. The ap-
plied potential V was scanned between —

1 and 0 V at a
rate of 10 mV/sec. [V is reported as the potential of the
sample minus the potential of the saturated calomel elec-
trode (SCE). This establishes a reproducible reference
with an arbitrary zero. The least perturbed condition is
at the potential of zero charge (PZC). For silver in con-
tact with aqueous 0.1-M KqSO4, Vpzc=
The p-polarized light (at a fixed incident angle of 45')
came from a pulsed dye laser pumped by a 10-Hz, 20-
nsec pulsewidth, frequency-doubled yttrium-aluminum-
garnet laser. The incident laser beam had a size of about
0.5 cm and was kept at a pulse energy below 5 mJ at the

sample surface. With the use of optical filters only p-
polarized SH reAections I were collected by a mono-
chromator and conventional gated integrating electronics.

It has been shown previously that the SH response
from the unreconstructed (111) surface of fcc materials
obeys C3,, symmetry [6]. This is due to the combination
of the top two layers of the sample in influencing the
second-order surface susceptibility. The form which the
observed intensity follows for p polarization of both the
incident light (with photon energy hco) and the SH light
(with photon energy h 0 =2@to) is [7]

(p &.V) =
I I a I

+ I c I
e' cos(3$) I

' .

Here P is the angle between the x axis and the projection
of the incident wave vector on the surface plane (we
define z =[111],x =[211], y" =[011]). For simplicity,
the nonlinear dependence upon the incident intensity has
been absorbed into both a and c. These coefficients also
contain the nonlinear susceptibilities of the system as well

as the linear optical properties of the bulk media. In our
experiment the perturbation is applied parallel to the
sample normal. As V changes, a, c, and 0 are, in general,
expected to change; however, for C3,, symmetry, Eq. (1)
is always valid [6].

We rotated the Ag(111) crystal about its surface nor-
mal to generate the p-dependent intensity consistent with

Eq. (1). As an example, Fig. 1 demonstrates this aniso-
tropic SH eAect. However, it can be seen immediately
that the SH intensity (a full 360 rotation) changes from
a six-peak pattern (six maxima and six minima) at
V = —

1 V (a somewhat negatively charged surface) to a
three-peak pattern (three maxima and three minima) at
V=O V (substantial positive charge on the surface).
Changes of this type have been observed in the past from
Ag(111) [8,9]. However, those were based upon experi-
ments performed at A. su =1.17 eV and showed the oppo-
site behavior with respect to the direction of the change
in V (six maxima for more positive V, three maxima at
more negative V). This eA'ect subsequently associated
with the presence of contamination in the sample cham-
ber [6].

It is clear from Eq. (1) that the three parameters lal,
lc (, and 8 can be extracted from It ) measured at p =0,
30, and 60 . For each photon energy in the range from
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FIG. 1. Angle-dependent SH intensities at Ace=1.94 eV;

squares at V= —
1 V and diamonds at V=O V. Both are taken

for a full 360 rotation, and then averaged into one cycle of
120 to increase the signal-to-noise ratio and deemphasize any
systematic errors. The solid lines are nonlinear least-squares
fits to the data using Eq. (2) with 8~ =90' [from data inspec-
tion, I '-'(30' )=—I '-'(90' ) l. The fitted parameters are, for
squares, (a (

=1.6, Ib) =0.06, (c [ =1.8, and 02=84.3', and, for
diamonds, Ja [ =1.9, (b (

= I. 1, (cJ =0.5, and Op=2. 4 .

hco=1.43 eV (870 nm) to hru=2. 25 eV (550 nm) we
recorded the V dependence of I at these select values of

We are particularly interested in ~c~, which contains
the anisotropic second-order surface susceptibilities. This
should contain the majority of the surface symmetry in-
formation. Details concerning ~a ~

are reported upon else-
where [10].

