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X-Ray Reflectivity from the Surface of a Liquid Crystal: Surface Structure
and Absolute Value of Critical Fluctuations
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X-ray ref lectivity from the surface of a nematic liquid crystal is interpreted as the
coherent superposition of Fresnel reflection from the surface and Bragg reflection from
smectic order induced by the surface. Angular dependence of the Fresnel effect yields
information on surface structure. Measurement of the intensity of diffuse critical scat-
tering relative to the Fresnel reflection yields the absolute value of the critical part of
the density-density correlation function.

PACS numbers: 61.30.-v, 61.10.Fr

Although there has been considerabl. e recent
interest in both struct-ure and critical phenomena
at all types of interfaces there have been very
few experimental techniques available for probing
the microscopic properties of l.iquid-vapor inter-
faces. ' " One purpose of this manuscript is to
demonstrate that, with use of a synchrotron
source, x-ray refiectivity from liquid surfaces
is a practical. technique for obtaining structural
information at the molecular level. . In the par-
ticular case of the nematic liquid crystal octylox-
ycyanobiphenyl (80CB) using &=1.54 A, the ob-
served reflection follows the Fresnel reflection
formulas" "for incident angles between grazing
and 1.3', independent of temperature. For larger
angles surface structure and Bragg refI.ection
from surface-induced smectic order (i.e., layer-
ing) resul. t in temperature-dependent deviations.

A second purpose of the manuscript is to demon-
strate that since the x-ray ref lectivity can be cal-
culated from the Fresnel formulas, "the ratio of
the scattering from critical fluctuations in the
nematic phase of bulk 8OCB to the signal reflect-
ed from the surface yields the absolute value of
the critical part of the density-density correla-
tion function. Similarly the absol. ute value of the
surface-induced smectic order in the nematic
phase is also measured.

The experiments have been carried out at
HASYLAB in Hamburg, Germany, and details of
the spectrometer have been reported previous-
ly. ' '" The geometry is shown schematically in
Fig. 1. The horizontal. synchrotron beam is de-
flected downward by an angle 8, with a spread in
the vertical direction 4I9» to produce the inci-
dent wave vector k,. The height of the horizontal.
l.iquid crystal surface is controlled such that the

beam strikes a fixed position on the sample. The
detector assembly can be either a tilted crystal
or a simple slit arrangement. In either case,
if the spectrometer is tuned for specular reflec-
tion the wave vector of the detected beam, k„
is inclined upward by the same average angle 0.
The detector accepts an angular spread hg, in
the vertical direction and h(~ in the horizontal
out-of-plane direction. If the detector is centered
on the plane of the figure the average scattering
vector Q = k, —k, = z2k sin 6. Moving the detector
out of the plane scans Q„. The spectrometer re-
cords ail scattered x rays for which Q is con-
tained in the resolution volume 6'Q indicated by
the parallelogram.

As discussed previously, "a consequence of
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FIG. 1. (a) Schematic of the spectrometer geometry.
Typically & = 1.54 A, 0 —1.5', &6~ —-0.003', and &6I2

=0.01 and 0.73 for high and low resolution, respec-
tively. The out-of-plane angular resolution pg2 is
typically 0.003' and 0.4' for high and low resolution,
respectively. (b) Schematic shape of the full width at
half maximum for critical scattering from the bulk
nematic phase.
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FIG. 2. (a) High-resolution scan of the reflected in-
tensity from the surface of 8GCB; T —T~~ ——0.05'C.
The peak at % =1 corresponds to Q =Qo —0.1989 5
The dashed line is the calculated Fresnel reflection
law. (b) Reflected intensity vs & at high resolution
divided by the Fresnel law. The solid line is for T
—T~& ——0.05'C; open circles and crosses are for T
—TN~ =2.8 and 11.06'C, respectively. (c) High-reso-
lution sean, T- T~z ——0.40 C. The solid line is the fit
by the model.

