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X-Ray Reflectivity Measurements of Surface Layering in Liquid Mercury
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The surface normal structure of the mercury liquid-vapor interface has been investigated by measuring
the x-ray reflectivity out to a momentum transfer gf =25 A-L The results provide direct
experimental proof of surface layering in liquid metals. The layer spacing is given by the atomic
dimensions of the Hg atoms. The minimum layer width agrees well with the predictions of capillary
wave theory; the layering amplitude decays into the bulk with a characteristic length of 3—3.5 A, which
is close to the decay length of the bulk pair correlation function.

PACS numbers: 61.10.—i, 61.25.Mv, 68.10.—-m

At the free surface of a liquid metal the density changeghrough several cycles of hydrogen filling (zero grade pu-
from a thin atomic vapor to a dense liquid over a distanceity) and evacuation. Subsequently, pure By pulk pu-
of only a few atomic diameters [1]. This rapid vertical den-rity) was filled in the upper vessel, degassed for 30 min,
sity variation is accompanied by a similarly rapid change inand finally dropped via a teflon needle valve into the glass
the effective interatomic interaction potential. The inter-trough up to a level several mm higher then the rim. Kept
face density profile is therefore ideally suited to test the exunder hydrogen, the Hg surface is stable for more than
tensive body of theoretical studies and simulations carrie@4 h, as verified by the high reproducibility of the mea-
out over the last decades. Many of these studies predisured reflectivity curves.
layering at the surface to a depth of a few atomic diame- To minimize vibrational surface excitations the cell was
ters in several liquid metals [2—6], including mercury, in mounted on an active vibration isolation table, which in
strong contrast to simple nonmetallic liquids where monoturn was mounted on the spectrometer. For measurements
tonic profiles have been observed [7,8]. inthe rangey, < 0.4 A~'the incident beam was collimated

Considerable progress towards angstrom-resolution dée a vertical angular divergence of 0.07 mrad and limited
termination of the structure of liquid metal surfaces hadn height by a 0.05 mm slit 240 mm upstream of the sample
been achieved in recent years using x-ray reflectivity ando keep the footprint of the incident beam smaller than the
grazing incidence x-ray diffraction techniques [9-13].sample size. For highet, the slits were gradually opened
The reflectivity studies confirmed a relatively narrow in-to increase the reflected signal. The negligible increase in
terface region but were inconclusive with respect to surthe divergence of the reflected beam, as compared to the
face layering due to their limited, range. If layering incident beam, indicated a flat Hg surface and an efficient
indeed occurs, a Bragg-like peak should be observed &imination of vibrational pickup from the environment by
q. = 2m/a, wherea is of the order of the molecular spac- the isolation table.
ing. For liquid metals, where = 3 A, this entails mea- To obtain the specular reflectivity, intensity measure-
surements out te=2 A=%.  The best previous measure- ments were carried out along the specular &= 0°)
ments, performed by Bosiet al. [10] on Hg with a labo- and by moving the detector b0 = 0.6° (i.e., several
ratory x-ray source, extended only 40 = 0.75 A=t and, times the resolution width) out of the plane of reflection.
hence, could not unambiguously resolve surface layeringSince the diffuse background depends only weaklp&n

Here we report an x-ray reflectivity study of the surfacenormalized by the incident beam intensity.
of liquid mercury extending ta;. = 2.5 A™L. The mea- Figure 1(a) shows the absolute reflectivityof liquid
surements were carried out at a wavelengtis 1.227 A mercury at room temperature (circles and plus signs)
using the Harvard-Brookhaven liquid surface diffractome-along with the theoretical reflectivit®, for a perfectly
ter at beam line X22B of the National Synchrotron Light flat surface (solid line), calculated from the Fresnel law
Source. The glass sample cell was composed of a lowaf optics. Also shown is a theoretical reflectivity for an
compartment containing the sample through (60 mim interface broadened by the Hg atomic form factor and
20 mm X 7 mm) and an upper preparation compartmentby thermally excited capillary waves (dotted line). The
After cleaning the cell with concentrated nitric acid andreflectivity falls from close to unity below the critical
ultra pure water (Milli-Q), the sample compartment wentangle [14] to3 X 1078 atq. = —2.3 A7, yet it is always
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10° . . ; ; . the background intensity [dashed line in Fig. 1(a)]. In
» order to characterize and to eliminate this background,
10 (c) |L|0° 7 measurements aj, > 1.5 A~ were complemented by
w02 L | scans perpendicular to the reflection plane, 2@.scans
[examples are shown in Fig. 1(c)]. Theg@ profiles
1073 F 1 exhibit identical, resolution limited line shapes. The
- integrated intensities of these beam profiles [shown in
= 107 ] Fig. 1(a) as plus signs] are in excellent agreement with
% 0 | 1.65 1.85 2.052.21 2.41 | | the background subtracted reflectivity curve (shown as
o G circles). Thus, the peak iR/R; at 2.15 A is a
1078 | genuine product of the atomic structure at the liquid-vapor
interface.
107 R es The ratioR/R; is directly related to the total electron
08 L PP "'-‘.ﬁo . density along the surface norm(ai(z)) (averaged within
~TrTenT T - the surface plane) through the equation )
-9 | L I | 1 L
0 e ————— Ra)/Rrla) = |(1/p2) [ aelitptn/ozien [ @)
10 £ X wherep.. is the bulk electron density [16]. Since most of
08 - the electrons are located in the ion corgs(z)) is a good
& el approximation to the ionic interface profile. The broad
e - peak atg. = 2.15 A~* can only be fitted by an oscillatory
0.4 1 component in{p(z)); its magnitude and width is related
0.2 to the number and strength of these oscillations. These
oF features cannot be produced by monotonic profiles or
0 05 o 15 20 25 profiles exhibiting a single layer. A simple nonmonotonic
q, (& parametrization based on an error function superimposed

