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X-Ray Measurements of Noncapillary Spatial Fluctuations from a Liquid Surface
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Off-specular diffuse x-ray scattering measurements on both pure water and a homogeneous Langmuir
monolayer of polyy-benzyl{i.-glutamate (PBLG) on water establish the validity of a proposed sum
rule for scattering from capillary fluctuations on liquid surfaces. Excess scattering above the predicted
capillary contribution is observed when the PBLG monolayer is compressed beyond its elastic limit.
This is interpreted in terms of a second-layer inhomogeneity with a surface correlation length of
~1000 A. Excess off-specular scattering can be used to probe interface correlation lengths from 100 A
to 1 um. [S0031-9007(98)07353-0]

PACS numbers: 68.10.—m, 61.10.Eq, 61.10.Kw, 68.35.Ct

The availability of lasers in the 1960s facilitated the firstthis sum rule, the intensity of the OSDX can be calcu-
concerted application of low-angle diffuse scattering tolated with no additional adjustable parameters beyond
the study of critical fluctuations in bulk condensed matterthose required for x-ray specular reflectivikR). We
[1,2]. Later development of high brilliance x-ray sourcesapply the result to both pure,® and a close-packed ho-
extended these studies to shorter lengths and other mat&ogeneous Langmuir monolayer (LM) formed by paly-
rials that cannot be probed with visible light [3,4]. With in- benzylL.-glutamate (PBLG) molecules on water. When
creasing appreciation for the effects of reduced dimensionhe PBLG film is compressed beyond the elastic limit for
in statistical physics and with refined instrumentation,the monolayer, we find excess scattering above the capil-
x-ray and neutron scattering were widely applied to studyary contribution that can be quantitatively interpreted in
two-dimensional (2D) critical properties of solid surfacesterms of surface inhomogeneities with a correlation length
[5—7]. However, itis known that the periodic potential of of ~1000 A.
the solid substrate suppresses certain classes of continu-The scattering kinematics are illustrated in Fig. 1. For
ous 2D phase transitions [8,9]. Consequently attentiox rays incident at angler and scattered at angleg® to
was directed to the study of similar phenomena on liquidhe surface an@é to the incident plane, the wave vector
surfaces. transfer has componenis = 27 /A)[sin(a) + sin(8)]

Two x-ray scattering techniques have served as usefand g, = (27/A)[coS(a) + cos(B) — 2coq26) X
probes for fluctuations on liquid surfaces. First, grazingcoga) cogB)]'/2, normal and parallel to the surface.
incidence diffraction has been used to characterize surfac@apillary waves give rise to interfacial height-height cor-
structures on intermolecular length scales. The seconelations of the liquid surfacg(r.,) = ((h(ry,) — h(0)]*)
technique, analogous to the static critical light scattering
methods, is diffuse scattering at small angles away from
specular reflection [10—12]. Until recently, quantitative
application of this technique to liquid surfaces [13—20] has 107
been mostly limited to characterization of thermal diffuse
scattering (TDS) [11], which arises from 2D surface height
fluctuations due to thermally excited capillary waves [21—
23]. As Sinheet al. have shown [10,14],the TDS fromlig- o
uid surfaces diverges algebraically at the angle for specular =
reflection with strong tails extending out into the surround-
ing off-specular regions. We show here that calculation of 10
the angular dependence of TDS for homogeneous liquid 107k
surfaces allows one to quantitatively separate TDS from )
subtle diffuse scattering effects arising from other surface
inhomogeneities. This ability is essential to the utility of 107"
small-angle off-specular diffuse x-ray scattering (OSDX)
for quantitative characterization of noncapillary surface in-

hoVrr\;ogft_antelctjles [24],[' te th licati f le th g — a at fixed o for a bare water surface. The solid lines
e nirst demonsirate the application of a sum rule thag o theoretically expected curves. The inset is a schematic for

leads to asimplenormalized form of the capillary-wave the incident-plané26 = 0) scattering geometry used in the XR
TDS cross section predicted by Singétzal. [10,14]. With  and OSDX.

FIG. 1. Measured normalized intensifyf /1, as a function of
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which vary logarithmically [10,14,23], when the distancetion of 0.42 mgmL and compressed at a rate0.01
rvy is smaller than a gravitationally imposed cutoffmm) (A%2/monomey/s. The PBLG molecule, due to its
and large compared to the molecular sizé. Therefore, «-helical conformation, resembles a rodlike structure
scattering from liquid surfaces does not possess a trugpproximately 150 A in length and 13 A in diameter
specular reﬂectio[1~6(2)(qu)], and the surface scattering [30,31]. On water these rods lie down parallel to the
may be considered entirely as “diffuse.” Neglecting theinterface [31].
effect of the gravitational lowg cutoff (which is too small X-ray experiments were carried out using the Harvard/
to measure with realistic resolutions), the differential crosBNL liquid surface spectrometer [27] on Beamline X22B
sectiondo /d() is described by a power-law singularity of at the National Synchrotron Light Sourég = 1.55 A).
the forml/qﬁy_” forn = (kBT/Zwy)qf < 2[10,14,20], For both XR and OSDX, the center of the detector (Nal
wherey is the surface tension. Normalizationa#d/dQ)  scintillator) slits lies in the incident plan@é = 0). For
can be accomplished by taking into account the small  XR, the reflected intensity @ = « (or g, = 0) is mea-
behavior which requires that0) = 0. Since the deriva- sured as a function of; = (47/A) sin(a), while OSDX
tion of S(gyy) ~ l/qu_" by Sinhaet al. [10] is based on Was measured as a function gf at fixed «. For both
F(qu) {= 2D Fourier transform (FT) of eing(rx\) % measurements th_e_ backgroynd was eliminated through sub-
421}, it follows that the inverse FT evaluated &g = 0, traction of intensities from identical scans taken wiih

