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ABSTRACT. Since the advent of high brightness synchrotron radiation sources
there has been a phenomenal growth in the use of x-rays as a probe of surface
structure. The technique of x-ray reflectivity is particularly relevant to
electrochemists since it is capable of probing the structure normal to an electrode
surface in situ. In this paper the theoretical framework for x-ray reflectivity is
reviewed and the results from previous non-electrochemistry measurements are
summarized. These measurements are from the liquid/air interface (CCL), the
metal crystal vacuum interface (Au(100)), and from the liquid/solid
interface(liquid crystal/silicon).

1. INTRODUCTION
The surface structure of electrodes in electrolyte solutions is a fundamen-

tal problem in electrochemistry, catalysis and surface science. The arrange-
ment of the atoms at the surface has a pronounced impact on the electronic
structure and reactivity of the surface. Direct structural studies of electrode
interfaces in-situ are not possible with conventional structural surface science
techniques such as Low Energy Electron Diffraction (LEED). Recently several
groups have realized the importance of x-rays as a direct structural probe iu-
situ and these efforts have utilized EXAFS[l,2], Standing wave[3] and Glanc-
ing Incident Angle Diffraction[4] techniques at a number of synchrotron
sources. X-ray reflectivity techniques probe the structure along the surface
normal direction, including the effects of roughness. Since reflectivity tech-
niques can also be applied in situ, they should play an important role in
understanding electrochemical systems. These techniques will be applicable to
the problems of surface reconstruction, underpotential deposition, and surface
oxidation.

It is important to define the coordinate system before proceeding. We
will choose the surface normal direction to be z and the two directions in the
plane of the surface as x and y. For specular reflectivity the scattering is
aligned along the z direction. The momentum transfer Qz=(47r/\)svi& where
X is the x-ray wavelength and 0 is the incident angle with respect to the sur-
face plane. Since specular scattering is confined to the z direction the
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reflectivity is often referred to as a rod of scatteringjo). By measuring the
specular reflectivity starting at very small 0 and possibly extending out to
Bragg peaks information on the structure along the surface normal direction
is obtained. Fitting the data to simple surface models allows us to deduce the
surface roughness, mass, and expansion(contraction) of the surface. For small
incident angles the data can be modeled as a perturbation from a perfect
interface and the corresponding deviation from the Fresnel Law of Optics.

Specular reflectivity techniques have been applied to a large variety of
problems at solid and liquid interfaces. X-ray studies have been performed at
the liquids surfaces of mercury[6,7,8], water[9], carbon tetrachloride and
methanolflO], liquid crystalsjll, 12,13], microemulsions[l4], on Langmuir films
on water[l5,16,17] and on thin water layers on solids. Experiments on solid
surfaces include Au(100)[l8], Cu(110)[19], silicon oxide interfaces[20] and on
silanes coated silicon[21,22] These same classes of experiments could also be
explored at the air/electrolyte surface and on the metal/electrolyte surface.

This paper is divided into four sections. In this section the scattering
geometry is outlined. In the next section we will consider a continuum model
of the electron density. This approach is most applicable at small angles and
provides a simple description of the reflectivity in terms of a deviation from
the Fresnel Law. These deviations can be simply related to surface roughness
effects and for simple liquids this roughness can be calculated from the surface
tension of the liquid. In the third section, we will consider the scattering from
discrete atoms. This is particularly useful in describing the structure of single
crystal surfaces. In the final section, preliminary measurements at the liquid
crystal/solid interface are presented.

Before turning to the continuum and discrete models, we will briefly dis-
cuss x-ray sources. X-rays are produced via a conventional fixed target tube
source, via a rotating anode generator or by a synchrotron. The first two
methods produce x-rays which exit from the source in all directions. A small
collimated beam is chosen from slits which are located a distance from the
source which is usually less than 1 meter. These slits are followed by a mono-
chromator crystal, typically germanium or silicon, which is tuned to accept
the intrinsic radiation from the source. The source is typically either copper
or molybdenum and the characteristic lines are at 1.54 A and 0.71 A respec-
tively. At a synchrotron source the divergence of the x-ray beam is controlled
by the energy of the ring and is just 1/7. At NSLS this corresponds to
2.5X10""4 radians. To provide a monochromatic beam, the x-rays are Bragg
reflected from single crystals. The intensity from current synchrotron sources
at about 1 Angstrom is about one thousand times more intense then from a
rotating anode, which is typically ten times brighter then a conventional tube
source. In order to measure the specular reflectivity it is convenient to use a
two circle x-ray goniometer which allows the incident and outgoing angles to
be controlled independently. For liquid interfaces, the sample can not be
tilted and the incident angle is controlled by tilting the incident beam down-
ward and adjusting the sample height.



