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Surface layering of liquids: The role of surface tension
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Recent measurements show that the free surfaces of liquid metals and alloys are always layered, regardless
of composition and surface tension; a result supported by three decades of simulations and theory. Recent
theoretical work claims, however, that at low enough temperatures the free surfaces ofall liquids should
become layered, unless preempted by bulk freezing. Using x-ray reflectivity and diffuse scattering measure-
ments we show that there is no observable surface-induced layering in water atT5298 K, thus highlighting a
fundamental difference between dielectric and metallic liquids. The implications of this result for the question
in the title are discussed.
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The free surface of liquid metals and alloys were dem
strated experimentally over the last few years to be laye
i.e., to exhibit an atomic-scale oscillatory surface-norm
density profile.1–4 This is manifested by the appearance o
Bragg-like peak in the x-ray reflectivity~XR! curve,R(qz),
as shown in Fig. 1 for Ga.2 The wave-vector–transfer
position of the peak,qpeak is related to the layering periodd
by qpeak52p/d. The layered interface is in a marked co
trast with the theoretical description of the liquid-vapor i
terface of a simple liquid. This theory, prevailing for over
century, depicts the density profile as a monotonic incre
from the low density of the vapor and the high density of t
bulk liquid.5,6 This view was supported by XR measureme
on many nonmetallic liquids measured over the last two
cades, including water,7 alkanes,8 and quantum liquids,9

which showed no Bragg-like peaks. However, as is discus
below the measurements in all of these studies were
stricted to the smallq range, i.e.,qz!p/atomic size, and
would not have detected surface layering if it existed.

Early simulations on nonmetallic liquids demonstra
that atomic layering is ubiquitous near a hard flat surfa
and this has been observed for liquid Gallium.10 On the
other hand, for the liquid-vapor interface it is tempting
think that the large surface tensiong of liquid metals such
as Hg (g'500 mN/m), Ga (g'750 mN/m), and In
(g'550 mN/m) might be the explanation for the SL o
served at their surface. This assumption is partially mitiga
by the observation of SL at the free surface of liquid K whe
g'100 mN/m only. Here we report x-ray scattering resu
showing that the free surface of water, which has nearly
same surface tension as K, does not exhibit SL features in
reflectivity profiles, thereby suggesting that surface tens
by itself does not explain SL. This conclusion rests on
validity of the capillary wave theory~discussed below!.

Rice et al.11 first predicted SL in liquid metals three de
cades ago. They argued that the layered interface struc
for liquid metals is a consequence of the strong depende
of the effective ion-potential energy on the steeply vary
electron density across the liquid/vapor interface. At the lo
density vapor phase the electrically neutral atoms inte
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through a van der Waals interaction only. In the metal
higher density, liquid phase the electrons are delocalized,
the much more complex interactions involve an interp
between a quantum Fermi fluid of free electrons and a c
sical liquid of charged ion cores. Rice concludes that t
substantive change in the effective-ion-potential stabili
the short-range surface fluctuations with the result that
atoms near the surface form a layered structure.11 Calcula-
tions employing the glue model of metallic cohesion supp
these conclusions.12 By contrast, Soleret al.13 claim that SL
is solely due to the formation of a dense layer at the surfa
This layer is not restricted to metallic liquids, but may for
also in nonmetallic liquids due to nonisotropic interaction
such as remnant covalent bonding in liquid Si~Ref. 13! and
the highly directional interactions in liquid crystals,14 or in
nonuniform Lennard-Jones fluids with unbalanced attrac
forces.15 Additionally, the SL has been found in colloida
systems,16 which suggests that layering phenomenon may

FIG. 1. X-ray reflectivity from free liquid surfaces of the ind
cated samples. Points, measured@R(qz)#, lines, calculated for an
ideally flat and steplike interface@RF(qz)#. The inset shows the
ratio of the two.
©2004 The American Physical Society23-1
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more fundamental than previously thought. More recen
based on extensive simulations, Chaco´n et al.17 argued that
SL does not require the many-body, delocalize-electron
teractions of a liquid metal at all. Rather, according to the
SL is a universal property of all liquids at low enough tem
peratures,T&Tc /a, whenever not preempted by bulk solid
fication. HereTc is the critical temperature of the liquid, an
a'425.

