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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 surfaa#sligéiids 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 water288 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 demonthrough a van der Waals interaction only. In the metallic,
strated experimentally over the last few years to be layeredjigher density, liquid phase the electrons are delocalized, and
i.e., to exhibit an atomic-scale oscillatory surface-normalthe much more complex interactions involve an interplay
density profilet=* This is manifested by the appearance of abetween a quantum Fermi fluid of free electrons and a clas-
Bragg-like peak in the x-ray reflectivitgXR) curve,R(q,), sical liquid of charged ion cores. Rice concludes that this
as shown in Fig. 1 for G&.The wave-vector—transfer- substantive change in the effective-ion-potential stabilizes
position of the peakg,caxis related to the layering periadi  the short-range surface fluctuations with the result that the
by dpeak=27/d. The layered interface is in a marked con- atoms near the surface form a layered structti@alcula-
trast with the theoretical description of the liquid-vapor in- tions employing the glue model of metallic cohesion support
terface of a simple liquid. This theory, prevailing for over a these conclusions. By contrast, Soleet al.*® claim that SL
century, depicts the density profile as a monotonic increasts solely due to the formation of a dense layer at the surface.
from the low density of the vapor and the high density of theThis layer is not restricted to metallic liquids, but may form
bulk quuid.5'6This view was supported by XR measurementsalso in nonmetallic liquids due to nonisotropic interactions,
on many nonmetallic liquids measured over the last two desuch as remnant covalent bonding in liquid(Ref. 13 and
cades, including watér,alkane$ and quantum liquid, the highly directional interactions in liquid crystafspr in
which showed no Bragg-like peaks. However, as is discussedonuniform Lennard-Jones fluids with unbalanced attractive
below the measurements in all of these studies were reforces!® Additionally, the SL has been found in colloidal
stricted to the small range, i.e.,q,</atomic size, and Systems;’which suggests that layering phenomenon may be
would not have detected surface layering if it existed.

Early simulations on nonmetallic liquids demonstrate ;g0
that atomic layering is ubiquitous near a hard flat surface i
and this has been observed for liquid GallitfnOn the L &
other hand, for the liquid-vapor interface it is tempting to 1
think that the large surface tensignof liquid metals such
as Hg (y=~500 mN/m), Ga ¢~750 mN/m), and In 107
(y=~550 mN/m) might be the explanation for the SL ob- §
served at their surface. This assumption is partially mitigateds 107 , .
by the observation of SL at the free surface of liquid K where 2 L - 37&&% 9/ Qoo

. N N
y~100 mN/m only. Here we report x-ray scattering results s | RanZaN

showing that the free surface of water, which has nearly the “‘AA‘K_
same surface tension as K, does not exhibit SL features in th: 0 — A Gallum

reflectivity profiles, thereby suggesting that surface tension —— o Potassium i
by itself does not explain SL. This conclusion rests on the I o = FOREE % Water 7
validity of the capillary wave theorydiscussed below 10‘12O 05 . - 2 y 0

Rice et al!! first predicted SL in liquid metals three de- 0 ()
cades ago. They argued that the layered interface structure ‘
for liquid metals is a consequence of the strong dependence FIG. 1. X-ray reflectivity from free liquid surfaces of the indi-
of the effective ion-potential energy on the steeply varyingcated samples. Points, measuf&{q,)], lines, calculated for an
electron density across the liquid/vapor interface. At the low-deally flat and steplike interfacERg(q,)]. The inset shows the
density vapor phase the electrically neutral atoms interaatatio of the two.
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more fundamental than previously thought. More recently, 'Y
based on extensive simulations, Chaea all’ argued that

SL does not require the many-body, delocalize-electron in-
teractions of a liquid metal at all. Rather, according to them,

SL is a universal property of all liquids at low enough tem- k, surface
peraturesT<T./a, whenever not preempted by bulk solidi-
fication. HereT . is the critical temperature of the liquid, and o N X
a~4-5. Nhnnn
j | N