obtalned by summing'(¢.,) over all capillary modes with pffgets O.fto'3.°' The results were normalized to the_
q gmax ~ 27/d, must be unity. The application of incident intensity and analyzed in terms of the theoreti-
Xy = gmax

this sum rule leads to a simple and physically meaningfuf! Predictions for the differenca//I, = {1(26 = 0) —
normalization ofS(g.,) fromqu. (2.§2)yin Si)rllhaat al. ) (1/2)[1(+0.3%) + 1(=0.3%)]}/I [20]. The rectangular

[10], without the need for a specific resolution function detector §I|ts Iocateﬂ_— 621 mm from the sample cen-
[14]. For the scattering from @omogeneoudiquid ter, of (height H) X (width W) give an angular resolution

surface (i.e., conformal roughness of all interfaces) witt°f 88 = H/L and§(26) = W/L. The slit sizes in mm
capillary quctuatlons one obtains [20] were(H, W) = (2.5,3.0) for XR, (1.1, 3.0) forB scans on
Water and (1.0, 3.0) foB scans on PBLG films.
1 (do ) 27777 Gy K Figure 1 shows\!/I, for 8 scans taken on water. The
a\aa ] — _l 0(g:)l - (M ocal density profilepr—o(r) = {(pr=o(z)) at any point
on the simple watgigas interface is a step function, so
where Ay is the cross sectional area of the incidentthat ®y(¢,) = 1 [13]. The solid lines are calculated
beam and N = (¢./2)*Tr(a)Tx(B)/[167*sin(a)].  values of AI/I, using the known temperature, surface
= (47 /M) sin(a.) is the critical wave vector for total tension, andgmax = /(1.4 A) = 2.25 A~! as obtained
reflection . = 0.0218 A~! for water) and the Fresnel previously for water [13]. The calculation involve®m
transmission factoff'r(«) [10] is related to the Fresnel adjustable parameters The theory agrees excellently
reflectivity Rp(«) of an ideally flat interface through with the measurements for both the specular and off-
Tr(a) = 2a/a.)*/Rr(a)[25]. A surface structure fac- specular data. Conservative estimates of uncertainties
tor ®y(g,) can be defined as the 1D FT af(pr—o(z))/  in the experimentally determined parametefs ¢, 88,
p=)/dz, where p.. is the bulk electron density, and §(20), etc.) lead to errors in the shown curves that are
(pr=0(z)) is the average local electron density profie  much smaller than the size of the symbols for the data.
the absence of thermal capillary wavedhis “intrinsic” The validity of the formula (1) was tested again for a
profile {p7-0(z)) [11,20,21] is to be distinguished from less simple interfacial structure using the PBLG LM on
the total average densit{p(z)), which is obtained by water. Figure 2(a) shows typicdll-A isotherms, sug-
convoluting{pr—o(z)) with the distribution of interfacial gesting a monolayer-bilayer transition with the plateau
heights induced by capillary-wave roughness. In order tondicating coexistence of the two phases [31]. Specu-
obtain the number of photons scattered into the detectdar reflectivity R, given by the convolution of Eq. (1)
normalized to the number incident on the surface (i.e.with the detector resolution function centeredfat= «,
1/1y), we carry outa precise numerical convolution of (1) can be used to obtain the structure faciay(g,) of the
with the slit-defined resolution functiqg@0,26]. film coated surface. The XR data measured on a PBLG
Details of our Langmuir trough, film preparation, and film at pointsA = (19.2 A2/monomer 7.8 dyn/cm) and
compression methods have been given previously [27,28B = (9.7 A%2/monomer 8.8 dyn/cm) in the isotherm are
The temperature of the pure water subphase was maishown as® /R in Fig. 2(b). The solid curves in Fig. 2(b)
tained at 23C. The surface tension of a film-coated are fits based on a box model [28] fgrr—o(z)). Assum-
surface is given by = y,, — II, wherey,, is for the bare ing that the smallest capillary wavelength is on the order
water surface 2.3 dyn/cm), andIl is the surface pres- of the PBLG rod diameted ~ 12.6 A, we take the value
sure, monitored by a Wilhelmy plate. Polydisperse PBLGOr gmax ~ 277/d = 0.5 A~!. The fact that the results are
[29] monolayers were spread at a specific alea>  not sensitive to the precise valueqfax is discussed else-
23 A%2/monomer from a trifluoroacetic agidhloroform  where [20,21]. The profile§r—(z)) plotted in Fig. 2(c)
solution (3%:97% by volume) [30] with a concentra- correspond to a best fit. The film is clearly a monolayer at
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FIG. 2. (a) II-A isotherms for PBLG films atf" = 23°C, | * o = 1.8° (X10)
showing a continuous scan (—) and a relaxation @) in _2 iﬁ;oie;ous i
which the film is relaxed at gived until AIT over 5 min is 107 9