translational invariance parallel to the surface,
i.e. , in the x-y plane, is that the scattering cross
section for x rays that are either specularly re-
f l.ected from the flat surface, or Bragg reflected
from smectic layers parallel to it, is propor-
tional to 5(Q„)5(q,). A spectrometer with small
bPQ discriminates against diffuse scattering from
the bulk liquid crystal. The solid line in Fig. 2(a)
displays a high-resolution scan from K = Q,/Q,
= 0.07 to = 1.25 at T —T» = 0.050 C. The dashed
line indicates the calculated Fresnel law for ra-
diation incident on a planar dielectric discontin-
uity. Figure 2(b) displays the result of dividing
the data by the Fresnel reflection law R„(K)for
temperatures T —T» = 0.05, 2.8, and 11.06 'C.
The peak at K = Q,/Q, = 1 is due to smectic lay-
ers localized to a depth of )ii(T) below the sur-
face." The full width at half maximum &Q,/Q,
is equal to 2/Q, ( „(T), where (ii(T) is the longi-
tudinal correlation length of the bulk nematic'4;
see Fig. 1(b). For K ( 0.9 the reflected intensity
is essentially described by the Fresnel. law inde-
pendent of temperature. For K ~ 1.05 it falls be-
l.ow the Fresnel value. For the scan displayed in
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Fig. 2(c), T —T~ =0.40'C, the condition Q„= Q,
=0 was continuously monitored for each Q, and
scattering that did not obey the selection ruI. e was
subtracted. The solid line in Fig. 2(c) is the re-
sult of fitting the data by the convolution of the
experimental resolution with the cross section
of the model to be described below.

Standard treatments for the reflection coeffi-
cient from a surface with structure yield R(q, )
= Z„(q. )i e(q.)i', where e(q, }=(1/p)f"„(dp/dz)
&exp[-i(q, z)]dz."" The density is taken as the
sum of two terms, p(z) = p, (z)+p, (z). The sharp
peak at K=1 is due to smectic order induced by
the surface"; (p) 'dp, /dz =B,q, sin(Q, z) exp(- z/
$ii)" gives a Lorentzian-type term, 4, =+(B,Q, /
2)(+(Q, + Qo) —jii[(q Qo)~i, —t] '). Data of the
type shown in Fig. 2(b) demand that the Fourier
transform of the second term be flat for K & 0.8
and fall off reasonably rapidly in the vicinity of
K = l. One form that has this property is C, (Q, )
=0.5{erf[(Q, + Q, )/V2v] —erf [(Q, —Q, )/W2~]],
with Q, /Q, = 1 and v/Q, «1. The Fourier trans-
form of this is (p) 'dp, /dz =(~z) 'exp[-0. 5(o'z)']
&& sinQ, z. It describes a surface of width - m/Q„
foll.owed by oscil. lations that decay as z increases.

The nonlinear least-squares fit shown in Fig.
2(c) yields Q,/Q, = 1.04 + 0.01, o/Q, = 0.062 ~ 0.015,
B,=0.067~0.003, and )liq0=145+3 with a X'=6.
The value of )itq, agrees with published values
for 8OCB."' There is a previous measurement
of the temperature dependence of B,; however,
this is the first measure of its absol. ute value. "
Although the specific function chosen for 4, is ad
hoc the general form dictated by the data results
in a p, (z) with smectic density oscillations near
the surface. The sum of p, + p, thus gives a
nonexPonenttal decay of the smectic order. Since
B, )iraq, diverges as T -T„„, the peak intensity is
essentially given by i4, i', and accurate knowledge
of 4, is not necessary for determination of the
critical properties of 8, . Asymmetry between the
intensities in the wings for K) 1 and K(1 is due
tQ interference effects between 4, and

A second method of taking data, in which spec-
trometer alignment is less critical, is to lower
the resolution by increasing the height and width
of the detector slit. In Fig. 1 this means increas-
ing 602 and also the slit width along the x direc-
tion. As the resolution volume is scanned in the
vertical direction it sweeps out a strip in recipro-
cal space of width 8&&(68, + b. 8,)k thereby inte-
grating over a typical value of aq, = 0.003Q,.
In addition to integrating over Q, the wider slit
increases the intensity of diffuse critical. scatter-
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FIG. 3. (a) I ow-resolution signals vs g for T —T~~
=0.011, 0.164, and 1.105 C, represented by plusses,
crosses, and circles, respectively. The solid line
through the 0.164 'C data is the theoretical model dis-
cussed in the text. {b) Transver. se out-of-plane scans
for the same height as in (a) but with narrow width,
& g2 = 0.07'.

