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An x-ray diffractometer for studying the structure of the liquid—vapor interface is described. It
is designed to permit reflectivity and scattering studies from liquid surfaces for angles varying
from grazing incidence, below the critical angle for total external reflection up to angles ~ 3°
using a rotating anode x-ray generator. In principle the diffractometer system can be used to
study both the density profile normal to the surface and in-plane structural features. The
former is determined by deviations of the measured reflectivity from the Fresnel law of
classical optics and the latter from nonspecular scattering. Results obtained using this
spectrometer to measure the density profile normal to the surface of water and a liquid crystal

are presented.

INTRODUCTION

The density profile and in-plane structure of the liquid-va-
por interface layer have attracted ever increasing research
attention over the past decade.'”” The overwhelming major-
ity of these studies were, however, either analytical,"*>~" or
computer simulations.>** Experiments were confined al-
most exclusively to macroscopic (surface tension,” viscoe-
lastic properties,'®'! etc. ) or semimicroscopic (light scatter-
ing,'>"* ellipsometry,'*'* etc.) studies, Methods such as
low-energy electron diffraction (LEED) and light atom or
ion scattering, which prove to be useful experimental tools
for studying the microscopic structure of solid surfaces, are
almost completely excluded by the high vapor pressure of
liquids. Furthermore, conventional x-ray methods, the mi-
croscopic structural tools par excellence for bulk studies,
were rendered useless because of the relative weakness of the
signal originating at the thin surface layer compared with
scattering from the bulk. Although theoretical predictions of
microscopic surface structure abound in fields of research as
varied as superfluid helium,'®"® liquids metals,'*?° and lig-
uid crystals,?' relevant data was, until recently, virtually
nonexistent. The only exceptions had been the recent work
by Pershan and collaborators on liquid crystals?? and the
work on liguid mercury, cesium, and gallium carried out by
Rice and co-workers?*>* and Bosio ef al.**?’

A method for probing the structure of liquid crystals
and other liquids in the direction normal to the surface for
use with a synchrotron radiation source was developed by
one of us (PSP) and Als-Nielson.?*>?**® The density profile
and other features of the surface layer are determined from
the deviation of the measured reflectivity from the Fresnel
reflection law. This method was first applied to liquid crys-
tals® and, very recently, to water*® and simple organic sol-
vents.*' A complimentary method employing out-of-reflec-
tion-plane diffraction under conditions of total external
reflection was developed by Eisenberger and co-workers*>
for in-plane surface structure studies of solids and surface
overlayers on solids. Recently, Bloch et a/.** demonstrated
the application to fluid surfaces of the method developed by
Becker, Golovchenko, and Patel®® for solids, by which x-ray
fluorescence stimulated by x rays incident below the critical
angle 1s used to interpret structure normal to the surface.
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In this paper we describe a novel high-resolution surface
diffractometer for use with a rotating anode x-ray generator.
It can accommodate both solid and liquid samples, and in
principle, provides for x-ray structure determinations both
parallel and normal to the surface of the sample. X-ray re-
flectivity results are presented for the structure normal to the
surface of water and a liquid crystal.

I. DETAILS OF DESIGN

X-ray reflectivity measurements of a liquid surface im-
pose several technical constraints on a spectrometer system.
First, the scattering geometry must be arranged so that the
liquid—gas interface remains normal to the earth’s gravita-
tional field, i.e., the sample cannot be tilted. Secondly, al-
though the surface is nearly 100% reflecting for angles of
incidence a (defined in this paper with respect to the surface
plane) less than the critical angle «,, the signal reflected
from the surface decreases very rapidly with increasing an-
gle,”** i.e., for aya,, the reflectivity is ~ [a,/(2a) }*. For
instance, the reflectivity of the surface of water for x-rays
with 4 = 1.54 A is nearly 1 for & less than a,~0.15" but
drops below 107° at @~2.4". At such small angles, finite
sample size requires that the incident x-ray beam be both
well collimated and spatially small. For example (taking the
critical angle for water as a convenient reference value), at
a = 0.15°, a 0.1-mm-high beam projects into a 40-mm-long
x-ray illuminated footprint on the sample. In addition, the
position of the sample relative to the beam must also be pre-
cisely controlled. Again taking a = 0.15° as an example, a
0.1-mm displacement of the sample in the vertical direction
will cause the beam footprint to translate along the surface
by 40 mm.

