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Oscillatory surface-density profiles 共layers兲 have previously been reported in several metallic liquids, one dielectric liquid, and in computer simulations of dielectric liquids. We have now seen surface layers in two other dielectric liquids, pentaphenyl trimethyl trisiloxane, and pentavinyl pentamethyl cyclopentasiloxane. These layers appear below T ⬃ 285 K and T ⬃ 130 K, respectively; both thresholds correspond to T / Tc ⬃ 0.2 where Tc is the liquid-gas critical temperature. All metallic and dielectric liquid surfaces previously studied are also consistent with the existence of this T / Tc threshold, first indicated by the simulations of Chacón et al. 关Phys. Rev. Lett. 87, 166101 共2001兲兴. The layer width parameters, determined using a distortedcrystal fitting model, follow common trends as functions of Tc for both metallic and dielectric liquids. DOI: 10.1103/PhysRevB.81.184206



PACS number共s兲: 64.70.kj, 68.03.Hj



I. INTRODUCTION



Liquid-vapor interfaces are ubiquitous in everyday life, and basic features such as surface tension and capillary waves are familiar to most undergraduates. The familiar picture of the free surface, in which the density varies monotonically from that of the liquid to that of the gas, was proposed in 1831 by Poisson1 as an improvement over an unphysical step-function profile. However, predictions of oscillatory 共layered兲 interfacial density profiles have repeatedly appeared in the literature.2 The problem is that these predictions were not experimentally confirmed in most liquids. X-ray reflectivity studies, of, e.g., liquid helium,3 alkanes,4 ethanol,5 polymers and polymer solutions,6,7 water,8,9 etc., saw only monotonic surface profiles. 共All except liquid helium were studied at or near room temperature.兲 On the other hand, Rice and co-workers10,11 proposed that liquid-metal surfaces would be layered because of the role of the electron gas in creating an abrupt transition between the conducting liquid and nonconducting vapor, resulting in an effective “hard wall.” This prediction was also not immediately confirmed, but starting some years later, a series of x-ray experiments12–16 have clearly shown that many liquid metal–vapor interfaces are layered at or above room temperature. The conclusion implied by the experimental correlation, and supported by the theoretical prediction, is that conduction electrons cause surface layering. However, computer simulations of point particle liquids with no electron gas, by Chacon et al.17,18 and by Li and Rice,19 also showed surface layers at sufficiently low temperatures. When cooled, Lennard-Jones liquids freeze before developing surface layers, but if the interparticle potential is made wide and shallow, this lowers the triple point and/or raises the liquid-gas critical temperature 共Tc兲. Onset of layering in the simulations17 occurred at ⬃0.2Tc. Shallow and longer-range interatomic potentials are appropriate for liquid metals because of screening by conduction electrons. Indeed, liquid metals tend to have very high 1098-0121/2010/81共18兲/184206共8兲



Tc. Liquid-metal experiments showing layers were conducted at or above room temperature but invariably well below 0.2Tc. It is generally impractical to do experiments above 0.2Tc in these materials because Tc is so high. The molecular liquid studies that showed no layers were also conducted near room temperature, but this is above 0.2Tc 共in fact, generally above 0.45Tc兲 for these materials. Cooling, would not have helped: most dielectric liquids freeze before 0.2Tc can be reached. Thus all existing observations are technically consistent with the 0.2Tc threshold. The prospect of a common picture of layering in all liquids is attractive, although the computer simulations provide no explanation, only empirical evidence. Moreover, the threshold prediction cannot be fully verified in most metallic or dielectric liquids since these can be studied either above or below the purported threshold but not both. The single exception prior to the present work is tetrakis共2ethylhexoxy兲silane 共TEHOS兲, which remains liquid in the bulk at the threshold temperature and clearly shows surface layers developing when cooled to ⬃0.23Tc.20,21 In this paper, we use “cold liquid” to mean any liquid that is at or below ⬃0.2Tc but is still a bulk fluid and not a solid or glass. We will describe in detail our studies of the surface profiles of two other cold liquids, pentaphenyl trimethyl trisiloxane 共PPTMTS兲,22 and pentavinyl pentamethyl cyclopentasiloxane 共PVPMCPS兲. The critical temperature for TEHOS is 950 K; that for PPTMTS is significantly higher 共⬃1210 K兲 and that for PVPMCPS is significantly lower 共⬃750 K兲. Nonetheless, these materials have very similar surface-layering behavior. Moreover, the layers in these three dielectric liquids and in several liquid metals show common trends as functions of Tc. II. EXPERIMENTAL DETAILS AND DATA FITTING