2. CONTINUUM MODELS (Liquid Surfaces)
In the continuum model, the index of refraction for materials is given by

the free electron model[23] where the dielectric constant is given by

e = 1 —
me

(i:

where pe is the electron density, e is the electron charge, and m is the mass of
an electron. The effect of absorption has been ignored which would give rise
to an imaginary index of refraction. We will now consider a vacuum/solid
interface in which the dielectric constant of the vacuum is unity and the
dielectric constant of the solid is given by Eq. 1. For angles below the critical
angle 9C the x-rays are totally externally reflected according to Snell's Law.
Solutions to Maxwell's Equations gives the intensity of the reflected field
divided by the incident field. This is often referred to as the Fresnel Law of
Optics. In the small angle approximation it is given by

R =
\ER I

2

where the critical angle for total external reflection

(3)

shown by the solid line in figure 1. At angles below 6C there is total external
reflection. The critical wavevector Qc — (47r/\)0c is independent of
wavelength. Numerically, Qc =3.75X10" 14Pe A"1, where pe is in
electrons/cm It is convenient to rewrite Eq 2 aselectrons/cm . It is convenient to rewrite Eq. 2 as

R =
2$

\T{6) (4)

where the enhancement factor

2sin0

-cos
20

(5)

expresses the amount by which the electric field is enhanced at the interface.
For 0 several times 9C the enhancement factor is very close to unity and the
reflectivity can be well approximated by



which is shown by the dashed line in figure 1. At five times the critical angle
the reflected intensity is slightly less than 10~5.

For interfaces which are not ideally sharp ( i.e. a diffuse interface) the
reflectivity falls off faster than the $~4 dependence given by the Fresnel Law.
This can be understood physically by considering the interface as discrete
slabs of dielectric material which mimic the actual electron density protile.
This is a generalized extension of the technique to measure film thickness with
ejlipsometry.

For smoothly varying interfaces, the actual reflectivity can be calculated
as a perturbation from the ideal step interface. The theoretical expression for
the ratio R(0)/Rp(&) in terms of the average electron density gradient along
the surface normal is given by

oc

/<pe> J \ dz >
—oo

in the Born approximation limit, i.e. 9 > > 9C. This expression has been
used extensively to model the reflectivity of liquid crystal/air interfaces where
the density is modulated by the "smectic layers" induced by the surface. This
same expression has been used to describe the interface of rough surfaces.
The derivative of the density with respect to z depends on the length scale
over which the roughness is integrated over. This length scale depends on the
resolution of the measuring instrument and can vary between several hundred
Angstroms to length scales approaching a micron.

Several simple forms for pe(z) and the resulting reflectivities,
R(8)/RF(6), given by Eq. 7 will be considered.

(i) If pe is a step function, then the derivative is a delta function.
Taking the fourier transform of a delta function gives unity and we are
left with the desired result that R{9)=RF(Q).

(ii) If pe is an error function, then the derivative is a Gaussian. In
addition, the reflectivity for such an interface deviates from the Fresnel
law as a Gaussian, i.e. R(9)/RF(9)=exp(—<rQz

2).

For many systems a single Gaussian may not be adequate to describe the
derivative of the density profile. In such cases the system can be modeled by
a density derivative which is the sum of several Gaussians which may be cen-
tered at different positions. As we shall see, fon simple liquids, the expected
reflectivity deviates from the Fresnel form very much like a Gaussian.

Up to now we have considered diffuse interfaces in which there is no in-
plane structure. However, this is usually not the case since real systems are
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Figure 1. The solid line is the Fresnel law of classical optics and the dashed
line is the approximation for 0 » 9C: RF{&) ~ {0c/20f.



"rough". By rough we mean that the height-height correlation is non-zero. In
defining the height-heigut correlation function, the length scale over which we
are considering defines the limits of integration. For most systems, the rough-
ness increases as the area o( the sampling is increased, hence a "universal"
measure of the roughness is inappropriate.