The dichotomy between these two views could be
solved, in principle, by XR measurements on selec
materials18 to see which exhibit, or not, a layering peak
someqpeak. Unfortunately, practical considerations limit th
number of elemental liquids that can be studied to a re
tively few. One of the major problems is that the measura
qz range is more often than not limited to values much l
than qpeak by the strong off-specular diffuse scatterin
caused by thermal capillary waves. The effect of the ca
lary waves is to induce a surface roughnesss;AT/g, where
g is the surface tension. The consequence of this, whic
shown in Fig. 1, for three liquids at room temperature, is
reduce the reflectivityR(qz) below that of the theoretica
Fresnel reflectivity from an interface with an idealized fl
steplike surface-normal density profile. For low-g liquids
such as water (;70 mN/m) and K (;100 mN/m) the reduc-
tion is significant. For Ga, whereg'750 mN/m the effect is
almost negligible at room temperature. Even that small
duction is almost completely offset at room temperature
the SL effect that peaks atqz'2.5 Å21. At higher tempera-
tures, however, the effect is quite prominent.2

Although the rapid falloff inR/RF of water prevents its
measurements out toqz'qpeak52.0 Å21, our recent studies
of liquid K ~Ref. 19! demonstrated that if surface layering
present its signature can still be observed clearly atqz
!qpeak even for lowg&100 mN/m liquids. This is accom
plished by carefully accounting for the effects of capilla
waves, based on diffuse x-ray scattering~DS! measurements
We present here an x-ray study of the surface structure
water over the most extendedqz range published to date, an
including diffuse scattering.7,20 For the present measure
ments the intrinsic surface structure factor of water can
extracted directly from the rawR(qz) without resorting to
any structural model for the interface. Comparison betw
the water surface structure factor, for which there is no e
dence of SL, and that of K and Ga suggests that surf
tension is not the dominant cause of the SL observed
liquid metals.

X-ray measurements were carried out on the CMC-C
liquid surface diffractometer, APS, Argonne National Lab
ratory, at a wavelength ofl51.531 Å. The purified water
sample was contained in a Langmuir trough21 mounted on
the diffractometer. The surface was periodically swept wit
teflon barrier, monitoringg with a film balance, to ensure
clean surface.22

Both XR ~Ref. 18! and DS~Ref. 23! are well-documented
techniques. Experimental geometry setup employed in
experiments described in this work is shown in Fig. 2. F
x-rays striking the surface at a grazing anglea and detected
at an output angleb in the specular plane~DQ50), the
surface-normal~z! and in-plane surface-parallel~y! compo-
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nents of the wave vector transfer areqz5(2p/l)(sina
1sinb) and qy5(2p/l)(cosa2cosb). In a XR measure-
ment both angles are varied, keepinga5b, so thatqy50,
and the reflected signal, measured vsqz and divided by the
incident intensityI 0, yieldsR(qz). In a DS measurement,b
is varied for a fixeda, and hence bothqz andqy vary.

Within the Born approximation,18 R(qz)/RF(qz)
5uF(qz)u2W(h,qz), where F(qz)5(r`)21*@d^r(z)&/
dz#exp(ıqzz)dz is the conventional structure factor of th
liquid-vapor interface,̂ r(z)& is the intrinsic ~i.e., in the ab-
sence of capillary wave smearing! surface-parallel-average
electron-density profile along the surface-normalz direction,
andW(h,qz) accounts for the smearing of the intrinsic de
sity profile by capillary waves. The aim of our XR measur
ment is to determineF(qz) to observe a possible layerin
peak. Since bothF(qz) andW(h,qz) depend onqz , extract-
ing F(qz) directly from the measuredR(qz) is possible as
uF(qz)u25R(qz)/W(h,qz) only if W(h,qz) is known inde-
pendently. For this we use the DS data.