Liquid PPTMTS and PVCMPS were purchased from GELEST, Inc., with a purity of ⬎95% and used as supplied. Molecules of the two liquids are shown in Fig. 1. Figure 1共a兲
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shows the PPTMTS molecule, consisting of three Si atoms connected to each other through two oxygen atoms, and each Si is also attached to benzene rings and methyl groups so as to form a roughly spheroidal shape 共dimensions ⬃10.5 Å max to ⬃7.5 Å min兲. The PVPMCPS molecule is shown in Fig. 1共b兲. It has a cyclic structure consisting of five Si atoms connected to each other through five oxygen atoms, and each Si is attached to vinyl and methyl groups, again forming a roughly spheroidal shape 共dimensions ⬃9 Å max to ⬃7.5 Å min兲. The dielectric liquid PPTMTS is commercially available as a diffusion-pump oil 共Dow Corning 705兲. Obviously it has a low vapor pressure, which implies a high boiling point and high critical temperature. Further, it means that liquid-films wetting solid substrates can be studied without special precautions to retard evaporation. Its boiling point is ⬃523 K at 100 Pa;23 using the Clausius-Clapeyron equation to estimate the normal boiling point, and then using the normal boiling point to estimate the critical temperature,24 we find that Tc is ⬃1210 K 共this estimation process has an uncertainty of roughly ⫾5%兲. The normal boiling point of PVPMCPS is ⬃535 K 共from Gelest catalog兲 and the estimated critical temperature is ⬃750 K. We have measured the surface tension 共␥兲 as a function of temperature 共T兲 using a Wilhelmy-plate method in the range 265–298 K, extrapolated the data,25 and used this to calculate the interface width due to capillary waves, cw.5,26,27 In Fig. 2, upper panel, measured values of surface tension 共open circles兲 are plotted vs T, and the T dependence fitted using the theoretical expression:25 ln共␥兲 = A + n ln共Tc-T兲, where Tc is 1210 K for PPTMTS and 750 K for PVPMCPS. A and n are constants determined from best fitting. The surface tension is then extrapolated to lower temperatures, where it cannot be directly measured. The lower panel of Fig. 2 shows 2 cw derived from the extrapolated surface tension. In order to easily cool the liquids in a standard closedcycle refrigerator and orient their surfaces in a standard diffractometer, PPTMTS and PVCMCPS were studied in the form of thin-films wetting solid substrates.20 Uniform liquid films of PPTMTS of thickness ⬃15 000 Å were obtained by spreading the liquid on silicon substrates by spin coating. The viscosity of PVCMCPS is low, and therefore uniform liquid films of thickness ⬃5000 Å were prepared simply by putting a few drops of liquid on the substrate, allowing the liquid to spread, and then draining the excess.20,21 For one film of PPTMTS, we used the same sample preparation method as PVPMCPS, and we saw no differences in x-ray
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FIG. 1. 共Color online兲 Molecular structure using ware: 共a兲 PPTMTS; 共b兲 PVPMCPS.
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Temperature (K) FIG. 2. 共Color online兲 The upper panel shows the temperature dependence of the surface tension 共␥兲 for PPTMTS and PVPMCPS: circles indicate data obtained using a Wilhelmy-plate method in the range 265–298 K, and solid lines show the fitted and then extrapolated ␥ using ln共␥兲 = A + n ln共Tc-T兲, where A and n are constants, and Tc is the critical temperature of the liquid. The lower panel 2 shows the calculated cw vs T for PPTMTS and PVPMCPS.