The dichotomy between these two views could be re- \\\\\;\“‘Q\\\ _______________
solved, in principle, by XR measurements on selected N \\
materialé® to see which exhibit, or not, a layering peak at N

somed,eak- Unfortunately, practical considerations limit the
number of elemental liquids that can be studied to a rela- *
tively few. One of the major problems is that the measurable

g, range is more often than not limited to values much less  FIG. 2. Schematic description of the experimental setup.
than g,eax by the strong off-specular diffuse scattering

caused by thermal capillary waves. The effect of the capily,ents of the wave vector transfer agg=(27/\)(sin
lary waves is to induce a surface roughness/T/y, where +sinB) and g,=(2m/\)(cosa—cosp). In a XR measure-
y is the surface tension. The consequence of this, which igyent hoth angles are varied, keepiag 8, so thatq, =0,
shown in Fig. 1, for three liquids at room temperature, is tognd the reflected signal, measuredaysand divided by the
reduce the reflectivityR(q,) below that of the theoretical j,cigent intensityl o, yieldsR(g,). In a DS measuremeng
Fresnel reflectivity from an interface with an idealized flat, ;s yaried for a fixede, and hence bothy, andg, vary.
steplike surface-normal density profile. For lowliquids Within the Born approximatio® R(q,)/Re(d,)
such as water{ 70 mN/m) and K {100 mN/m) the reduc- = |q(q,)|2W(5,q,), where ®(q,)=(p) */[d(p(2))/
tion is significant. For Ga, wherg~750 mN/m the effectis  4z]exp(q,2dz is the conventional structure factor of the
almost negligible at room temperature. Even that small rejiqyid-vapor interface(p(z)) is theintrinsic (i.e., in the ab-
duction is almost completely offset f‘t room temperature bysence of capillary wave smearingurface-parallel-averaged
the SL effect that peaks a~2.5 A™*. At higher tempera- electron-density profile along the surface-normadirection,
tures, however, the effect is quite prominént. _andW(#,q,) accounts for the smearing of the intrinsic den-
Although the rapid falloff inR/Re _OI water prevents Its sty profile by capillary waves. The aim of our XR measure-
measurements out =~ Qpea=2.0 A™%, our recent studies ment is to determinab(q,) to observe a possible layering
of liquid K (Ref. 19 demonstrated that if surface layering is peak. Since botkb(q,) andW(7,q,) depend org,, extract-
present its signature can still be observed clearlygat ing ®(q,) directly from the measureR(q,) is possible as

<Qpeak €ven for lowy=100 mN/m liquids. This is accom- |®(q,)|2=R(a,)/W(7,q,) only if W(7,q,) is known inde-
plished by carefully accounting for the effects of capillary pendently. For this we use the DS data.

waves, based on diffuse x-ray scatter{s) measurements. The measured DS, shown in Fig. 3, is given by theory as
We present here an x-ray study of the surface structure qgf

Yos=f[do(a,—ay.ay—ay.d,~a;)/dQ]dw(dy . ay .q;)

. My y Mz ya X 1My 1 Mz/
water over the most exter_ldngorange published to date, and  hareqy, s the angular resolution of the diffractometer and
including diffuse scattering?® For the present measure-

ments the intrinsic surface structure factor of water can be

extracted directly from the rawR(q,) without resorting to do Ag 5 > 7 K
any structural model for the interface. Comparison between g = 8wsinaquF(q2)|‘D(qZ)| 27| Qo (€
the water surface structure factor, for which there is no evi- Gy me

dence of SL, and that of K and Ga suggests that surface

tension is not the dominant cause of the SL observed ifs the scattering cross-section. Heggis the critical angle

liquid metals. for total external reflection of x rays§, .= 7/ & is the upper
X-ray measurements were carried out on the CMC-CATcutoff for capillary wave contributions, with of order of the

liquid surface diffractometer, APS, Argonne National Labo-atomic diameter andy=(kgT)/(27y)d? .

ratory, at a wavelength of =1.531 A. The purified water Two subtle complications are encountered in analyzing

sample was contained in a Langmuir troégmounted on the DS data. First, nonsurface DS contributigesattering

the diffractometer. The surface was periodically swept with #rom the bulk, sample chamber windows, gtcan signifi-

teflon barrier, monitoringy with a film balance, to ensure a cantly distort the shape of the DS scans. These background

clean surfacé? contributions are measured by offsetting the detector by
Both XR (Ref. 18 and DS(Ref. 23 are well-documented A®==0.3° from the plane of incidence, and are already

techniques. Experimental geometry setup employed in theubtracted from the data shown in Fig. 3. Second, in the

experiments described in this work is shown in Fig. 2. Forfixed-a DS scans, carried out by scannigg q,, and thus

x-rays striking the surface at a grazing anglend detected |®(q,)|?, also vary. Fortunatelysg,~ oq,/p and for the

at an output angle3 in the specular plandA®=0), the range ofq, displayed in Fig. 3 and typicay, values, the

