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Surface Roughness of Water Measured by X-Ray Reflectivity
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The roughness of the liquid-vapor interface for pure water was measured by a technique of x-ray
reflectivity. With synchrotron radiation (A — 1.5 A) the angular dependence of the x-ray reflec-
tivity was measured from grazing incidence ( ~ 0.0021 rad), where the reflectlvny was greater than

0.96, to an incident angle of ~ 0.05 rad, where the reflectivity was ~ 7 10-8.

A fit to the data by

a theory with only one adjustable parameter obtains 3.2 A for the root-mean- square roughness of

the water surface.

PACS numbers: 68.10.Jy, 61.10.—i

Although the liquid-vapor interface is of fundamen-
tal importance for chemistry and biology,! as well for
current surface-physics problems,z‘7 there have been
very few experimental techniques®!! capable of ob-
taining information on liquid surfaces at the molecular
level. Recent synchrotron measurements on the x-ray
reflectivity from the free surface of liquid crystals!?
held out the promise of the technique being generally
applicable to the study of all liquid surfaces.!>!* We
report here the results of an x-ray-reflectivity mea-
surement in which the root-mean-square roughness of
the surface of water averaged over ~ 107 A? is shown
to be 3.24 + 0.05 A. This value is very close to what is
expected from thermally excited capillary waves!'>~2°
on the water surface at room temperature. We believe
this to be the first such measurement of surface
roughness of any liquid.

To obtain a good water surface, a circular glass flat
~ 76 mm in diameter was thoroughly cleaned in a
mixture of hot chromic and sulfuric acids. A thin
(~ 0.3 mm) water layer approximately 60 mm in di-
ameter was then applied to the clean surface and the
sample was placed inside a sealed stainless steel can
(—~ 10-cm-diam % 6-cm high) with Kapton windows to
allow access for the x rays. During the 48-h duration
of the measurement, the assembly remained at
~25°C.

The experiment was carried out with use of synchro-
tron radiation at HASYLAB in Hamburg, Germany.
Details of the spectrometer have been reported previ-
ously.!? The geometry is shown schematically in Fig.
1. A monochromatic x-ray beam is extracted from the
‘““‘white’” synchrotron beam by Bragg reflection in the
horizontal plane (i.e., out of the plane of the figure)
with use of perfect Si(111) or Ge(111) single crystals.
The monochromatic beam is bent downwards an angle
0 by tilting the crystal X. For small angles, both 6 and
the beam height are defined by the position H, and
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vertical size h, of slit S,. To insure that the projection
of the beam on the surface of the liquid is less than the
sample diameter d, h, must be less than d tanf. For
other than grazing incidence, it is advantageous to in-
crease h, as @ increases, since the beam intensity
scales directly as h,. Table I lists the slit dimensions
for various ranges of . With the beam defined by #,,
the measured intensity is normalized to the signal
recorded in the ionization detector M,. For larger an-
gles M, is removed, and S, is opened up such that the
beam height is defined by the height /4, of slit §;. The
intensity is then normalized to the ionization detector
M. The width of the beam is defined by w,; of slit S,
in both cases. Elevators H, and H; control the vertical
position of slits S, and S3; Hg controls the sample
height. The detector D is also mounted on H3. For
measurement of either the direct beam or for intense
signals, corresponding to = 5% reflectivity, a plastic
sheet scatters about 0.13% of the beam into a scintilla-
tion detector mounted at 90° to the incident beam.
For weaker signals the scintillation detector is placed
directly behind S3. It is also possible to rotate the
detector about a vertical axis through Hg to insure that
S is centered on the reflected beam. Vertical center-
ing is insured by scanning H3. For small 8 we confirm
that the beam emanating from S, strikes the center of

—{ |35 f+——495mm — 125 p———620mm—-
S
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FIG. 1. Schematic representation of the experimental

geometry.
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TABLE 1. Spectrometer parameters for different ranges
of . The width of 2 is 14 mm.

9 (rad) S1(mm) S2(mm) S3(mm)
From To hy-wy h, hy-ws Crystal
0.002 0.013 0.2:-0.6 0.04 0.2-1.0 Si(111)
0.013 0.020 0.2-0.6 0.1 0.2-1.0
0.020 0.030 0.6-0.6 0.2 04-1.0
0.030 0.6:0.6 0.5 1.0-1.0
0.020 0.030 14-0.6 0.5 1.0-1.0
0.025 0.040 0.5-0.6 2.0 1.0-1.0
0.025 0.050 0.5-0.6 2.0 1.0-2.0 Ge(111)

the sample by scanning H; for different positions of
Hg. At the optimum Hg one obtains symmetric line
shapes with full width at half maximum (FWHM)
comparable to that obtained by scanning through the
direct beam.