results due to sample preparation. The thickness is much larger than relevant length scales 共surface roughness, molecular dimensions, etc.兲. The substrates used were etched using hydrofluoric acid such that the rms surface roughness is ⬎20 Å. This ensures that scattering from the internal interface, which is not of interest here, contributes only a very diffuse signal and is easily removed through the conventional process of subtracting the off-specular background.20,28 Before deposition of PPTMTS films, the cleaned Si wafers were etched once again with 2% HF to make the substrates hydrophobic, which allowed us to get uniform wetting. This step was not required for PVCMCPS. We detected no measurable changes in film thickness and its wetting properties 共or uniformity兲 over at least 3 days for PPTMTS and at least 1 day for PVCMCPS, which confirms that the evaporation rate is very low and film is stable. Specular x-ray reflectivity studies were performed using a conventional four-circle diffractometer. The beam size was ⬃0.5 mm vertically and ⬃1 mm horizontally, and the momentum resolution was ⬃0.004 Å−1. The samples were mounted on the cold head of a closed-cycle refrigerator and covered with a beryllium radiation shield, which helps to keep the sample temperature uniform. The cold head and the sample were then sealed under vacuum with a beryllium can. The whole system was pumped with a molecular turbo pump to maintain a vacuum. Before collecting data, the sample was kept at the desired temperature for at least 30 min for the system to reach equilibrium. In addition to specular scans,
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FIG. 3. 共Color online兲 Specular reflectivity data 共circles兲 before background subtraction, divided by the Fresnel reflectivity RF, for PPTMTS at 235 K. RF is the theoretical reflectivity from an ideal surface. The two solid lines show slightly off-specular data 共sample misaligned by ⫾0.1°兲.



slightly off-specular “background” scans were performed and subtracted from the specular data, thus removing the scattering from all diffuse sources including that from the rough liquid-solid interface. Figure 3 shows the specular reflectivity R divided by the Fresnel reflectivity RF 共before background subtraction兲 along with two corresponding offspecular scans at 235 K for PPTMTS. The specular scan 共open circle兲 shows a clear “hump” centered around 0.5 Å−1, which is completely absent in off-specular scans 共solid lines兲. This indicates that the structure in the specular reflectivity is significant and not part of the off-specular background. The background-subtracted reflectivity data were fitted using the distorted crystal model, frequently used to fit reflectivity data from liquid-metal surfaces.12,26 It consists of a semi-infinite series of Gaussians with increasing widths. As with the liquid metals Bi and Sn, we found that there is a density enhancement at the surface that requires us to modify the model to include two regions with different average densities. Thus we assume that there is a density of the form n=1
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2 where 2n = 20 + n¯2 = 2i + cw + n¯2. In other words the width of the first layer is 0, and subsequent layer widths increase at a rate that depends on the magnitude of ¯. The first layer width 0 is further decomposed into an intrinsic term i due to all noncapillary factors and a term cw due to thermal capillary waves. The first two layers have a different density



10



0.2



0.4



258K 275K



0.6



-1



0.8



qz (Å ) FIG. 4. 共Color online兲 Specular reflectivity data 共divided by RF兲 for PPTMTS films on rough silicon substrates, at different temperatures. Lines are the best fits from which the electron-density profiles are determined.



共multiplicative factor r兲 and a different spacing 共d0兲 compared to subsequent layers 共spacing d1兲: note that this form for the density has no specific physical justification; it is used because it is easier to integrate, because the trends in the parameters are informative 共see below兲, and because its consistent use allows the behavior of different liquids to be compared 共we will compare some of these at the end of this paper兲. Note also that cw is not a variable fitting parameter; it is calculated from extrapolated surface tension data, as mentioned earlier in the context of Fig. 2. III. RESULTS: PPTMTS



We recently reported22 that liquid PPTMTS shows a sharp increase in the persistence of the surface layers into the bulk materials at its glass transition temperature 共Tg ⬃ 224 K兲. Here we show additional details regarding the temperaturedependent trends. Figure 4 shows the specular reflectivity R divided by the Fresnel reflectivity RF at selected temperatures. At 298 K, the scans are featureless. At lower temperatures, distinct reflectivity oscillations are seen, indicating that there is some structure in the density profile, in particular the hump centered around 0.5 Å−1 mentioned above. This increase in intensity allows data to be collected to higher qz at temperatures below 298 K. These changes imply changes in the surface electron density 共z兲 averaged over the plane. The change in the reflectivity data appears at the same temperature whether we are going up or down and does not have any detectable dependence on age or temperature history of the sample, x-ray exposure, etc. The temperature threshold is
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FIG. 5. 共Color online兲 Electron-density profiles of PPTMTS films on rough silicon substrates, at selected typical temperatures. Solid lines 共red兲 show best fit normalized electron densities 关共z兲 / bulk兴. The dashed lines 共blue兲 show the density profiles with capillary broadening removed 共i.e., plotted with cw = 0兲. The profiles have been shifted vertically for clarity.