surface-normalz) and in-plane surface-parall¢)) compo- changes are small enough to be neglected, e.g., a maximal
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FIG. 3. Comparison of measured diffuse scattering with capil-
lary wave theory predictions for the angles of incidercétop to FIG. 4. Comparison of the structure factor squaidg,)|? for
bottom): 2.1°, 2.8°, 3.5°, 4.2°, 5.0°, 5.7°, 6.0°, and 6.4°. The lastwater (crossey liquid potassium(squarey and liquid gallium(tri-
data set corresponding to 7.1° shown in the inset no longer exhibitangles. The wave vectoq, is normalized to the expected position
a distinguishable specular peak. Tdpevalues corresponding to the of the layering peakyy. Of each sample. The inset shows the data
specular conditiorg, =0 A-lare 0.3, 0.4, 0.5, 0.7, 0.8, 0.85, 0.9, on an extended scale. For discussion see text.
and 1.0 A1, respectively.

diffuse scattering from the liquid below the surface. The

89,~0.06 A" at the largest3 for a=3.5°. Thus, it is @ separation of these two contributions is rather subtle and was
good approximation for each of the DS scans to tfe@dj;)  only accomplished through nontrivial calculations of the
as a fixed function ofr. |®(q,)|* is then obtained by divid- noncapillary terms. Eventually Daillaet al. concluded that
ing the measured DS and XR curves BYW(7,0,)  as the value ofl, approaches the atomic scéie., r/atomic
= [[Ao/ (87 sina) JZR(A) (0, ")y, ™ size) the surface tension varies with,.2° In principle, this

The theoretical curves calculated using Eq. 1 with dispersion should affect the sum rule that is the origin of the
=298 K andy=72 mN/m are shown as lines in Fig. 3. As 1/q, in the differential cross section in E€L). On the other
g, increases, so do bothe=q; and the intensity of the off- hand, considering that the dispersion is a relatively small
specular power-law wings relative to that of the speculareffect that will only change the argument of a logarithmic
peak atq,=0. The curve afg,=1 A1 demonstrates the term, its effect on the present analysis can be neglected.
capillary-wave-imposed limit where the specular signal at |(I)(qz)|2 is then obtained directly from the measured XR
d,=0, which contains the surface structure information, becurve asR(q,)/W(7,q,), as discussed above. It is shown in
comes indistinguishable from the DS signal-at,>0. In  Fig. 4 (crossepalong with previously measured results for K
principle, this limit arises from the fact that foy=2 the (squaresand Ga(triangles.
singularity atq,=0 in do/dQ vanishes and there is no  The rise of the Ggd®(q,)|? to ~100 atq,e.k due to
longer any criterion by which the surface scattering can bdayering can be clearly seen on the inset of Fig. 4. For K, the
differentiated from other sources of diffuse scattering. Incapillary-wave-imposed limit only allows obtainind (q,)|?
practice, the fact that the projection of the resolution functionfor q,=<0. 8peak- Nevertheless, the value oP(qy,)| for K
on the horizontak-y plane is very much wider transverse to starts to deviate from unity for values Qf/qpea~0.3. Fur-
the plane of incidence than within the plane of incidencethermore, over the range for which it can be measured it is
reduces this limit to a value closer tp~1.° Figure 3 ex- basically identical to the structure factor of Ga. This is a
hibits excellent agreement between the theoretical DS curvadear indication that the surface of liquid K has essentially
calculated from Eq(1) with the measured DS over several the same SL as that of Ga, which is also nearly identical to
decades in intensity and one decaderninwithout any ad-  that of the other liquid metals that have been studied to date,
justable parametersThis confirms the applicability of the e.g., In(Ref. 27 and Sn(Ref. 28. For water, however, no
capillary wave theory for the surface of water over the  deviation of |®(qg,)|?> from unity is observed even at the
range studied here,<0g,<0.9 A1, Measurements of dif- highest measurableq,/gpea=0.5. This suggests that
fuse scattering for smali, (i.e., small») to values of the surface-induced layering does not occur at the surface of
surface parallel component of the wave vector trangfesf ~ water. The different behavior, in spite of the similarof
the order of w/atomic size have been done by Daillant water and K, leads to the conclusion that the surface layering
et al?*25 by moving the detector out of the plane of inci- in K, and by implication in other liquid metals, is not merely
dence for grazing incident angles. At such large wave vectora consequence of its surface tension.
the observed scattering must be interpreted as the superposi- The absence of layering in water, and its presence in po-
tion of scattering due to surface capillary waves and bulkassium, seems at first sight to corroborate the claim of Rice
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et al™ that layering is a property arising from the metallic cal van der Waals liquids, have &,/ T.>0.55. For liquid
interaction of the liquid. On the other hand, Chaai al,'’  helium the ratio is lower but in view of both the presence of
who maintain that surface-induce layering is a general propthe superfluid transition and the low scattering cross section
erty of all liquids, regardless of their interactions, predict thatthis is a difficult system to study. X-ray reflectivity measure-
layering should occur only at temperatuf®d .<0.2, where ments at 1 K, i.e.T,/T.~0.2, did not exhibit evidence for
T, is the critical temperature of the liquid. Although super- SL Similarly, the polar liquids oxygen and fluorine have
cooling is often possible, the practical limit for most reflec- 0nly Tm/T¢ 0.38 and 0.37, respectively. There are, however,
tivity measurements is the melting temperatlife Thus the ~SOMe low melting organic van der Waals liquids, e.g., pro-
smallestT/T,. for any liquid is on the order of ,,/T.. For pane and 1-butene, f[hat hf‘w(.aﬁ'?m/-rc<o'25' and may be.
liquid metalsT,,/T.~0.15 (K), 0.13 (Hg), 0.07 (In), 0.066 suitable for addressing this issue. It would be also very in-

