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Large Anisotropy in the Optical Reflectance of Ag(110) Single Crystals: Experiment and Theory
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We report the first observation of a large (more than 10%) reflectance anisotropy on a Ag(110) single
crystal. VVe reproduce the experimental data fairly well by use of a theoretical model, based on the qua-
sistatic approximation, which takes into account both the actual geometry of the crystal surface and the
interband and intraband transitions. This demonstrates that the main eAect is the screened surface
local-field eA'ect on resonant dipolar oscillations localized near the surface.

PACS numbers: 78.66.Bz, 73.20.Mf, 78.20.Ci

The symmetry of crystal surfaces has been shown to
have a great inhuence on the physical and chemical prop-
erties of materials [1-3]. It is therefore of crucial in-
terest to reach the surface properties of crystals by means
of nondestructive techniques which can be applied in en-
vironments other than vacuum, such as gas or liquids.
ReAectance difference spectroscopy (RDS) is a powerful
tool for studying semiconductor surfaces [4,5] and moni-
toring semiconductor crystal growth, even in a gas atmo-
sphere [6]. However, up to now, metal surfaces have not
been investigated by RDS, although anisotropy efTects
have been observed on (110) surfaces of single Ag crys-
tals by electroreAectance [7,8] and by electron energy loss
spectroscopy experiments [9], and the dispersion relation
of surface plasmons has been shown to depend on the
direction of propagation along the surface [8,9].

In this Letter we present an experimental and theoreti-
cal investigation of the optical reAectance of Ag(110). In
particular, we report the first experimental observation by
RDS of an anisotropy in the optical reAectance of the
Ag(110) surface, the size of which is larger than that of
semiconductor surfaces by 1 to 2 orders of magnitude
[4, 10,11]. We also reproduce fairly well the experimental
reAectance anisotropy (RA) with a theoretical model
which takes into account both d and s-p electron transi-
tions, as well as the crystalline geometry of the (110) sur-
face [12]. This large optical anisotropy originates from
resonances in the surface conductivities, which are found
to be diferent for the two principal symmetry directions
of the (110) surface.

The Ag single crystals were disks of 8 mm diameter
and 2 mm thickness, cut from the same crystal rod by
electroerosion. They were oriented by Laue x-ray back

diA raction and mechanically polished to a mirrorlike
finish using successively finer grades of diamond polishing
suspension down to 0.25 pm. Then they were chemically
polished using a well-established chromium trioxide/hy-
drochloric acid etching procedure described previously
[13]. This chemical treatment results in the selective dis-
solution of the cold-rolling layer formed during the
mechanical polishing and was shown to provide well-
defined single crystal Ag surfaces by capacitance and
scanning tunneling microscopy studies [13]. The real and
imaginary parts of the RAhr/r =(r[,—,o[

—r[oo[[)/r[op~]
were measured with a commercial RDS instrument,
developed by ISA robin-Yvon Company (France). r[, —,p]
and r foo]] are the complex reflectances for the electric
field aligned along the [110] and the [001] directions, re-
spectively. A RDS setup is equivalent to a normal in-
cidence ellipsometer, which directly delivers the real and
imaginary parts of the ratio r[, T 1/ro[pp ]. T[herefore, for a
bulk isotropic crystal, it is sensitjtve to the anisotropy of
the surface optical response only. A description of the in-
strument can be found in Ref. [14]. The light source is a
75 W xenon lamp and the angle of incidence is 2.75'.
Both the polarizer and the analyzer are Gian-Taylor po-
larizers and the photoelastic modulator consists of a fused
silica bar submitted to a periodical stress (50 kHz). The
energy of the light is analyzed by a double grating mono-
chromator. The analog amplified signal given by the pho-
tomultiplier is converted into a digital signal and then is
Fourier analyzed through a digital signal processor, yield-
ing directly the real and imaginary parts of hr/r In or-.
der to avoid any spurious anisotropy signal due to the ap-
paratus, the measurements were performed for each sam-
ple at two angles rotated by 90 in the plane of the sam-
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pie, and the data were then combined in order to get a
mean value of Ar/r.

RA measurements were performed for photon energies
between 2.5 and 4.8 eV, but anisotropy was observed in

the 3.7-4. 1 eV range only. The real and imaginary parts
of Ar/r are shown in Figs. 1 and 2, respectively. Spectra
were obtained (I) on an Ag sample chemically polished
just before the optical measurements and (11) on a Ag
sample chemically polished 48 h prior the measurements,
thus with a slightly contaminated surface. The RA spec-
tra for both samples display a very similar feature; they
only diAer by the intensities of the two characteristic
peaks, which are significantly larger for the contaminated
Ag. A remarkable characteristic is that the RA reaches
very large values, of the order of 10%.