The reflectivity is obtained by comparing the signal
at the specular condition to the signal obtained by re-
moving the sample and scanning H; through /;. Fig-
ure 2(a) displays such scans for 6=0.00244 rad.
Theoretically a flat surface of water should have essen-
tially 100% reflectivity for cos?0 > cos?0, =1 — ne’\?/
mwmec? where n ~ 3.33x 10 e¢/cm’ is the electron den-
sity of water. For A=1.529 A, 9.=0.00264 rad. The
nearly trapezoidal shape of these two curves agrees
very well with the shape expected from the height of
S; (—0.2 mm), S, (~0.040 mm), and the vertical
size of the synchrotron electron beam (~ 1.5 mm) 20
m from S,. If the excess FWHM of < 0.0042 mm is
due to surface curvature, it corresponds to a spread of
less than (0.0042/620)=6.45x10"° rad. The peak
reflectivity at this angle of incidence corresponds to
94.7% reflectivity; the integrated intensity corresponds
to ~ 96.3% reflectivity.

The reflectivity R (#) can be taken to have the form
R(0)=Rr(0)|®(Q)|*> where Rr(8) is the optical
Fresnel-reflection law for an ideal surface separating
materials of dielectric  constant e=1 and
e=cos’0, < 1, and ®(Q)=n"'{(dn/dz)exp(iQz)dz
with Q = 47 sing/A.% 121420 The open squares in Fig.
3(a) describe the measured reflectivity for 6 varying
from ~ 0.002 to — 0.050 rad. Figure 3(b) is an ex-
panded version of the same data on a linear scale. The
solid line is the theoretical convolution of Ry(6) with
functions that represent the finite, vertical, angular
spread of the synchrotron beam, the finite size of the
sample, etc. The convolution only differs significantly
from R;(0) near 6, where dR;(60)/d# is large and for
9 =< 0.86., where the projection of the beam height on
the sample surface is comparable to the sample size.
Note also that for small 8, Q << 1 and by definition
®(0)=1; thus R(#)=Ry(0). From the graph
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FIG. 2. (a) The reflected intensity vs position H3 of slit S3
for §=0.00244 rad (crosses), and the direct beam [, (solid
circles); (b) logarithm of |®(Q)|?> vs Q2. The solid line is
the theoretical fit with (u2)/2=3.2 A.

shown in Fig. 2(b) of the logarithm of R (8)/Rz(8) vs
02, one can see that |®(Q)|? is well described by the
form |®(Q)|*=expl—Q*(u?)] where (u?)!?=3.24
+0.05 A. The dashed line in Fig. 3(a) displays
Rp(0)|@(Q) |2

Strictly speaking (u?) is simply the coefficient of
the first nonvanishing term in a power-series expan-
sion of In[®(Q)]. Alternatively, if the surface rough-
ness is described by Gaussian statistics,

—0.5z2
(u?)

and (uz) is the mean-square roughness. One model
takes (#?) to be the mean-square amplitude for capil-
lary waves.">"2° If S, (k) is the spectral density for
surface displacement u (T, ), then (u?) = [S,, (k)d’k
from |k| =0 up to an upper cutoff (k.) of the order
of 27 divided by the molecular diameter. In this
model, the reduction in reflectivity as described by
|® (Q)|? is caused by scattering by capillary waves. It
follows that because of the finite resolution of the
spectrometer, small-angle scattering by waves of suffi-
ciently long wavelength will be detected along with the
specularly reflected wave. Thus the measured value is
k