⬃285 K, which is only slightly below room temperature and much higher than the threshold for TEHOS 共⬃230 K兲. However, in terms of Tc, it corresponds to T / Tc ⬇ 0.23, the same as for TEHOS and close to that seen in recent simulations.17 Figure 5 shows typical fitted electron densities 共z兲 in five temperature regions. The solid lines are the actual best-fit electron-density profiles; the dashed lines are the same density functions, except with cw = 0. In other words, the dashed lines show what the surface profiles would look like if they had not been broadened by thermal capillary waves. The temperature-dependent density profiles show the emergence of surface density oscillations with decreasing temperature, with a threshold at 285 K, i.e., ⬃0.23Tc. 共This was clear even in the raw reflectivity data, discussed in context of Fig. 4兲. Figure 6 shows the Patterson function of the R共q兲 / RF共q兲 data at temperature 220 K, which is compared with the extracted electron-density profile using the distorted crystal model. The Patterson function is model-independent: a maximum or minimum in the Patterson function at a given s indicates that there are two interfaces a distance s apart; if the density is changing in the same direction at both interfaces, there will be a maximum, while if one is increasing and the other is decreasing, there will be a minimum. Figure
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FIG. 6. 共Color online兲 Top: Patterson function and bottom: electron-density profile obtained using the distorted crystal model at 220 K for PPTMTS. A section of the profile is also shown enlarged. The vertical dashed lines in the bottom panel indicate the internal interfaces in the liquid, the distances between which correspond to minima and maxima in the Patterson function.



6 shows the Patterson function and extracted electron-density profile nicely correspond to each other, which indicates that the basic conclusions regarding the electron-density profile are independent of the model used. Figure 7 shows the trends in some fitting parameters for PPTMTS. The surface-density enhancement factor r 共Fig. 7, top left兲 shows only a weak and featureless temperature dependence. The layer spacings d0 and d1 are shown in the bottom-left panel of Fig. 7, and these are essentially temperature-independent. The average values of d0 and d1 are 7.8 Å and 7.5 Å, respectively. The top surface roughness, 0 共Fig. 7, top right兲 decreases with decreasing temperature in the layered liquid phase, as expected because the roughness is due in part to thermal capillary waves. Near and below Tg there is some variability but the roughness does not increase very sharply at the transition. It should be noted here that i, the intrinsic top surface roughness after subtracting the roughness due to capillary waves, remains constant 共⬃2.2 Å兲 in the layered PPTMTS liquid above Tg.22 The parameter ¯ is shown in bottom-right panel of Fig. 7. The horizontal lines are guides to the eye. There is an abrupt change in ¯ by a factor of 2 at the glass transition, indicating that the layers penetrate further into the bulk when T ⬍ Tg. This trend was already observed qualitatively in Fig. 4, where reflectivity data show a sudden shape change 共or it becomes much sharper兲 below Tg. See Ref. 22 for further discussion of this effect, which constitutes the first observation of a structural change at a liquid-glass transition.
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Figure 8共a兲 shows the specular reflectivity 共R / RF兲 for PVPMCPS at various temperatures. At 150 K, the scans are featureless. At lower temperatures, distinct reflectivity oscillations are seen, indicating that there is some structure in the reflectivity. The temperature threshold is at ⬃128 K, much 6 PVCMCPS 105K
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IV. RESULTS: PVPMCPS
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FIG. 7. 共Color online兲 Temperature dependence of the fitting parameters for PPTMTS. Symbols indicate the temperature history of the sample 共䊊: temperature was lowered to the value shown; 夡: temperature was increased to the value shown兲. Top left: surfacedensity enhancement parameter r. Bottom left: d0 共open symbols兲 and d1 共filled symbols兲, the spacings between the first three layers and between subsequent layers, respectively. Top-right: 0, the top surface roughness, bottom-right: ¯, which measures how rapidly the layers broaden as one goes into the bulk. The dotted vertical lines show Tg as measured in Ref. 29. The horizontal dashed lines are guides to the eye.
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FIG. 8. 共Color online兲 共a兲 Specular reflectivity data 共divided by RF兲 of PVPMCPS films on rough silicon substrates. Lines are best fits. 共b兲 The corresponding electron-density profiles. Solid lines 共red兲 show best fit normalized electron densities 关共z兲 / bulk兴. The dashed lines 共blue兲 show the density profiles with capillary broadening removed 共i.e., plotted with cw = 0兲. The profiles have been shifted vertically for clarity.
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FIG. 9. 共Color online兲 Temperature dependence of the fitting parameters for PVPMCPS. Symbols indicate the temperature history of the sample 共䊊: temperature was lowered to the value shown; 夡: temperature was increased to the value shown兲. Top left: surface-density enhancement parameter r. Bottom left: d0 共open symbols兲 and d1 共filled symbols兲, the spacing between the first three layers and between subsequent layers, respectively. Top right: 0, the top surface roughness. Bottom right: ¯, which measures how rapidly the layers broaden as one goes into the bulk.