Figure 2(a) shows a representative data set of the SH
intensities obtained for h ra =1.94 eV (640 nm) at tll =0',
30, and 60, respectively. From these intensities the cal-
culated ~c( and 0 are plotted in Figs. 2(b) and 2(c). Ac-
cording to Eq. (1),

~c ~

= j —[I (0')+I (60~)] —I (30')J 'I

We define

I"'(0,60 ) = —. [I"'(0~)+I"'(60 )]

the average of the intensities at 0 and 60, and
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FIG. 2. (a) The SH intensities vs the interfacial potential V

measured at hro=1. 94 eV. The solid line is I '(60'), the
short-dashed line I "(0'), and the long-dashed line I "(30').
(b) The anisotropic SH response Jhl; curve (2) at br@ =1.77
eV and curve (1) at hro=1. 94 eV. (The dashed line corre-
sponds to Al &0 and, is plotted as J~AI~. ) (c) The phase
diff'erence 0 defined in Eq. (1); curve (2) at hco =1.77 eV and
curve (1) at h co = 1.94 eV.

Thus, when Eq. (1) applies, hl measures ~c~ . Normally,
Eq. (1) is adequate in explaining both six-peak and
three-peak patterns as long as Al is positive. As I3I de-
creases the SH intensity evolves from a six-peak pattern
to three-peak pattern (see Fig. 1). We have observed this
six-peak to three-peak pattern evolution in the whole
spectral range of our study. A correlated slow and mono-
tonic decrease in VII is also evident for most of the spec-
tral range [as is seen in curve (2) in Fig. 2(b) for
hcu =1.77 eV].

Dramatically diAerent behavior is associated with a
narrow range of hro between about 1.85 eV (670 nm)

and 1.97 eV (630 nm). Within this narrow spectral
range we see an abrupt drop in I31 vs V. For more posi-
tive V, h,I crosses zero and becomes negative, which Eq.
(1) forbids. Figure 2(b) shows J~AI~, which emphasizes
the change. The change between the normal region and
this anomalous region, as well as the interpretation of the
origin of this anomalous behavior, is the main point of
this paper.

Because the threefold rotational symmetry is obviously
maintained for both three-peak and six-peak SH intensity
patterns, the simplest correction to Eq. (1) to account for
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FIG. 3. Squares, from right to left, for Ace at 1.97, 1.94,

1.91, 1.88, and 1.85 eV, respectively, represent the potential Vo
where hl crosses zero. The solid line is an aid to the visual sep-
aration of regions where h,l (0 from those where AI & 0.

a negative hI would be an additional term proportional to
sin(3&). Then the SH intensity would have the form

I (P) =
( ia i+ ib ie 'sin(3$)+ ic ie 'cos(3$) i . (2)

With Eq. (2), Al is ici —fbi and could become nega-
tive if lb i is sufficiently large. Equation (2) is consistent
with a system displaying C3 symmetry or with a system
maintaining C3,, symmetry whose mirror planes have
been rotated. However, the latter would show a po-
tential-dependent shift of the entire pattern with respect
to the & =0 condition. This was not observed. We there-
fore associate the anomalous region with a reconstruction
under which the surface changes from C3,, symmetry to
C3 symmetry. The six-peak to three-peak pattern change
itself does not necessarily indicate a reconstruction, but a
reconstruction is the most appropriate explanation when

M & 0. The reconstruction is observed as the potential is
changed from —

1 V (a six-peak pattern consistent with

C3,, symmetry and AI & 0) to 0 V (a three-peak pattern
consistent with C3 symmetry and hl (0).

Potential-induced reconstruction s have already been
identified by SH reAectance and by x-ray techniques on
Au(111) and Au(100) [3,11]. However, those systems
also display reconstruction in UHV (where the structure
is a function of temperature). Prior to our work, the
Ag(111) surface was thought to be structurally stable for
all conditions except for one case involving strongly
chemisorbed material (Ag-1) [121.