Tadjeddine, Kolb, and Kotz have proposed a simple ex-
planation for the observed difrerence between the disper-
sion relations of surface plasmons (SP's) on diA'erent

faces of Ag crystals, as well as along the two principal
symmetry directions of Ag(110) [8]. They found, for all
measured wave vectors q, that the energy hrosp(q) of the
SP excitation increases as the packing of the Ag surface
in the direction of the SP field. For the Ag(110) face, the
highest @cusp(q) were observed in the [110] direction.
This eAect was explained by assuming that the free elec-
trons have a smaller optical effective mass along the
denser surfaces and, for the (110) surface, along the
[110] direction which is parallel to the atom rows. To
test the validity of this interpretation in our case, we

present the results of a crude calculation where a surface
region 0.2 nm thick is assumed anisotropic and has two
difI'erent free-electron conductivities: the bulk Ag one
along [110] and zero along [001]. This leads to a RA

shown in Figs. 1 and 2 (dotted lines). One can see that
the line shapes of the experimental spectra are not repro-
duced. Moreover, our calculation shows that the anisot-
ropy of the scattering time of the conduction electron
leads to very weak effects on Ar/r. A difference in the
optical eA'ective mass and in the scattering time of the
conduction electrons along both directions is clearly not
sufficient to explain our experimental results, and a more
elaborate model should be used.

Recently, Tarriba and Mochan [12] have developed a
local electromagnetic model to attempt to reproduce the
electron-energy loss dispersion curves observed on the Ag
single crystal faces [9], accounting for both interband and
intraband transitions. With this model, they also predict-
ed large deviations of the reAectance, with respect to the
Fresnel values, for the Ag(110) surface, which were
dil1'erent for electric field aligned along the [110] and the
[001] directions [9], leading to a large RA. Here we use
this model in order to interpret our RA results. First, one
considers that the d electrons are mostly localized around
the ionic core positions, whereas the s-p conduction elec-
trons are delocalized. One then assumes that the d elec-
trons are confined within an imaginary sphere centered
around each ion, while the interstitial region outside the
spheres contains predominantly conduction electrons.
The Ag crystal is then modeled by a uniform electron gas
where spherical cavities centered at the fcc lattice sites
are carved. The polarization of each cavity is described
by a point dipole pi located at its center (i), whose polari-
zability a' accounts for interband transitions, conduction
current within the spheres, core polarization, and all in-

tracavity interactions. These induced dynamical dipoles,
within the cavities, are sources of an electric field which is

screened by the surrounding electron gas, located in the
interstitial region, and characterized by a local Drude
response: a~ =1 —rop/(ro +irur '), where ra~ is the
free-electron plasma frequency and r the relaxation time.
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FIG. 1. Real part of the reflectance anisotropy. Short-
dashed line (I): experimental data for the clean sample; long-
dashed line (11): experimental data for the contaminated sam-
ple. Dotted line: simple calculation based on Tadjeddine's phe-
nomenological result [g]. Solid line: local-field eA'ect calcula-
tion.
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FIG. 2. Imaginary part of the reflectance anisotropy. Same

as Flg. 1.
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The second step is the calculation, within the quasistatic
limit, of the induced apparent dipoles p at every site,

I I

Pi =& Eloci ~

where the local electric field E~; is the sum of the exter-
nal field screened by the semi-infinite electron gas, the
fields created by all the other dipoles p~', and the fields
created by the images of all the dipoles through the sur-
face of the electron gas [9]. One is able to determine the
eAective polarizability a' of the dipoles by considering
that in an infinite system with cubic symmetry it obeys
the Clausius-Mossotti relation,

where s is the Ag bulk dielectric function and n is the
number density of ions. After Eq. (1) is solved numeri-
cally [15], the surface conductivity a, defined through

j=nE, can be expressed as a function of e, of eg, of the
interplanar distance, and of a sum over the induced ap-
parent dipoles p in the crystalline planes [12]. j and E
are the surface current and the electric field (parallel to
the surface) [16]. We obtain two different surface con-
ductivities cr~, &&I and a~00ij from which the RA can be
calculated [16]. The comparison with the experimental
data is a test for the validity of the model.