For simple liquids, the height-height correlation function results from
thermally excited capillary waves. The t^vo-dimensional energy density for
surface waves is made up of a surface tension term, (7/2)[VI3/ h(rxy )]2, and a
gravitational term (important only at long wavelengths),

U = - i - (8)

Taking into account the density of states and applying the equipartition
theorem one obtains the following expression for the root-mean-
squared(r.m.s.) roughness of the free surface due to capillary waves,

47T7 |Q,V I2 + */
(9)

where kg
2 = pg /l- The upper limit of this integral, kmax, is on the order of

7r/rjVf, where rM is the molecular radius. Without the gravity term, pg/l, the
integral would have an infrared divergence Q™ —K). Using these limits,
integration of Eq. 9 results in the following equation for the intrinsic rough-
ness of a liquid surface,

<A(0)2> = - 2 — log
47T7

1,2
'''max

JL 2

(10)

For water <h(Of>* «s 3.9s A at room temperature[24]. The gravitational
length scale, l/kg, is inaccessible with realistic resolution volumes, and the
measured, or effective, roughness is larger than the intrinsic roughness.

In this approximation, the reflectivity R (&), is given by

(11)

where <7j =CTQ +<Jp. The first term is from thermal capillary waves and the
second term is from the finite size of the liquid molecules. Braslau et. al[lO]
have shown that the capillary term is given by

27T
(12)

where rM is the molecular radius and A6d — hdjL is the full width of the
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Figure 2. The measured reflectivity of carbon tetrachloride normalized to the
Fresnel reflectivity is shown. The solid lines are the predictions of the
capillary-wave model for the two resolutions. The dashed lines are the best fit
to a surface profile width which is added in quadrature to the capillary rough-
ness.



angular resolution in the plane of incidence.
X-ray Reflectivity studies have been carried out on the free surface of

water, carbon tetrachloride, and methanol[lO]. As predicted by the capillary
wave model the roughness of the interface is higher for the liquids with the
smaller surface tensions, i.e. it is easier to excite thermal roughness on sur-
faces with a smaller stiffness. All of these liquids are in reasonable agreement
with the predictions of Eq. 10 and Eq. 11. The data has been fit to a single
parameter, <?p, whereas <xc has been calculated exactly.

For carbon tetrachloride the reflectivity normalized to Rp is shown in
Figure 2. The filled square data is taken with higher resolution then the
filled triangle data, therefore, the effective ac from Eq 10. is larger and the
reflectivity is smaller. The results of the capillary model with crp=O is shown
as the solid lines. In order to fit the data, (Jp has been adjusted. For the
higher resolution data <7p=2.5 A and for the lower resolution data (Jp=3.3 A.
The model with these parameters is shown as dashed curves in figure 2. The
data has also been equally fit to a simple Gaussian form

. (13)

This fit gives a value aA/=5.13 A for the higher resolution data and <rM==5.93
A for the lower resolution data.

3. DISCRETE MODELS (Au(100) Surface)
We will now turn to the subject of specular reflectivity from crystalline

surfaces, and in particular from the (100) surface of gold. In this example, we
will consider the "Fresnel" reflectivity which arises from the termination of the
crystal as well as the nature of the ' jBragg" reflectivity which results from the
periodicity of the atomic arrangement. As we shall see, these effects are essen-
tially the same and can not be easily separated from each other.

The Au(100) is believed to exhibit a buckled, slightly rotated triangular
structure, incommensurate (in-plane) with the underlying square substrate.
This picture has emerged from a variety of experiments and calculations. Ini-
tial LEED observations concluded that the overlayer reconstructs with a
"(5X1)"[25,26] Shortly thereafter, Fedak and Gjostein resolved a splitting in
the LEED pattern and proposed a "(20X5)" structure with a a hexagonal over-
layer on a square substrate. This model corresponds to a ~20% contraction
along the direction corresponding to the "(5X1)' reconstruction and a ~ 5 %
contraction along the orthogonal surface direction. More recent LEED meas-
urements^] have resolved additional spots. This same data has been reinter-
preted by rotated domains which are nearly 14X5 which is more precisely
described by a large unit cell given by c(26X68) reconstruction[28]. Unfor-
tunately, multiple scattering effects have made a definitive determination of
the structure impossible so far. The additional ~25% mass required by such
an triangular overlayer has been detected by ion scattering[27].