o ~ by an exponentially decaying sine wave, which has
FIG. l(a) X'ray reﬂectIVIty of the free surface of |IQUId been Successfu”y employed for ||qu|d Crystal data [15]’

mercury at room temperature under, HO); (4) indicates _ ) . .
values calculated from the transverge scans in (c). In reproduces the peak at = 2.15 A~ but fails to describe

addition, the Fresnel reflectivitg, for an ideally flat surface the data at low;.. Hence more sophisticated models are
(—), the reflectivity of an interface with a roughness givennecessary to obtain quantitative information on the density
by the convolution of the Hg atomic form factor and a profile.
?au)sziraensﬁgvef '&(\b\;Vil(Ej;[(r;éfi)fnngt(jaltzgit@b?%kngcionlfjv%d ﬁit';t?f‘s)ity To insure model-independent results two differ-
of the ratioR/Rf'». (c) Selected2d scans across the reflected ent parametrlzatlons Oﬁp.(z» were used . to fit the .
beam at various;, = 1.5 A~ (—0.8 = 26 = 0.8, background €xperimental data. The first employs a distorted semi-
subtracted). infinite crystal lattice (with lattice spacing/) where
the root-mean-square (rms) displacement amplitude
o _ o o = +Jo? + o} of the atoms from their lattice positions
within a factor of 2 ofR,. This clearly indicates a surface diverges with increasing distance from the surface.
roughness smaller than the atomic diameter. This gives rise to an oscillatory density profile close
Figure 1(b) shows the rati®/R, for our data (circles). to the surface and a uniform density far below it. The

This ratio decreases monotonically from unity all the wayreflectivity according to this model is given by
to ¢. = 0.6 A%, flattens out over a large range of,

@ 2
and then exhibits a broad peaket— 2.15 A= Above Kl _ | [lg2) + /' dg.e "2 Y p eitrnemoiat/2 |
2.5 A~ the reflectivity drops below the sensitivity of our Ry(q.) z+[f
experiment(=10-%). Capillary wave models alone are (2)
insufficient to explain these nonmonotonic features [7,8]wheref(g;) and f’ denote the Hg atomic form factor and
Futhermore, the broad peak at = 2.15 A~ strongly the dispersion correction at = 1.227 A%, respectively,
resembles similar features in reflectivity measurements aindZy, = 80. Choosing the rms displacement amplitude
surface induced layering in liquid crystals [15] and henceof the atoms in layem as \/o? + o2 = {/no> + of,
suggests a layered mercury density profile at the interfacevhere oy ando are constants, the semi-infinite sum can
Finally, we note that the reflectivity data by Bosbal. be solved analytically for uniformly spaced laydis =
[10] measured at the Hg vapor interface below 0.78 A nd). Numerically, the corresponding density profile then
is in good agreement with our data. approaches asymptotically an exponentially decaying sine

The short-range order within the bulk liquid gives risewave forz — «. Allowing for different layer spacings,
to a peak in the liquid structure factor at 2.3*Avhich  different layer densitiep,, and different layer widths-,
strongly increases the contribution of diffuse scattering tanly in the firstv layers, the sum in Eq. (2) reduces to
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o0 N

i — 2,2 5242/2—iq. —1 ig. — o242 . ) ia.
Z pueGPne Tt/ = [T 4:/27iaxd 7y Z[pn@’q‘p”e Tadz/2 _ T qz/2+tq.d]_ (3)
n=1 n=1

Fits to the experimental data revealed that the first Iaﬁleare quite different. Minor deviations are seen only at
deviates from a simple Gaussian and exhibits a broader, > 2.2 A~ where the experimental error is large.

tail towards the vapor side of the interface. To model this These results can be rationalized well within our current
asymmetry, the first layer was described by 2—-3 term&nowledge of liquid-metal surfaces. The intrinsic layering
in the finite sum in Eq. (3), spaced at close distanceprofile is broadened by thermally excited capillary waves.
Corrections for other than the first layer did not improveCapillary wave theory predicts a broadening of 0.8—
the fit [i.e., N = 3in Eq. (3)]. 1.0 A'in our case given the surface tension and molecular