lower than the threshold for PPTMTS 共⬃285 K兲, and TEHOS 共⬃230 K兲.20 In terms of Tc, it corresponds to T / Tc ⬇ 0.17, not the same value as for PPTMTS and TEHOS,20 but still in the neighborhood of 0.20. At the onset of surface layering, the surface tension of these three dielectric liquids PVPMCPS, PPTMTS, and TEHOS are ⬃42 dyn/ cm, ⬃40 dyn/ cm, and ⬃37 dyn/ cm, respectively 共see Fig. 2 and Ref. 21兲. Figure 8共b兲 shows the fitted electron densities at the same five selected temperatures as in Fig. 8共a兲. The solid lines are the actual best-fit electron density profiles; the dashed lines are the same density functions, except with cw = 0. Three major features should be noted in Fig. 8共b兲. First, it is clear that surface oscillations appear at 128 K and below. Second, there is a density hump at the surface when the oscillations appear. A similar effect is seen in PPTMTS, TEHOS,20 Sn,9 and Bi.30 However, it is not seen in simulations17 and is not predicted theoretically.10 This surface-density enhancement is discussed further in Ref. 30. Third, at and below 122 K, the layer spacing 共d0 and d1兲 increases compared to the values at higher temperatures. There is also a qualitative difference at and below 122 K: the oscillations are larger and persist further into the bulk material. Figure 9 shows the trends in some fitted parameters. The surface-density enhancement r shows no specific trend with temperature 共Fig. 9, top left兲. As mentioned in earlier section, the layer spacings 共d0 and d1, Fig. 9, bottom left兲 increase with decreasing temperature. Above 122 K, the average values of d0 and d1 were ⬃8 Å and ⬃7.5 Å, respectively, but at and below 122 K d0 and d1 increase to ⬃15 and ⬃12 Å. These molecules are quite flexible and the changes can reasonably be attributed to changes in molecular conformation near the interface. 0 and ¯ are shown in Fig. 9, top-right



184206-5



PHYSICAL REVIEW B 81, 184206 共2010兲



CHATTOPADHYAY et al.



and bottom-right panels, respectively. The trend in 0 is similar to, and probably attributable to, the trend in the layer spacings. However, ¯ appears to change sharply at 122 K although the data above 122 K are limited. 共The range of temperatures between 122 K and the layering onset temperature of 130 K is quite small.兲 We speculate that the temperature 122 K is the glass transition temperature for PVPMCPS. The direct measurement of mechanical properties at this low temperature is difficult and has not yet been performed for this material. Note that no solidlike diffraction peaks have been observed for PVPMCPS or PPTMTS at any temperature. Below 105 K, for PVPMCPS, we observe only featureless reflectivity profiles, probably due to increased surface roughness 共0兲 at lower temperatures 共see the trend in Fig. 9, top right兲.
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V. DISCUSSION