The measured DS, shown in Fig. 3, is given by theory
I DS5*@ds(qx2qx8 ,qy2qy8 ,qz2qz8)/dV#dv(qx8 ,qy8 ,qz8),
wheredv is the angular resolution of the diffractometer a

ds

dV
5

A0

8p sina
qz

2RF~qz!uF~qz!u2
h

qxy
22h S 1

qmax
D h

~1!

is the scattering cross-section. Hereqc is the critical angle
for total external reflection of x rays,qmax'p/j is the upper
cutoff for capillary wave contributions, withj of order of the
atomic diameter andh5(kBT)/(2pg)qz

2 .
Two subtle complications are encountered in analyz

the DS data. First, nonsurface DS contributions~scattering
from the bulk, sample chamber windows, etc.! can signifi-
cantly distort the shape of the DS scans. These backgro
contributions are measured by offsetting the detector
DQ560.3° from the plane of incidence, and are alrea
subtracted from the data shown in Fig. 3. Second, in
fixed-a DS scans, carried out by scanningb, qz , and thus
uF(qz)u2, also vary. Fortunately,dqz'dqy /b and for the
range ofqy displayed in Fig. 3 and typicalqz values, the
changes are small enough to be neglected, e.g., a max

FIG. 2. Schematic description of the experimental setup.
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dqz'0.06 Å21 at the largestb for a53.5°. Thus, it is a
good approximation for each of the DS scans to treatF(qz)
as a fixed function ofa. uF(qz)u2 is then obtained by divid-
ing the measured DS and XR curves byW(h,qz)
5*@A0 /(8p sina)#qz

2RF(qz)(h/qy
22h)qmax

2h dv.19

The theoretical curves calculated using Eq. 1 withT
5298 K andg572 mN/m are shown as lines in Fig. 3. A
qz increases, so do bothh}qz

2 and the intensity of the off-
specular power-law wings relative to that of the specu
peak atqy50. The curve atqz51 Å21 demonstrates the
capillary-wave-imposed limit where the specular signal
qy50, which contains the surface structure information,
comes indistinguishable from the DS signal at6qy.0. In
principle, this limit arises from the fact that forh>2 the
singularity at qy50 in ds/dV vanishes and there is n
longer any criterion by which the surface scattering can
differentiated from other sources of diffuse scattering.
practice, the fact that the projection of the resolution funct
on the horizontalx-y plane is very much wider transverse
the plane of incidence than within the plane of inciden
reduces this limit to a value closer toh'1.19 Figure 3 ex-
hibits excellent agreement between the theoretical DS cu
calculated from Eq.~1! with the measured DS over sever
decades in intensity and one decade inh, without any ad-
justable parameters. This confirms the applicability of the
capillary wave theory for the surface of water over theqz
range studied here, 0<qz<0.9 Å21. Measurements of dif-
fuse scattering for smallqz ~i.e., smallh) to values of the
surface parallel component of the wave vector transferqx of
the order of p/atomic size have been done by Dailla
et al.24,25 by moving the detector out of the plane of inc
dence for grazing incident angles. At such large wave vec
the observed scattering must be interpreted as the super
tion of scattering due to surface capillary waves and b

FIG. 3. Comparison of measured diffuse scattering with ca
lary wave theory predictions for the angles of incidencea ~top to
bottom!: 2.1°, 2.8°, 3.5°, 4.2°, 5.0°, 5.7°, 6.0°, and 6.4°. The l
data set corresponding to 7.1° shown in the inset no longer exh
a distinguishable specular peak. Theqz values corresponding to th
specular conditionqy50 Å21 are 0.3, 0.4, 0.5, 0.7, 0.8, 0.85, 0.
and 1.0 Å21, respectively.
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diffuse scattering from the liquid below the surface. T
separation of these two contributions is rather subtle and
only accomplished through nontrivial calculations of t
noncapillary terms. Eventually Daillantet al. concluded that
as the value ofqx approaches the atomic scale~i.e.,p/atomic
size! the surface tension varies withqx .26 In principle, this
dispersion should affect the sum rule that is the origin of
1/qxy

h in the differential cross section in Eq.~1!. On the other
hand, considering that the dispersion is a relatively sm
effect that will only change the argument of a logarithm
term, its effect on the present analysis can be neglected

uF(qz)u2 is then obtained directly from the measured X
curve asR(qz)/W(h,qz), as discussed above. It is shown
Fig. 4 ~crosses! along with previously measured results for
~squares! and Ga~triangles!.