Further design considerations in this case were imposed
by the fixed position of the source (a Rigaku RU-200 12-kW
rotating anode x-ray generator) and the requirement of pro-
viding for both reflectivity and out-of-reflection-plane dif-
fraction measurements. Because of the difference in charac-
teristic collimation and wavelength distributions, the
spectrometer designs that had been used in synchrotron
studies of liquid surfaces are not optimal for use with the
rotating anode source.
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FiG. 1. (a) Schematic diagram of the x-ray
diffractometer (side view). Slits $;~S,; A is
the x-ray generator anode, C is the Ge[111]
double bounce monochromator crystal, M is

The design solution chosen for the rotating anode
source is shown in Fig. 1. The spectrometer consists of four
units: the monochromator arm which defines the incident
beam, the horizontal two-circle goniometer,*” the sample
positioning stage, and the detector arm which defines the
diffracted beam.

The monochromator arm consists of an aluminum U
section to which three stits S, S,, and S, are rigidly attached.
The slits S, and S, define the incident beam direction and
dimensions. These slits are followed by a Bonse-Hart-type**
two-reflection channel cut germanium {111} monochroma-
tor mounted on a combined rotation-vertical translation
unit. The slit S, after the monochromator serves to reduce
spurious scattering. The monochromator assembly is fol-
lowed by an incident beam monitor consisting of a thin Kap-
ton sheet which scatters about 0.1% of the incident beam
into a scintillation detector. The monochromator arm is sup-
ported at each end on pivot supports (P, and P,) mounted
on independent elevators (E, and E,). The liquid sample
(L) is mounted on a third elevator (E,). X~rays reflected
from the sample may be detected by a NaI(T!) scintillation
detector proceeded by a slit (S,), mounted on the fourth
elevator (E,) or by a position-sensitive proportional
counter.?? The sample and its elevator E, are mounted on the
inner (¢) circle of the horizontal two-circle goniometer. The
slit-detector assembly along with its elevator E, are mounted
on a counter-weighted arm attached to the concentric, outer
(20) circle of the horizontal goniometer. All four elevators®
are positioned via stepping motors with a resolution of 0.4
pm per step.

It is convenient to describe the geometry of a surface
scattering experiment in terms of 4, the x-ray wavelength
and four angles (see Fig. 2): (1) a, the angle between the
surface plane and wave vector k; of the incident ray; (2) S,
the angle between the surface plane and the wavevector k, of
the scattered ray; (3) 26, the angle between the projections
of k; and k, onto the surface plane; and (4) ¢, the angle
between the projection of k; into the surface plane and some
preferred orientation in that plane such as a lattice vector,
molecular tilt projection, etc.* The physics of the scattering
experiment can often be described in terms of the wave-vec-
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the beam monitor, L is the liquid sample, and
D is the detector. (b) Schematic diagram of
the x-ray diffractometer (top view). Slits S,—
S,; A is the x-ray generator anode, C is the
Ge[111] double bounce monochromator
crystal, M is the beam monitor, L is the liquid
sample, and D is the detector.

tor transfer q = k, — k;. Expressions relating q to the angles
a,f3, 26, and ¢ are given in Appendix B, while the method of
setting the diffractometer to a given set of angles is detailed
below.

Initial lineup (Appendix C) ensures that the beam cen-
terline, as defined by S, and $,, is horizontal. The mono-
chromator, which uses an even number of reflections, does
not alter the beam direction. The angle of incidence a is
varied by tilting the monochromator arm as a whole without
any adjustment of its individual elements. The tilt is defined
by the positions of elevator E, and E, such that slits S, and S,
track the fixed source. Intensity variations due to tracking
errors are small. However, slight variations in the apparent
source intensity can be corrected for using the beam moni-
tor. The x-ray beam is rectangular in cross section with a
horizontal width that is much greater than its height. Typi-
cal slit settings and the corresponding intensities are given in
Table 1.

The entire spectrometer is under computer control. For
each setting of @, the sample elevator height automatically
moves to a position such that the incident beam centerline
intercepts the surface at a fixed point on the sample. The
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FI1G. 2. Scattering geometry. See Appendix A for details.
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F1G. 3. (a) X-ray reflectivity of the surface of liquid water. The solid line is the Fresnel law of classical optics. (b) Ratio of the reflectivity of water to Eq.