W= [ S.(0d%,
(k

n'l<%>= Q2w {u?) )"I/Zexp[

min’x,y

where the long-wavelength limit (k s )xfyl is essential-
ly determined by the resolution of the instrument
which, for the present case, is determined by A3 and
ws3. The value of (u?) then corresponds to the surface
roughness averaged over a coherence area ~ 47%/
(kmin)x (kmin)y. One can show that for water thick-
ness h; =0.3 mm, surface tension y =73 ergs/cm?,
and water density p=1 g/cm? |k|> (27/h,)
>> (pg/y)V?  and S, (k) = (kgT/4m%y) (k2 +
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FIG. 3. (a) The measured x-ray reflectivity of water
(squares) vs 6. The solid line is the convoluted Fresnel
form as described in the text. The dashed line includes
|®(Q)|%. Part (b), expanded version on a linear scale for
small 9; part (c), water reflectivity measured with use of a
rotating-anode x-ray source. For # > 0.01 the signal is dom-
inated by dark counts.

k)~ Taking  (kyin)x = (27/X) - (w3/1240 mm),
(kmm) (27w/N\) - (6h3/1240 mm), and lklmax—163
A~ the calculated (uZ) "2 varies from ~ 3.49 A for
the smallest slit at §=0.002 rad to ~ 2.77 A for the
largest slit at #=0.05 rad. On the other hand, since
exp(— Q%(u?))— 1 as 6 — 0, regardless of the value
of (u?), the data for # < 0.02 rad or 0 < 0.16 A~ ! do
not have a statistically significant influence on the
measured value for (#2). Since the resolution-based
variations in predicted values of <Gu2>1/2 for 6 > 0.02
rad only range from 3.06 to 2.77 A, or less than 20%
change in (#?), there is no statistical significance to
fitting the data by a value of (u?) that varies with the
resolution. The largest slit corresponds to a coherence
area of (1.53)2+ (1240)%/ 1-2-0.05=3.6x10" A%,

Agreement with the measured value is quite satis-
factory and arguments to improve the agreement may
be somewhat spurious. Nevertheless, except for intro-
ducing |kl this calculation neglected the finite
dimension of the water molecule. Regardless of any
thermal effects, (dn/dz) cannot vary rapidly over dis-
tances much smaller than the average molecular ra-
dius. With the assumption that the contribution to
(u?) from molecular size is of the order of the square
of the average molecular radius [i.e., (1.93 A)?], an
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improved estimate would be (2.77 A)2+(1.93 A)?
—3.37 A)%

In conclusion, the above agreement between the
measured and estimated value of (u2) supports our
assertion that we have measured an intrinsic property
of the water surface. One implication is that it is possi-
ble to study the structural effects of changing the water
surface by the addition of surfactants or other chemical
species. For example, for liquid-crystal surfaces, even
in the isotropic phase, the structure of |<I>(Q)|2
displays features at Q = 27:-/30 A 1=02 A~ ! due to
the molecular dimension,!? and similar effects should
be observable for monolayers of surfactants on water.
Other measurements such as studies of critical
phenomena on liquid surfaces are equally possible.
Although conventional x-ray sources do not provide
sufficient intensity to obtain the dynamic range report-
ed here, for some purposes synchrotron radiation is
not necessary. Figure 3(c) displays data taken with a
rotating-anode x-ray source and a spectrometer to be
described elsewhere.?! For 9 > 0.01 rad, the signal is
dominated by dark counts.

Secondly, the observation of > 96% reflectivity for
0 < 6, demonstrates the feasibility of other surface
studies based on the existence of an evanescent wave
below the water surface. These include structural
studies of the two-dimensional solid-liquid transition
in surfactant monolayers and use of the phenomena of
absorption from the evanescent wave to probe the
depth distribution of selective atoms localized near the
liquid surface.?2-2

Finally, improvements that will increase ‘‘the
measurable’’ dynamic range of the spectrometer are
possible. Presently the angular resolution (86') for
the reflected beam is accomplished by a slit rather than
a crystal analyzer. The effect is that the background is
increased relative to the specularly reflected signal.
Since we require that 43 > h,, the extra intensity ob-
tained by increasing 4, is accompanied by a coarsening
of the resolution and an increase in background. The
addition of a crystal analyzer together with an increase
of ~ 10? to 10° in synchrotron intensity that is possi-
ble with wiggler devices and mirrors will allow mea-
surement of an additional three orders of magnitude in
decreased reflectivity. Furthermore, since Ryp(0) is
proportional to the square of the electron density, sig-
nificantly larger values of Q can be measured for liquid
metals or other liquids with larger electron densities.
An improved spectrometer that will be implemented,
with a crystal analyzer to separate angular and spatial
resolution, will also allow a systematic study of the
dependence of (#2) on k.
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