(Sn), and 0.043Ga). Since these values are0.2, by Cha- teresting to measure the surface structure of materials such as

con's criteria surface layering is expected, and indeed dem>S (Tm/T.=0.28), Te(0.3), Sc(0.28, and Cd(0.22, for

. ) which T,,/T.>0.2. If it were possible to probe surface lay-
onstrated experimentally to occur, in all of théh!®2"2%gy e m e . :
contrast, for water, wherg,/T,=0.42>0.2, Chaéa’s cri- ering in these high,,,/ T, materials such experiments could

. dict that th ¢ surf | > test Chaco’s argument. Unfortunately, these materials have
teria predict that the appearance of surface layering IS preg|atively high vapor pressure and that precludes the use of

empted by bulk freezing, and thus no SL should occur ajyyy methods for insuring atomically clean surfaces. The
room temperature, as indeed found here. surfaces of alkalf and also mercury can be kept clean with-

In summary, we have shown that the surface of water doeg,; v methods. For most of the experimentally accessible
not exhibit SL even though its surface tension is not signifi- ata1s this is not true.

cantly different from that of liquid K for which SL was ob-
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that SL should be ubiquitous for all liquids that can be cooled=oundation Division of Materials Research. Use of the Ad-

to temperatures of the order of 0.2 Unfortunately, thisis vanced Photon Source was supported by the Office of Basic
difficult to explore experimentally since suitable liquids are Energy Sciences of the U.S. Department of Energy under
rather scarce. For example, liquid noble gases, the archetypGontract No. W-31-109-Eng-38.

1o.M. Magnussen, B.M. Ocko, M.J. Regan, K. Penanen, P.S. Per®W.J. Huismaret al, Nature(London 390, 107379(1997.
shan, and M. Deutsch, Phys. Rev. L&, 4444(1995. 115 A. Rice, D. Guidotti, and H.L. Lemberg, W.C. Murphy, and A.
2M.J. Regan, E.H. Kawamoto, S. Lee, P.S. Pershan, N. Maskil, M. N. Bloch, in Advances in Chemical Physics XX\édited by I.
Deutsch, O.M. Magnussen, B.M. Ocko, and L.E. Berman, Phys. R. Prigogine and S.A. RicéWiley, Chichester, 1974 p. 543;
Rev. Lett.75, 2498(1995. M.P. D’Evelyn and S.A. Rice, J. Chem. Phy&8, 5225(1983;
3H. Tostmann, E. DiMasi, P.S. Pershan, B.M. Ocko, O.G. Shpyrko, S.A. Rice, Mol. Simul.29, 593 (2003.
and M. Deutsch, Phys. Rev. &l, 7284(2000; E. DiMasi, H. 12E Celestini, F. Ercolessi, and E. Tosatti, Phys. Rev. [7&t3153
Tostmann, O.G. Shpyrko, P. Huber, B.M. Ocko, P.S. Pershan, M. (1997; S. larlori, P. Carnevali, F. Ercolesi, and E. Tosatti, Surf.