Our calculations have shown that the choice of
diAerent realistic values for the plasma frequency m~ of
the interstitial free-electron gas has little inAuence on RA
spectra. On the other hand, the bulk dielectric function c
has an important eAect on the line shape of the spectra.
In the present calculation, we have taken m~ correspond-
ing to the average free-electron density in bulk Ag, 9.2
eV, and the values of e determined by Johnson and Chris-
ty [17], which describe well the optical response of Ag.
The final results are shown by continuous lines in Figs. 1

and 2. The agreement with the experimental data is very
good, indicating that our model provides a good descrip-
tion of a Ag crystal. The magnitude of the anisotropy in-
creases with the surface contamination. This can be at-
tributed to the growth of a sulphur overlayer which
reduces r, hence the denominator in hr/r. Our theoreti-
cal model assumes an abrupt interface and very localized
d electrons, so it most probably overestimates the surface
local-field efect and therefore agrees better with experi-
ments on the most contaminated sample. The remaining
disagreement between experiment and theory, especially
in the position of the change of sign in Re(hr/r), could
be due to the values chosen in the model for the bulk
dielectric function. Several experimental sets of data for
the dielectric function can be found in the literature. In
Ref. [12], where another choice had been made, the line
shape of RA was diAerent from the present experimental
data. However, we performed preliminary standard spec-
troscopic ellipsometry experiments in order to determine
the bulk dielectric function of our samples, which led to
values close to the Johnson and Christy ones used here.

0.007

0.006
00't

0.005

0.004
t0

CD
0.003

0.002

0.001

~ i & ~ a a I ~ ~ ~ ~ I ~ ~ s ~ l ~ ~ ~ ~0

3.5 3.6 3.7 3.S 3.9 4
PHOTON ENERGY ( eV )

4.1 4.2

FIG 3. Real parts of the surface conductivities at00]] and
~[I10]'

Other theoretical approaches that account for similar
effects may also be useful [18].

The origin of the observed optical anisotropy is, ac-
cording to our model, the very large deviations of the
refiectances of the Ag(110) surface for both symmetry
directions from the Fresnel reflectance. These deviations
are due to large resonant surface optical absorptions, cor-
responding to self-sustained dipolar oscillations localized
close to the surface [12]. Their energies, near the inter-
band transition threshold (3.87 eV [19]),depend on the
orientation of the electric field on the Ag(110) face. This
is illustrated by Fig. 3, which sho~s the real part of the
surface optical conductivities a along the [110] and [001]
directions. The surface optical absorption, proportional
to Re(a), has a resonance at 3.82 eV along the [001]
direction and at 4.06 eV along the [110]one, shifted from
that of the eAective polarizability a', located at 3.96 eV,
due to the coupling between dipoles through direct and
image Coulomb fields. The observed anisotropy on
Ag(110) therefore originates from the orientation depen-
dence of a., due to the dependence of the dipolar sums on
the surface geometry [15]. The surprisingly large size of
the RA has two diAerent origins. On the one hand, the
surface local-field efT'ect shifts the resonance to the plas-
ma frequency region (3.78 eV) where dissipation is small,
so that the conductivities o display values about 1 order
of magnitude larger than in other systems. On the other
hand, the small values of the reflectance r, around 3.9 eV,
enhance the size of Ar/r by another order of magnitude.

In conclusion, we have observed a very large RA on a
Ag(110) crystal, whose spectra were reproduced success-
fully using a theoretical model. The origin of the anisot-
ropy is the existence of localized dipolar resonances locat-
ed at the Ag atom sites. The electrostatic interactions be-
tween the corresponding dipoles, screened by the Ag free
electrons, depend on the direction of the applied electric
field with respect to the surface, leading to diAerent shifts
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of the resonance for the [001] and [110] directions.
There are other contributions to the surface induced an-
isotropy. Some are extrinsic such as directional surface
roughness, and others are intrinsic such as transitions in-
volving surface states and surface modified bulk states.
Their relative importance depends on the surface prep-
aration. However, the close agreement between our
essentially parameter-free model and our experiment
demonstrates the importance of the screened surface
local-field eff'ect at noble metal surfaces. Our results also
confirm that RDS is a linear optical technique that is in-
herently sensitive to the surface of isotropic materials. It
can then be used to investigate the surface electronic
profiles of metal single crystals in dense media, where
most surface techniques are inefrective. A promising per-
spective is the study of metal surfaces in an electrochemi-
cal environment, where the surface electronic properties
and the surface reconstruction can be easily monitored by
the electrode potential and the electrolyte composition
[3,20].
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