(2). A straight line fits the form [@}* = e~ “7¢ with (¢°) = 3.8 + 0.03 A.

angle £ is fixed by setting the detector assembly at the re-
quired relative to the sample surface. This assembly consists
of a single slit S4 and a scintillation detector. A more elabo-
rate detection setup might utilize a linear detector or an ana-
lyzer crystal.

The angles ¢ and 286 are set simply by rotating the two
concentric circles of the horizontal goniometer to the re-
quired values.

The two pivots P, and P, together constitute a kinemat-
ic support system for the monochromator arm. Pivot P, is
made up of a V block resting on a steel rod. The rod is mount-
ed on an adjustable tilting stage which determines the tilt of
the x-ray beam transverse to the direction of propagation.
Pivot P, is made up of a V block mounted at right angles to
P, and resting on a steel ball. This not only locates the arm to
a fixed vertical plane, but also provides a sliding degree of

TABLE . Representative slit settings and intensities of the spectrometer. J,
and M, are the incident and monitor intensities, respectively, for the Rigaku
RU-200 rotating anode x-ray generator with 20,3 X 0.3 mm’ focused source
operating at 4.5 kW.

High resolution Low resolution

Height Width Height Width

(mm) (mm) (mm) (mm)
S, 0.100 1 0.4 4
S, 0.075 1 0.3 4
S, 1. 2 1 5
S, 1. 5 1.5 14
I, ~10* counts/s ~3%10° counts/s
M, ~10 counts/s ~3000 counts/s
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freedom which permits the horizontal distance between the
two pivot points to remain constant as the monochromator
arm is tilted.

The liquid samples are placed on a flat, polished glass
surface. The glass flat and liquid are contained in a sealed,
temperature-controlied sample chamber. The cell is mount-
ed on a two-axis leveling stage attached to the elevator E,.
The elevator and sample assembly rests on a foam pad on the
¢ circle of the horizontal goniometer. The foam, as well as a
large lead mass, provides isolation from high-frequency vi-
brations.

The operation of the diffractometer, as well as data ac-
quisition and display, are fully computerized using a Digital
Equipment Corporation PDP [1/34a microcomputer witha
CAMAC interface.

. EXPERIMENTAL RESULTS

For a perfectly flat surface with a step function discon-
tinuity in the electron density, the x-ray reflectivity varies
according to the Fresnel law,*' R r(a), where a is the angle
of incidence with respect to the surface. The refractive index
of matter for x rays is less than unity by an amount
8 =p,/m(e*/mc*)A?~107° where p, is the electron den-
sity.*!"*? Therefore, total external reflection occurs at angles
less than

a, =cos~'(n)

2(1 _”2)1/22[1 — (1 _6)211/22(25)l/2°cpl/2 .
(1
This critical angle is of the order of a few tenths of a degree.
For a <1 but a > a,, the Fresnel equations reduce to
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a.

Rp(a)~
i a+ (@*—a)'?

4 a 4
~—], (2)
(5)
when a3 a,. For a surface having an arbitrary density profile
p(x,3,2), one defines an average over the surface:

<p(2)>=j;—fp(x,yz)dxdy, (3

where the z axis is normal to the surface. The reflectivity
R(q) is modified?>?8-30:31:434% 11 give

R(q) = Re()$(@)|*, (4)
where for aya,,
1 (™ [dp@\ _.
(g)= f < >e ““dz, (5
#(q ool \Ta
where
g=gq,= (47/A)sin(a) , (6)

and { p,) is the average bulk density.