In the kinematical approximation, the scattering can be calculated by
summing the cross-section for electrons over the resolution volume. In the
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Figure. 3. Specular reflectivity of the clean Au(100) surface normalized to the
incident flux at T=310K. The solid line corresponds to a real space model
with an ideally terminated bulk as given by Eq. 14. The dashed line
correspond to eo=19%, an increased mass of Apo=25%, and a buckling
amplitude of fo=2O% as described by Eqn(l6). The inset corresponds to the
rocking curve at Qz/c*=l.O



case of a perfectly terminated crystalline material, R(QZ) can be expressed as
either a sum over the positions of each atomic layer

or equivalently as a sum over Bragg peaks[29, 5, 31, 32]

^rlT\6)\F{Qz)\
2^Wm , ( - 1 ) ^ | 2

In these expressions d=a/2 is the layer spacing, The Debye-Waller factor is
given by W{QZ) and the form factor is given by F{QZ). The (Qz—Lc *)~2

tails evident in Eq. (15) are familiar in the context of Darwin theory of Bragg
reflectivity. Because of the factor (—l)^2, the amplitudes of neighboring
peaks add constructively.

Figure 3 displays the specular reflectivity o( Au(100) from QJc *=0.15
to Q2/c =3.5 at T=310K. The inset shows a typical rocking curve obtained
at the anti-Bragg position (Qz/c *=1.0) at this temperature. Before turning
to a more detailed analysis, it is worth noting that the measured reflectivity
in Figure 3 extends over a range of nearly seven decades and over scattering
angles from 2$ = 1 ° to 75 °, smoothly joining the (002) reflection to the ori-
gin. This is all the more impressive in view of the finite reflectivity obtained
at the "forbidden" (001) reflection, where successive planes scatter exactly out
of phase. Together with the absence of any measurable diffuse scattering in
the transverse direction this suggests that on the length scales sampled by the
resolution volume, the surface may be both atomically flat and perfectly
aligned with the crystallographic planes. To estimate the in-plane coherence
area we note that the width of the #-scan(inset to Figure 3) is only 0.07 °
FWHM. This corresponds to the 29 resolution and gives a width in reciprocal
space of AQar=(3zAcJ=0.001 A"1 . Because it is very unlikely that a Au sur-
face can be cut to these specifications, we conclude that upon annealing it
must rearrange itself to expose smooth (100) facets several thousand
Angstrom across. It seems certain that the several thousand Angstrom corre-
lation length is a lower limit because of the contributions to Ao; of "extrinsic"
factors, such as the macroscopic sample mosaic (0.02 °) and the finite 20-
resolution.

The most striking feature of the data in Figure 3 is the pronounced
asymmetry evident in the reflectivity about the (002) reflection. The solid line
in Figure 3 was obtained from Eq. 14 using the known atomic and crystal
structure of bulk Au. It is clear that the model's prediction is substantially
too low for QJc <2 and too high for Qz/c*>2. Nor can the asymmetry
be qualitatively understood as resulting from surface damage or contamina-
tion. The reflectivity at the anti-Bragg position from a rough surface is gen-
erally reduced from that of a smooth surf ace [29,30,31 j , which is clearly not



supported by the data.
The room temperature data can be described with simple real space

models of the surface reconstruction where only the top layer has been
modified. In the following we consider three different parameters:

• e0 - spacing between the top and next layers
• Ap0 - top layer excess mass density
• FQ(QZ) ~ Buckling induced roughness

We modify Eqn. (14) by rewriting the sum as

| / 0 ( Q J ( I + ApQyQ<d(° + f; ciQ-dn I-
n = l

Here /0{Qz) represent the Fourier transform of the charge distribution for the
top layer. For a buckled top layer in the specular geometry

fn(QZ) = MQ^nl (17)

where / 0 is the zeroth order Bessel function and fn is the buckling ampli-
t u d e ^ , 34]. This form distributes the charge along the surface normal direc-
tion by introducing a sinusoidal mass distribution in z into the nth layer,
while preserving the center of mass of the layer. F.o.r small fn, ie. Qz « f ~ \
the Bessel function and a Gaussian [In{Qz)—e~ ) a r e both quadratic and
differ only by a scale factor. Best fits to both forms are indistinguishable over
the Qz-range of the existing data. Since the Bessel function form is motivated
by a simple real space model, we have chosen to use this form in the analysis.
From the present data it is not possible to determine the sine wave period.
We have^dsoJucluded a bulk Debye-Waller factor W{QZ) = —Qg

2<u2>/2
with v <u2> varying between 0.1 A and 0.2 A. Such values are appropri-
ate for bulk Au in the temperature range studied.