ing relative to the sharp surface scattering. With
neglect of Q~ corrections, the cross section for
diffuse critical scattering is proportional to So(Q)
=v,/[1+ $~~(Q, —Q,)'+ $~'Q~'], where S,(Q) is de-
fined to have the units of volume. The ratio of
critical. scattering to Fresnel reflection is ob-
tained by integrating

I (Q) = (Q'0/32~') S.(Q)/(Qk' cos»&, ) (1)

over the resolution volume bPQ defined by the
slits, where P = 0.2 cm is the absorption length in
8OCB for 8-keV x rays. In general, $ ~, /$ ~

- 10
and the half-intensity contour of 1(Q) has the qual. -
itative form sketched in Fig. 1(b). As Q, —Q, is
scanned through zero with 2/$~»b, Q» there is a
range for which the convolution of the resot. ution
volume and I(Q) is approximately given by ff „I(Q)
x dQ„dQ„essentially independent of 28. The
spectral shape of the signal. from the bulk has a
flat top, falling off sharply for IQ, —Q, I

a b. &,k/2.
Figure 3(a) displays data observed with the low-
resolution geometry for three temperatures. The
solid l.ine is a theoretical curve that results from
the sum of the surface signal I 4 (Q) I' plus the re-
sult of integrating Eq. (1) over the measured res-
olution vol.ume. This interpretation is conf irmed
by comparison of scans in which a narrow detec-
tor slit ( Ag, = 0.07') is moved out of the scatter-
ing plane, i.e. , in the Q„direction. Figure 3(b)
displ. ays a transverse scan at T —T» = 0.796 'C,
with K, = 1.0. The narrow peak at Q„=0 is due
to the surface and the broader peak to the bul.k.
The solid line in Fig. 3(b} is obtained with use of
previously measured values of (,t(T) and $~(T) '
and integration of S,(g) (including Q, correc-

tions) over the resolution volume.
From the data in Fig. 3(a) and other similar

data, nonlinear l.east-squares fits with only two
adjustable parameters yield B,)~~Q, =(0.45
+0.02)t ' "'~'and Q, 'o, =(0.039+0.002)
x t ""0"; t=(T/T») —1." The temperature
dependence of o, is consistent with previous meas-
urements of bulk 8OCB'; however, the absolute
value of o, has not previously been measured.

The physical significance of 0, is better appre-
ciated upon taking the Fourier transform of S(Q).
Def ining 8' = [x'+ y'+ ($ ~z /$ ~~

)'](Qo/2m)' one ob-
tains (p) '&5p(r}~p& =[&,Q, '/4& (Q $p)(Q h )]&
x exp(- 2~R/Q, g~) cos(Q, z). Since $~~- t '""

t-0.58~a.~~ the ratio 0 /$ g -t '"" is
essential. ly temperature independent. '~ The same
is true for the five other material. s for which pub-
lished data exist." Thus the absolute vat. ue of
c' Q /4w $ $ =(0.26+0.01)&&10 t ' ~ is a use-
ful. measure of the absolute value of the critical.
part of the density-density correlation function.

To summarize, we have demonstrated the util-
ity of x-ray ref lectivity to obtain information on
fluid surfaces. In particular, the Q„=Q, =O selec-
tion rul, e facilitates empirical separation of sur-
face ref lectivity from other scattering processes.
Further, we have demonstrated that since the
Fresnel reflection laws can be applied to x-ray
wavelengths, the absolute intensity of other scat-
ter ing processes can be obtained from their in-
tensity relative to Fresnel reflection. For the
l.iquid crystal 8OCB we have demonstrated that
the interf erence between density oscillations
localized at the surface and surface-induced
smectic order that decays into the bulk as exp(-z/
$ ~~) is responsible for the shape of the peak at K
= 1. It is tempting to try to explain the contrain-
tuitive temperature dependence of 8,"with
Landau-type mean-field theory containing a term
&8= a(t)p, capable of inducing coherent smectic
order. A naive guess might take a-t since the
surface wouM quench phase fluctuations that are
responsible for renormalization effects in the
bulk. One might then expect p, (t$,~)ex-p(-z/$~~)
&icos(Q, z) or B, )~~Q, =t '~" ~. This is in fact,
the observed temperature dependence. Final. ly,
we have obtained a value for the critical part of
(&I (~)&I».
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