Using the formalism summarized above, it is possible to
test models of the density profile and surface roughness
against measured x-ray reflectivity curves. In the following
paragraphs we present experimental reflectivity curves ob-
tained for pure water and a liquid crystal and discuss the
surface roughness and density profile of each inferred from

this data.
d
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FiG. 4. X-ray reflectivity of the surface of the liquid crystal 85 5. The circles
are for T=60.673°C, triangles for 7T =69.578°C, squares for
T = 85.387 °C, and the solid line is the Fresnel law.
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Tyo~58°C

Since mechanical vibrations induced macroscopically
observed surface waves that made practical measurements
impossible, it was necessary to use a thin enough water sam-
ple so that the long-wavelength, low-frequency waves were
suppressed. The sample was prepared by spreading a 0.3-
mm-thick layer of water on a 78-mm-diam optical glass flat
that was cleaned in a solution of hot chromic-sulfuric acid,
rinsed in distilled water, and blown dry. The measured re-
flectivity curve R(a) is given in Fig. 3(a). For a <., the
reflectivity is close to 100%. A sharp drop in the reflected
intensity is observed for @ ~0 because the beam footprint
exceeds the size of the sample at these small angles. Note that
the reflectivity curve could be followed for seven orders of
magnitude!

The reflectivity R(g) deviated from the Fresnel law as
demonstrated in Fig. 3(b). The logarithm of R(¢)/R(q) is
linear in ¢”. As discussed elsewhere, this indicates a surface
with a mean square roughness amplitude (#*) = 3.8 + 0.03
A, in very good agreement with both high-resolution synch-
rotron measurements’® and with the mean square amplitude
which is theoretically expected from thermally excited capil-
lary waves, 24304546

The liquid-crystal sample was a thin layer (0.5 mm) of
4-8-pentylphenyl 4-8-alkoxybenzoate (85 5) spreadona 51-
mm-diam glass disk. The disk was placed inside a sealed cell,
the temperature of which was controlled to + 1 mK. The
phase transition sequence of this sample is

Smectic C —  Crystal.

Ty~19°C

r

The measured surface reflectivity curves are given in Fig. 4
for a number of temperatures. In the nematic phase, the sur-
face-induced smectic order, first observed by one of us
(PSP) in octloxycyanobiphenyl (80CB)***° manifests it-
self as a peak at g, = 277/D, where D = 28.24 A is the layer
spacing in the bulk smectic phase. As the temperature is
increased, the peak height decreases and its width increases,
indicating a decrease of the correlation length of the thick-
ness of the ordered layered region. Note that even well into
the isotropic phase (7" = 102 °C), the surface still induces a
small number of layers which is manifested in the sharp devi-
ation of the reflectivity curve from the Fresnel law for ¢ > g,,.
A full study of this sample will be published elsewhere.*’
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APPENDIX A: FORMULAS FOR SETTING THE
ANGLES OF INCIDENCE AND DETECTION

The angles a and 3 (see Fig. 2) are established by set-
ting the heights of elevators E, — E,. These heights, denoted
A, — A,, are all measured relative to zero reference levels
established during the lineup procedure, i.e., for horizontal
setting (a =3=0) 4, =A4,= A4, =A4, =0 by definition.
A negative sign denotes a downward displacement.

The relative parameters are H |, the distance between the
center of P, and the center line of the x-ray beam; H., the
displacement of the x-ray beam in the two-bounce crystal;
L,, the horizontal distance between the source spot and the
pivot P,; L,, the horizontal distance between the source spot
and the center of the liquid surface; L,, the horizontal dis-
tance between pivots P, and P,; L,, the horizontal distance
between the center of the liquid surface and slit S,; 4,~4,, are
given in terms of @ and 8 by

A= —Lytana + H (1l — 1/cosa), (AD)
A,=A,—L,tana, (A2)
A;= —Liytana + H,(1 — 1/cosa), (A3)
A,=A,+L,tan . (A4)

Equations used to calculate @ and S in terms of 4,-A4,:
a=tan"'[(4, — 4,)/L.}], (AS)
B =tan"'[(4, —A43)/L,]) . (A6)

Note that negligible small terms arising from the unequal

diameters of the pin and ball in P, and P, were omitted from
the equations above.