In the second model the interface profile is derivedsize of Hg ¢ = 485 mN/m; a =3 A), temperature

from the error-function density profile, which has beenand experimental resolution (6.6 mrad angular detector
previously used to model simple liquid surfaces [7,8].acceptance) [8]. This agrees well with the 1.1-1.4 A
An error function of width oo is superimposed by widths obtained from the first model for the first four

distortions¢, (z) periodically positioned ap, = nd, i.e., layers. Hence, the width of the surface layers on Hg
(p@))/pr = erfz/Tas) + Sh_, £4(z) with can be attributed largely to thermal excitation of capillary
1 waves at the interface. With the exception of the first, the
( ) = an 7(17[7/1)2/20'% - — 7(27[7/1+A[7/x)2/20'5 H H H
énlz T Pne 5 ¢ interlayer spacings are smaller than the nearest neighbor
On spacing at the bulk liquid but larger than the layer
_ b e—(z—p—Ap,l)Z/zag} (4) spacing in a crystalline close-packed arrangement. This is
expected since the large thermal amplitude should inhibit
andAp, = 3[p._1 — pas+1]/2. This choice of,(z) con- & well-ordered atomic arrangement, whereas a partial

serves mass sincg” .. &,(z)dz =0 for p, = 1. The pene_tration of the atoms _into_the neighboring layers is
widths are chosen as, = Ap,/2. For the inner lay- Possible. The enlarged first |n.te_rla.yer spacing may be
ers (3 =n =< N) the layer spacing was kept constantcaused by the strong anhar_monlcny_ln the surface-normal
(p. = nd) and the layering amplitude, set to decay ex- Ccomponent of the interatomic potential at the surface.
ponentially withz. For the first two or three layers devia- Monte Carlo (MC) simulations of Hg clusters [2,3] pre-
tions were allowed i, from the exponential form, ip,  dict about four layers with a uniform spacing of 2.71 A,
from unity, and in the layer spacings froi Allowing

such deviations for > 3 did not improve the fits. . - ' - ' .

Despite the vastly different origins of these two models, 125
both models give excellent, almost indistinguishable fits 1.00
of the experimentak /R, data and very similar density < 075
profiles, as shown in Fig. 1(b). The corresponding elec- A ™
tron density profiles p(z)) are shown in Fig. 2(a). Al- T 0.50
though the limitedg, range poses some uncertainties on 0.5
the numerical values of the parameters, all good fits share ’
the following properties{p(z)) exhibits significant lay- 0 .
ering with a spacing 08.05 + 0.15 A between the first _'10 5 (') '
and the second layer and76 = 0.20 A spacing between
all subsequent layers. The relative density of each layer | 10°
(integrated over the layer thickness) matches the bulk =X . (D)
density within the experimental errop{ = 1.09 * 0.12, f 107! 2y

pn = 1.00 = 0.04 for n = 2); the widths of all but the
first layer can be described by, = [of + na?]"/? (first
model) withoy = 0.95 = 0.05 A anda = 0.50 = 0.05 A.
As illustrated in Fig. 2(b) (triangles), the layering ampli- 1073 v
tudes[ p(zpeak) — p=J/p- Can be described by an expo- 0 5 101520 %
nential decay into the bulk with a characteristic length of Zocak (A) r (A)

3-3.5 A The first Iayer is asymmetric with a broader ta||F|G 2. (a) Normalized electron density pr0f||eﬁ(z)> cor-
towards the interface (see above). The largest (modetesponding to the two fits in Fig. 1(b). (b) Relative layering
independent) uncertainty in the results is the contributio@mplitudes and peak positions for the density profiles shown in
of this broad component(~ 2—4 A) to the first layer. bold (V) and thin ) lines in (a). Also shown are the same

. A uantities for the bulk correlation functiog(r) convoluted by
As demonstrated by the two fits shown in Figs. 1(b) ancg 0.8 A wide GaussiafD). (c) Intrinsic, deconvoluted surface

2(a), the resultingR/R; are almost identical, even if density profile (—) and the bulk correlation functigfy) (---);
the amplitudes and the widths of the broad component®r discussion see text.

opd
density

A
° 0
vVoa
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in agreement with the experimental results. They alsdo date. The widths of the layers are in good agreement

show a low-density layer of vaporized Hg atoms on topwith capillary wave theory; the interlayer spacings and

of the first liquid layer. This could account for the broadthe decay length of the layering amplitudes resemble

tail of the interface profile discussed above; other explathe local ordering in the bulk liquid described by the

nations, however, such as the anharmonic interaction pgaair correlation function. Surface layering may not be

tential for ions in the first layer or a low-density adlayer of restricted to mercury but probably is a more general

hydrocarbons cannot be excluded. Contrary to our datgghenomenon in liquid metals. This is indicated by very

the simulations produce extremely well ordered Hg layersecent observations of similar x-ray reflectivity features in

with layering amplitudes up to three times the Hg bulkliquid gallium [18].

density and layer widths up to 0.3 A. This discrepancy The authors thank B. W. Lafler of the BNL glass shop
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dependence on the electron density the effective inteand No. NSF-DMR-89-20490.
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