The fact that the layering threshold 共in simulations and molecular liquids兲 is consistently around 0.2Tc is an empirical result, but the use of scaled temperatures 共T / Tc兲 is reasonable on general grounds. Early predictions of layered surface structures2,31 suggested that the surface profile would be monotonic only at Tc and oscillatory elsewhere. Subsequently, Evans et al.32 pointed out that the density profile at an interface would mimic the long-range decay of the twopoint correlation function g共r兲: when this is oscillatory, there will be surface layers, and when it is monotonic, the surface density will be also. The relationship between g共r兲 and the density as a function of distance from the interface follows from mean-field 共density-functional兲 considerations. The Fisher-Widom line33 共in, e.g., the p-T plane兲 separates states with oscillatory vs decaying asymptotic g共r兲. Unfortunately the asymptotic behavior of g共r兲 is not accessible to experiments on atomic/molecular liquids. Evans et al. calculated that the Fisher-Widom line crosses the liquid-vapor coexistence curve at 0.9Tc, which means that most liquid surfaces will be layered in room-temperature experiments. As we know, this is not so. Subsequently, Tarazona et al.34 calculated that the Fisher-Widom line can be at much lower temperatures 共as low at 0.32Tc兲 depending on the pair potential. Thus while the Fisher-Widom line may define a rigorous upper limit to where layers might be observed, it does not necessarily tell us where the layers actually are observed in practice. Moreover, there might not be a sudden transition at the Fisher-Widom line, since oscillations in g共r兲 should develop slowly as T is lowered, and if so the same slow development should be seen in surface-density oscillations. Even if it is postulated that layers become visible at temperatures much lower than the Fisher-Widom line because of the obscuring effect of surface fluctuations, the surface tension changes slowly with temperature. Therefore the sudden onset of layers at ⬃0.2Tc, although a reproducible physical phenomenon in multiple systems, remains unexplained. Are surface ordering in liquid metals and surface ordering in dielectric liquids the same phenomenon, or two entirely different physical effects that coincidentally have similar experimental manifestations? Certainly any explanation for di-
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1/TC (1/K) FIG. 10. 共Color online兲 Tc dependence of some surface-layering parameters for different isotropic liquids. The width parameters have been divided by the layer spacing in the same material to obtain scale-independent parameters so that atomic and molecular liquids can be compared. The lines are guides to the eye.



electric liquids should also apply to liquid metals 共although not vice versa兲. Parsimony 共Occam’s razor兲 argues for a single explanation but this does not constitute proof. There is no liquid identical to 共say兲 mercury except for being nonmetallic, or identical to 共say兲 PPTMTS except with conduction electrons. Even if it were possible to safely heat mercury to 0.23Tc 共⬃400 K兲 and do x-ray reflectivity there, thermal fluctuations 共capillary waves兲 are likely to prevent the phenomenon from being observed there.35 Other liquid metals have even higher predicted thresholds. However, there are some clues that there may be a common mechanism. One argument that could be made in favor of different origins for metallic vs nonmetallic layering is that the layering “peak” in our TEHOS data is significantly weaker than in Hg or Ga. 共Of course, many liquid metals14,30 have peaks weaker than Hg or Ga.兲 Both liquid-metal and dielectric liquid-layering data have been analyzed with the distorted-crystal model. Since the length scale 共e.g., the layer spacing or the atomic/molecular size兲 varies significantly between molecular vs elemental materials, ¯ and i have been divided by d0, the layer spacing, to create the scaleindependent variables plotted in Fig. 10. Since ¯ does not appear to have a significant temperature dependence in any given material in the layered liquid phase,12,15,20–22,30 available values have been used irrespective of the temperature at which they were measured. Figure 10, top panel shows the plot of ¯ / d0 for different dielectric and metallic liquids, showing surface layering,12,15,21,30 with their defined or estimated24,36,37 critical temperature 共Tc兲. In and Sn, which also have surface layers, are not shown because their Tc is not known. Note that for Bi we have used the ¯ / d0 data from
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Ref. 30. They have shown series of ¯ values depending on the other fitting parameters. We have chosen the best fit value of ¯ / d0 共where A, the width of the top adlayer, is ⬃0.5 Å兲. The plot shows a roughly linear relationship of ¯ / d0 with 1 / Tc. Similarly i / d0 shows a roughly linear dependence on 1 / Tc 共Fig. 10, bottom panel兲. Bi is not shown in this plot because the value of i is not given in Ref. 30. For some of these liquids i / d0 is observed to vary slightly with the experimental temperature: for these liquids the vertical line indicates the range. Remarkably, the materials with higher ¯ and i values have smaller Tc so that both metal and dielectric data fall on the same curves 共Fig. 10兲. In terms of 1 / Tc, there is a roughly linear trend. We speculate that longer-range interatomic/intermolecular interactions could be responsible for higher Tc and also for stronger layering. These graphs suggest that layering was seen first in liquid metals not only because they are “cold” even at room temperature, but because their longer-range interactions give rise to stronger layer ordering at their free surfaces 共thus making the effect