To more clearly identify the transition we establish Vo
as the potential where h,I becomes zero. Vo is plotted
versus the SH energy, AA, in Fig. 3. The solid line is a
parabolic fit to the data points (squares), and it is intend-
ed to provide a qualitative separation between the regions
of AI (0 (inside the parabolic curve) and AI & 0 (out-
side). Note that the entire parabolic curve is found at po-
tentials positive of the zero charge condition. This means
hI (0 occurs when the Ag surface becomes electron

deficient, when surface electron energy levels become
more positive than those in the bulk, and when negatively
charged ions are more likely to populate the solution side
of the interface. Any of these eAects could potentially
lead to surface reconstruction.

From Fig. 3 it is clear that Vo depends upon 60. A
structural phase transition should occur at a single well-
defined potential. However, in SH spectroscopy our abili-
ty to detect a given susceptibility component depends
upon its relative magnitude. A resonance in terms con-
tained within lb', such as g~J~, would explain the 6 0
dependence of Vo. It is significant to note that 6 A =3.88
eV, where the transition is most apparent, is close to the
interband transition energy in Ag. This could mean that
a potential-dependent surface state is involved [13]. The
latter, which might appear on the C3 surface, would
display a V-dependent energy, and would be associated
with resonance confined to a narrow range of h O.

Since the abrupt potential-dependent change of Jhl
near Vo is associated with a possible surface structural
phase transition, it is natural to examine how viAI ap-
proaches zero from AI & 0 [where Eq. (1) is still mean-
ingful] using a power-law function [14]:

(3)

4&I =(ici —fbi )' measures the relative change be-
tween [c) and fbi, which are related to g, „„and gf,~„re-
spectively. The size of VAI &0 measures the extent of
the surface involved with C3,, symmetry. Therefore it can
be treated as an order parameter as the transition is ap-
proached from the negative potential side. The reduced
potential

V —Vo

Vo —Vpzc

is related to the electrochemical contribution to the free
energy of the system. A log-log plot of JAI vs ivy
displays a particularly good straight-line behavior at
Ii 0 =3.88 eV (see the squares in Fig. 4). A linear least-
squares fit to the data yields P=0.39. This kind of
power-law function is characteristic of an order parame-
ter near a second-order phase transition. In its more
common embodiment, temperature is the thermodynamic
variable and the critical exponent P is measured to be
somewhere close to —,

' [ l 4].
The transition can also be observed in a plot of 0 vs V

[Fig. 2(c)]. Within the limited spectral range, 0 switches
abruptly from —90 to 0 near Vo. Away from this
transition (where d,I»0), 0 is close to 90 and shows
very little dependence on potential. When h,I & 0 the iso-
tropic (a) and the anisotropic (c) contributions to the SH
intensity are in phase with each other.

One mechanism which explains the nature of the trans-
formation involves the generation of buckling in the top
Ag layer. This could be accommodated by a slight dis-
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tiblity which may be related to a surface state connected
with the reconstructed condition.

This work was supported by the U.S. Department of
Energy under Grant No. DE-FG02-86ER45253. We
thank B. M. Ocko for some productive discussions.
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FIG. 4. Log-log plot of Jhl vs the reduced potential for
6 co = 1.94 eV from V = Vpzp to V = Vo where h, l & 0. The solid
line is a linear least-squares fit using Eq. (3) and the slope or
the power-law exponent P =0.39.

placement along z leading to a (J3X&3)R30' surface.
Provided each of the three atoms in the surface unit cell
were electronically distinct, together with the underlying
undisturbed Ag layer, the resulting surface susceptibility
would obey C3 symmetry. All mirror planes are lost in
this transformation. The resulting structure would show
an altered electron density versus z. This could be veri-
fied in a grazing incidence in situ x-ray reAectance exper-
iment.

We have shown that the crystallographic dependence
of optical SH generation from a Ag(111) electrode has
suggested the existence of a previously unexpected
potential-induced surface reconstruction from C3 to C3
symmetry. The characteristics of this eAect obey a
phenomelogical power law with a critical exponent close
to 0.39 at AQ = 3.88 eV. This behavior is detected only
because of a possible resonance in the g.,.. surface suscep-
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