APPENDIX B: MOMENTUM-SPACE-REAL-SPACE
RELATIONS

Assuming that the sample has an in-plane preferred ori-
entation such as a crystallographic axis, we chose that direc-
tion as the x axis. The z axis is taken to be perpendicular to
the liquid surface (see Fig. 2). Then

k, =k(cosasing, cosacosé, —sina), (Bl)
k, = k [ — cos Bsin(26 + &) ,
cos Bcos (260 +¢), sinfB], (B2)

where k = 27//.
The momentum transfer g = k, — Kk;1s given by

gq=k|[ —cosasing — cos Fsin(20 + ¢) ,

sinf +sina}.
(B3)

Since there is no unique inversion formula, it is convenient to
choose ¢ = 0 which yields

g =k( —cos Bsin 20 ,

cos B cos(260 + @) — cos a cos ¢,

XcosBcos280 —cosa, sinf +sina). (B4)
Equation (B4) can be inverted to give
a =cos  "(A/KY, (B5)
B=sin"'(g,/k —sina), (B6)
20 = —sin"'(q,/kcos B), (B7)
where
2558 Rev. Sci. Instrum., Vol. 57, No. 10, October 1986

A= —b+ (b*—d4ac)''*/2a, (B8)
and

a=1+(q9,/9,), (B9)

b=q%(q,/9.), (B10)

c=q"/(2q,)" —k?. (B11)

Note that Egs. (BS)-(B11) hold only for the special case
where ¢ = 0. For another important special case, a = S, Eq.
(B3) can be inverted to yield

a=pB=sin"'(q,/2k), (B12)
¢=tan"'(—q,/q,) +20/2, (B13)
20 =2sin"'[ (g% + ¢2)*/2k cosa] . (B14)

APPENDIX C: LINEUP PROCEDURE

This section is intended to provide the reader with the
essential elements of the lineup procedure. The major align-
ment consideration is to define the incident x-ray beam to be
parallel with the liquid surface, i.e., normal to the gravita-
tional field. Using a bubble level, elevators E, and E, are
adjusted such that S, and S, are at approximately the same
height. With the monochromator removed and with both S,
and S, set at 0.1 mm high, the elevators E, and E, are moved
simultaneously using the beam monitor as the detector. This
procedure defines the height of the x-ray spot and the effec-
tive source size. The tracking of the source can be tested by
scanning either E, or E, at fixed @ and any deviations are
used to redefine A, and L, in order to improve the tracking.

The double bounce Bonse—Hart monochromator is set
to the Bragg angle using a scintillation detector. With S, and
S, set at 0.1 mm high the copper Ka, and Ka, lines can be
clearly separated. Slit S, is adjusted to be only slightly larger
than the beam size in order to reduce parasitic scattering.
The ¢, 26 goniometer translation is adjusted such that the
beam intercepts the rotational axis of the goniometer. The 20
arm and elevator E, are adjusted to be centered on the x-ray
beam. Elevators E, and E, are returned to the level beam
position and elevator E, is raised so that the sample inter-
cepts half of the beam. The coarse lineup is completed.

With the detector slit reasonably wide open, the sample
tracking is checked by performing sample height scans at
several incident angles observing the specularly reflected sig-
nal, Any deviations in the tracking are used to redefine the
source to sample distance (L) to better precision. If the
center of the sample is equidistant to the source and slit S,
(L, = L,), then x rays at all incident angles will reflect to the
same height of slit S,. Any deviations in the reflected beam
height at S, for different incident angles are used to move the
position of S, (i.e., L,) such that this criteria is satisfied. This
procedure is most sensitive at the largest angles and with S,
set 10 be as small as the beam size.

The zero angle of the incident beam has only been de-
fined coarsely and a finer adjustment involves using a liquid
surface as a reference. The reflected beam and the direct
beam will intercept S, at different elevator heights (E,),
where the difference is AZ (see Fig. 5). If AZ is nonzero,
then the zero angle of the spectrometer is misaligned by an
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F1G. 5. Angular deviations for a misaligned spectrometer.

angle Aa~AZ /(L, + L,). By setting the spectrometer to
a = Aa and with E, at the position corresponding to the
reflected beam, all of the elevators are reset to zero. If AZ is
large, it may be necessary to repeat this procedure several
times. It is also a good idea to perform the other checks
described previously.

The level of the beam cross section as it intercepts the
sample surface is primarily defined by the tilt of slit S,. With
the present setup the only way to tilt S, is by pivoting the
entire mechanical beam via a tilt adjustment on pivot P..
This also translates the x-ray beam lateraily and the goniom-
eter position must be reset. An improved design would allow
a tilt of S, on a Eulerian cradle. For either design, the slit is
tilted such that the beam intercepts the sample at the same
elevator height over the entire width of the beam.
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