The most important result from the least squares fitting is that of the
three parameters (e0, Ap0, and f0) only the variation of €0 can produce the
observed asymmetry. The dashed line in Figure 3 shows the best fit obtained
by varying Ap0, e0, and f0 (and including all the data). This model, which
gives an excellent fit, has an expansion of eo

=19%, an increased mass of
Apo=25%, and a buckling amplitude of fo=2O%. It is noteworthy that the
increased mass is consistent with the 5X20 model of Zehner[27]. The meas-
ured expansion, combined with the increased mass of the top layer, gives a
mass density which is close to the bulk value.

It is interesting that no surface roughness has been required to fit the
data, supporting the suggestion that the clean, annealed surface is atomically
smooth over regions of at least several thousands of Angstroms in extent. In
contrast, one would expect roughness to be important in a description of dam-
aged or contaminated surfaces. Examples of these are shown in Figure 4. The
reflectivity is very much lower near the anti-phase position than for the clean
room temperature data. Near the Bragg peak the three data sets agree more
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closely, although not perfectly.
Several models have been considered to tit the annealed and sputtered

data shown in Figure 4. In the first model, we have allowed for a variable
occupation in the density of successive layers according to an error-function
distribution. This is the discrete equivalent to the Gaussian model discussed
in the previous section. To accomplish this, the sum in Eq. 14 is replaced by

i- | £ i-erf(a{dn-zo))e
xQ'dn | 2 (18)

where a is the width of the distribution and z0 is the position. For this
model it is assumed that all of the atomic layers are uniformly spaced. The
results of this model with <r=3 A and 20=1.5 A is shown as the dotted curve
in Figure 4. This model does not adequately describe the contaminated or
sputtered data.

Rather than construct an elaborate real space model, we have chosen to
modify the sum of Eq. 15 to include two charge-density w?ves.

One density wave corresponds to QZ=O and the other corresponds to Qz=2c *
which should be sufficient in the region relevant to our experiments. Each,
however, is modified by its own Gaussian of widths, <70 and <r2, respectively.
In simple models[lOj, <r0 can be identified with the r.m.s. roughness of the
interface between the metal and the vacuum, while <72 is the r.m.s. roughness
of the interface between the ideally terminated crystal and the overlayer
above it. We allow for a variable phase, (f> which for perfect termination is
zero (Eq. (18)). The fit of the reflectivity data from a surface exposed to air
for > 24 hours (open squares) to this form (dashed line) is shown in Figure 4.
The best fit parameters are <£=0, cro=4.5 A, <x2=0.5 A, and <« 2> 1 / 2=0.25 A
. Thus, we arrive at the physically appealing picture of a damaged, rough
surface layer (r.m.s. roughness 4.5 A), in which Au atoms are not positioned
in lattice planes and are separated from the undamaged bulk by a relatively
smooth interface (0.5 A r.m.s. roughness).

In summary, by the use of absolute reflectivity techniques we have shown
that atomically smooth Au(100) facets may be prepared over length scales of
several thousand Angstroms. The asymmetric angular dependence of clean
annealed surfaces is consistent with an expanded, possibly buckled, hexagonal
surface structure. A more sophisticated analysis of the out-of-plane structure
will accompany future in-plane studies.

4. LIQUID/SOLID INTERFACES (8OCB)
Due to the penetrating nature of x-rays, the characteristics of a

liquid/solid interfaces can also be investigated using x-ray reflectivity



techniques. In this case, the scattering/reilectivity must be considered upon
entering the fluid layer and upon impinging on the liquid/solid interface. In
order to account for absorption losses in the liquid layer, it is important to
utilize a geometry where these effects can be understood simply. Therefore,
we have chosen a cylindrical "transmission" geometry for these reflectivity
measurements. In "this geometry, the liquid is placed in a cylinder which is of
the order of the x-ray absorption length. For molybdenum radiation(X=0.7l
A) and for hydrocarbons the absorption length is ~1 cm. Within the liquid
immersed cylindrical sample cell there is a concentric silicon disk. The x-rays
enter the liquid and are then reflected from the liquid/silicon interface because
of the change in the index of refraction in going across the interface.