<0.05 dyn/cm. (b) Normalized reflectivityR /Ry at points o -
A and B in (a). Fits (—) are based on Eg. (1), detector <. 1g57* |
resolutions, and average local electron densities in (c), where g

gmax = 0.5 A~! is assumed.

107 | .
A and an incomplete bilayer & with each layer thickness 08 L ]
being close to the PBLG rod diameter. i |
Measured differenceAl/I, vs 8 from the PBLG film 1010 , , ,
on water are shown in Fig. 3(a) for the monolayed @nd -2 0 1 2 3 4
in Fig. 3(b) for the bilayer aB. The solid lines correspond g — o [deq]

to the theoretically predicted\//I, using Eg. (1), the
known parametersT], v, 58, 6(26), etc], and the XR- F!G- 3. Measured\//Io vs B — a for PBLG (a) monolayer

. . at A and (b) bilayer atB in Fig. 2(a). The solid curves (—)
based density profilgpr—o(z)). The very good agreement iqqretically expected fanomogeneou®BLG films are based
between data and theory shown in Fig. 3(a) justifies then Eq. (1), detector resolutions, afel—.(z)) in Fig. 2(c).
assumption that all of the surface diffuse scattering is TDS
from the capillary fluctuations, and that treonolayer
is homogeneous. By contrast, Fig. 3(b) shows that théayer inhomogeneity as follows. The local electron den-
measured scattering from the PBliBayer at B exceeds sity within the second layer is assumed to be constant at
the values predicted on the assumption of a homogeneoys = p-¢», but the heighti»(r,,) of the second layg¢gas
bilayer by up to a factor of 2. In view of the fact that interface fluctuates abouyt,(0)) = 0 over the surface,
the structure facto®((g.) was obtained by fitting the XR, whereh;(r,,) is assumed to be laterally isotropic [32] and
the data neag = « agree with the model; however, the defined in a framér,,, z’) in which capillary waves are ab-
off-specular intensity is consistently higher than predictedsent[i.e.z’ = z — h(ry,)]. If the two height distributions
This is more clearly evident in Fig. 4, showing the ratio of
the data to the solid curves in Fig. 3(b).

In case of lateral density or noncapillary height fluctua- | 7[ (@ ¢=15Adt8 1 77 ®a=18aB
tions at the interface{o /d) has another term beyond (1) E 6} 4oz i 5 §= 300 A
that corresponds to scattering due to nonzese—,(r) = O . Al 5 : g 8
pr—o(r) — (pr—o(z)). Both the lower density in the sec- 3 ° wotse Lo ot
ond layer and the diffuseness of the lgigas interface -~ * 3 32 { ¢ e
evident in{pr—o(z)) for the PBLG bilayer [Fig. 2(c)] are I —;——J\}?—J—— shoCERFETTE
suggestive of greater density fluctuations in the newly = “ = - ) £ = 3000 A
formed second layer than in the first layer. Therefore, =2 38 3 8
it is reasonable to assume that the extra scattering come: B A
mostly from microscopic inhomogeneities in the second -0 =050 0510

B — a [deq] § - o [deg]

layer. Examples of possible microscopic origins include
(i) a distribution in the heights of molecular centers inFIG. 4. The ratio of measured//l, to the homogeneous
the second layer, (ii) deviations in the orientation ofcontribution in Fig. 3(b) for the PBLG bilayer &. The fits
molecular axes from being parallel to the interface, and—) in (&) are based on an inhomogeneous model Eq. (2) with

X 9. o roughnesso, = 2.2 A and correlation lengtté = 1150 A for
(iii) molecular density variations within the second layer. e °second laydgas interfacial height fluctuations. The solid

Since our data cannot distinguish between these, Weurves in (b) correspond to thel /I, ratio calculated for three
analyze the excess scattering by modeling the secondifferent values of.
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{h(ryy)} and{hy(r.y)} are statistically independent, then, in X22B at NSLS, Brookhaven National Laboratory is sup-
the limit thatcy(ry,) = (ha(ryy)h2(0)) < 1/42%, it can be  ported by No. DE-AC02-76CH00016.

shown that the second term in the totat/d() is given
by the convolution of the capillary:) and the noncapillary

(hy) fluctuations in reciprocal space,
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