Deutsch, and L.E. Berman, Phys. Rev. L&86, 1538(2001). Sci. 211212 55(1989.
4B. Yang, D. Gidalevitz, D.X. Li, Z.Q. Huang, and S.A. Rice, '3G. Fabricius, E. Artacho, D. Sanchez-Portal, P. Ordejon, D.A.
Proc. Natl. Acad. Sci. U.S.A96, 13009(1999; B. Yang, D.X. Drabold, and J.M. Soler, Phys. Rev.6B, R16 283(1999; J.M.
Li, Z.Q. Huang, and S.A. Rice, Phys. Rev6R, 13 111(2000. Soler, G. Fabricius, and E. Artacho, Surf. S82-485 1314
SE.P. Buff, R.A. Lovett, and F. Stilling, Phys. Rev. Let5 621 (2002).
(1965; F.H. Stillinger and J.D. Weeks, J. Phys. Ch&8, 2807 14p.s. Pershan, Phys. Todag (5), 34 (1982.
(1995. 15K, Katsov and J.D. Weeks, J. Phys. Cheml1®, 8429(2002.
6J.S. Rowlinson and B. Widonolecular Theory of Capilarity  '®A. Madsen, O. Konovalov, A. Robert, and G. Grubel, Phys. Rev.
(Oxford University Press, Oxford, 1982 E 64, 061406(2001).
"A. Braslau, M. Deutsch, P.S. Pershan, A.H. Weiss, J. Als-Nielsen!’E. Chacon, M. Reinaldo-Falagan, E. Velasco, and P. Tarazona,
and J. Bohr, Phys. Rev. Le&4, 114(1985. Phys. Rev. Lett87, 166101(2001); E. Velasco, P. Tarazona, M.
8B.M. Ocko, X.Z. Wu, E.B. Sirota, S.K. Sinha, and M. Deutsch,  Reinaldo-Falagan, and E. Chacon, J. Chem. Phy/&. 10 777
Phys. Rev. Lett72, 242 (1994). (2002.
9L.B. Lurio, T.A. Rabedeau, P.S. Pershan, I.F. Silvera, M. Deutsch!®M. Deutsch and B.M. Ocko, iEncyclopedia of Applied Physics
S.D. Kosowsky, and B.M. Ocko, Phys. Rev. Lei8, 2628 edited by G.L. TriggVCH, New York, 1998, Vol. 23, p. 479; J.
(1992; Phys. Rev. B48, 9644 (1993. Als-Nielsen and D. McMorrow,Elements of Modern x-Ray

245423-4



SURFACE LAYERING OF LIQUIDS: THE ROLE ® . .. PHYSICAL REVIEW B 69, 245423 (2004

Physics(Wiley, New York, 200). 253, Mora, J. Daillant, K. Mecke, D. Luzet, A. Braslau, M. Alba,
190.G. Shpyrko, P. Huber, A. Grigoriev, P.S. Pershan, B.M. Ocko, and B. Struth, Phys. Rev. Le@0, 216101(2003.

H. Tostmann, and M. Deutsch, Phys. Rev6B 115405(2003.  2°K.R. Mecke and S. Dietrich, Phys. Rev.59, 6766 (1999.
20p K. Schwartz, M.L. Schlossman, E.H. Kawamoto, G.J. Kellogg, ?’H. Tostmann, E. DiMasi, P.S. Pershan, B.M. Ocko, O.G. Shpyrko,

P.S. Pershan, and B.M. Ocko, Phys. Rev1A 5687(1990. and M. Deutsch, Phys. Rev. B9, 783(1999.
21p K. Schwartz, M.L. Schlossman, and P.S. Pershan, J. Chenf?0.G. Shpyrko, A. Grigoriev, P.S. Pershan, C. Steimer, B.M. Ocko,
Phys.96, 2356(1992. M. Deutsch, B. Lin, M. Meron, T. Graber, and J. Gerbhardt
22G.L. Gaines, Insoluble Monolayers at Liquid-Gas Interfaces (unpublished
(Wiley, New York, 19686. 29C.J. Yu, A.G. Richter, A. Datta, M.K. Durbin, and P. Dutta, Phys.
23p.S. Pershan, Colloids Surf., 71, 149 (2000). Rev. Lett.82, 2326(1999.
24C. Fradin, A. Braslau, D. Luzet, D. Smilgies, M. Alba, N. Boudet, 2°C.C. Addison,The Chemistry of the Liquid Alkali Meta{sViley,
K. Mecke, J. Daillant, Natur¢London 403 871 (2000. New York, 1984.

245423-5