The rise of the GauF(qz)u2 to ;100 at qpeak due to
layering can be clearly seen on the inset of Fig. 4. For K,
capillary-wave-imposed limit only allows obtaininguF(qz)u2
for qz&0.8qpeak. Nevertheless, the value ofuF(qz)u for K
starts to deviate from unity for values ofqz /qpeak'0.3. Fur-
thermore, over the range for which it can be measured
basically identical to the structure factor of Ga. This is
clear indication that the surface of liquid K has essentia
the same SL as that of Ga, which is also nearly identica
that of the other liquid metals that have been studied to d
e.g., In ~Ref. 27! and Sn~Ref. 28!. For water, however, no
deviation of uF(qz)u2 from unity is observed even at th
highest measurableqz /qpeak'0.5. This suggests tha
surface-induced layering does not occur at the surface
water. The different behavior, in spite of the similarg of
water and K, leads to the conclusion that the surface laye
in K, and by implication in other liquid metals, is not mere
a consequence of its surface tension.

The absence of layering in water, and its presence in
tassium, seems at first sight to corroborate the claim of R

l-

t
its

FIG. 4. Comparison of the structure factor squareduF(qz)u2 for
water ~crosses!, liquid potassium~squares!, and liquid gallium~tri-
angles!. The wave vectorqz is normalized to the expected positio
of the layering peakqpeak of each sample. The inset shows the da
on an extended scale. For discussion see text.
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et al.11 that layering is a property arising from the metal
interaction of the liquid. On the other hand, Chaco´n et al.,17

who maintain that surface-induce layering is a general pr
erty of all liquids, regardless of their interactions, predict th
layering should occur only at temperaturesT/Tc&0.2, where
Tc is the critical temperature of the liquid. Although supe
cooling is often possible, the practical limit for most refle
tivity measurements is the melting temperatureTm . Thus the
smallestT/Tc for any liquid is on the order ofTm /Tc . For
liquid metalsTm /Tc'0.15 ~K!, 0.13 ~Hg!, 0.07 ~In!, 0.066
~Sn!, and 0.043~Ga!. Since these values are,0.2, by Cha-
cón’s criteria surface layering is expected, and indeed de
onstrated experimentally to occur, in all of them.1,2,19,27,28By
contrast, for water, whereTm /Tc50.42@0.2, Chaco´n’s cri-
teria predict that the appearance of surface layering is
empted by bulk freezing, and thus no SL should occur
room temperature, as indeed found here.

In summary, we have shown that the surface of water d
not exhibit SL even though its surface tension is not sign
cantly different from that of liquid K for which SL was ob
served. Thus the atomic layering of liquid K cannot be t
result of surface tension alone. Although this seems to s
port Rice’s argument that the metallic phase is essential
SL, we note that SL is exhibited by both liquid crystals14 and
other intermediate-size organic molecules.29 Consequently,
there can be other criteria for SL, in addition to those p
posed by Rice. One possibility, proposed by Chaco´n et al., is
that SL should be ubiquitous for all liquids that can be coo
to temperatures of the order of 0.2Tc . Unfortunately, this is
difficult to explore experimentally since suitable liquids a
rather scarce. For example, liquid noble gases, the arche
Pe
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cal van der Waals liquids, have allTm /Tc.0.55. For liquid
helium the ratio is lower but in view of both the presence
the superfluid transition and the low scattering cross sec
this is a difficult system to study. X-ray reflectivity measur
ments at 1 K, i.e.,Tm /Tc;0.2, did not exhibit evidence fo
SL.9 Similarly, the polar liquids oxygen and fluorine hav
only Tm /Tc 0.38 and 0.37, respectively. There are, howev
some low melting organic van der Waals liquids, e.g., p
pane and 1-butene, that have 0.2,Tm /Tc,0.25, and may be
suitable for addressing this issue. It would be also very
teresting to measure the surface structure of materials suc
Se (Tm /Tc50.28), Te~0.3!, Sc ~0.28!, and Cd~0.22!, for
which Tm /Tc.0.2. If it were possible to probe surface la
ering in these highTm /Tc materials such experiments cou
test Chaco´n’s argument. Unfortunately, these materials ha
relatively high vapor pressure and that precludes the us
UHV methods for insuring atomically clean surfaces. T
surfaces of alkalis30 and also mercury can be kept clean wit
out UHV methods. For most of the experimentally accessi
metals this is not true.
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