Since the sample is rather small by reflectivity standards, we were not
able to limit the incident beam size to avoid the extremes of the x-ray beam
from spilling over the sample. Instead, it was assumed that the incident flux
scaled as the incident angle and the reflectivity was appropriately scaled. The
intensity scale factor was obtained by least-squares analysis.

In figure 5(circles), the measured reflectivity is shown for the liquid cry-
stal material 4-cyano-4'octyloxybiphenol(8OCB) at the interface of an alkylsi-
loxane monolayer on a silicon substrate at T = 66.6 ° C. We have chosen to
study 8OCB since surface effects have been very well characterized at the
air/liquid interface by Pershan and coworkersfllj. At this temperature,
0.3 ° C above the bulk smectic phase, there is smectic layering induced by the
interactions with the alkylsiloxane surface. The dashed line in figure 5 is the
expected reflectivity from Eq. 4 using the critical angle for the silicon
substrate(g=47r/\sin[#]). This is what would be expected at small q-vectors
from the air/silicon interface. This model does not agree with the data since
the dielectric constant of the liquid is not unity.

The actual change in the dielectric constant(free electron density) at the
liquid crystal/silicon interface is considerably smaller then for the air/silicon
interface. Since the critical angle scales as the square root of the density
change, it can be shown that the critical angle at the liquid/solid interface is
given by

fc2I'/«]-fc2M-<rc2[<] (20)

where qc[l/s] is the critical wavevector of the liquid/solid interface, qc [s] is
the critical wavevector of the solid, and qc\l\ is the critical wavevector of the
liquid. For the silicon/8OCB interface, qc [silicon] =0.0316 A ' 1

q, [8OCB]=0.0217 A" 1 and qc [8OCB/silicon]=0.0230 A"1 . The Fresnel law,
given by Eq. 4 with 0c=gc(8OCB/silicon](X/47r) is shown as the dotted line in
figure 5. At small q-vectors the data agrees very well with the predictions of
the model. At q-vectors of order 0.2 A" 1 there are deviations between the
Fresnel law and the data. This can be understood in terms of the smectic
layering induced by the broken symmetry at the interface. As the nematic to
smectic A transition temperature is approached this peak increases in inten-
sity and narrows corresponding to an increasing number of surface smectic
layers. This result clearly demonstrates that the x-ray reflectivity technique is
applicable at a liquid/solid interface.
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Figure 5 Specular reflectivity of the interface between the liquid crystal 8OCB
and an alkylsiloxane coated silicon surface(circles). The dashed line is the
Fresnel law with the critical angle of silicon(9c =0.317 A - 1 ) . The solid line is
the Fresnel law with the critical angle for the 80CB/silicon
interfaced =0.230 A" 1 ) . The deviation between the solid line and the data
at —0.2 A " 1 is a consequence of sraectic layering at the interface.



5. SUMMARY
The technique of X-ray reflectivity prov^'es detailed information about

the structure along the surface normal direction. In this paper we have con-
sidered air/liquid, vacuum/solid, and liquid/solid interfaces. The ability to
probe liquid/solid interfaces should be particularly valuable in understanding
the electrode/electrolyte interface in the future.

The measurements on CCL were done in collaboration, with A. Braslau,
P.S. Pershan, G. Swislow, and Jens AIs-Nielsen. These measurements were in
part supported by grants from the U.S. National Science Foundation through
grants DMR-85-13523 and DMR-86-14003, from the Joint Services Electronics
Program through grant N00014-75-C-0648, the Danish National Science
Foundation, and the RIS National Laboratory. The measurements on Gold
were done in collaboration with Doon Gibbs, S.G.J. Mochrie, and D.M.
Zehner. The experiments on the liquid crystal/solid interfaces were done in
collaboration with Larry Sorensen. Work performed at Brookhaven National
Laboratory is supported by the Division of Materials Research, U.S. Depart-
ment of Energy, under Contract No. DE-AC02-76CH00016.
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