1 “Nouvelle



théorie de l’action capillaire,” S. D. Poisson, Bachelier, Paris 共1831兲. 2 For example, Clive A. Croxton, Liquid State Physics: A Statistical Mechanical Introduction 共Cambridge University Press, Cambridge, 1974兲. 3 L. B. Lurio, T. A. Rabedeau, P. S. Pershan, F. Isaac, Silvera, M. Deutsch, S. D. Kosowsky, and B. M. Ocko, Phys. Rev. Lett. 68, 2628 共1992兲. 4 B. M. Ocko, X. Z. Wu, E. B. Sirota, S. K. Sinha, and M. Deutsch, Phys. Rev. Lett. 72, 242 共1994兲. 5 M. K. Sanyal, S. K. Sinha, K. G. Huang, and B. M. Ocko, Phys. Rev. Lett. 66, 628 共1991兲. 6 W. Zhao, X. Zhao, J. Sokolov, M. H. Rafailovich, M. K. Sanyal, S. K. Sinha, B. H. Cao, M. H. Kim, and B. B. Sauer, J. Chem. Phys. 97, 8536 共1992兲. 7 W. Zhao, M. H. Rafailovich, J. Sokolov, L. J. Fetters, R. Plano, M. K. Sanyal, S. K. Sinha, and B. B. Sauer, Phys. Rev. Lett. 70, 1453 共1993兲. 8 A. Braslau, M. Deutsch, P. S. Pershan, A. H. Weiss, J. AlsNielsen, and J. Bohr, Phys. Rev. Lett. 54, 114 共1985兲. 9 O. Shpyrko, M. Fukuto, P. S. Pershan, B. M. Ocko, I. Kuzmenko, T. Gog, and M. Deutsch, Phys. Rev. B 69, 245423 共2004兲. 10 M. P. D’Evelyn and S. A. Rice, Phys. Rev. Lett. 47, 1844 共1981兲. 11 M. P. D’Evelyn and S. A. Rice, J. Chem. Phys. 78, 5081 共1983兲. 12 O. M. Magnussen, B. M. Ocko, M. J. Regan, K. Penanen, P. S. Pershan, and M. Deutsch, Phys. Rev. Lett. 74, 4444 共1995兲; M. J. Regan, E. H. Kawamoto, S. Lee, P. S. Pershan, N. Maskil, M. Deutsch, O. M. Magnussen, B. M. Ocko, and L. E. Berman, ibid. 75, 2498 共1995兲; H. Tostmann, E. DiMasi, P. S. Pershan, B. M. Ocko, O. G. Shpyrko, and M. Deutsch, Phys. Rev. B 59, 783 共1999兲. 13 E. DiMasi, H. Tostmann, O. G. Shpyrko, M. Deutsch, P. S. Per-



easy to observe兲. This has led to the possibly unjustified impression that liquid metals are unique. In the 1970s and early 1980s, there was a large amount of theoretical and simulation activity in the area of liquid surface structure, but the corresponding level of experimental capabilities did not exist. The situation is largely reversed today. The availability of synchrotron radiation has dramatically improved our ability to “see” the liquid surface. We hope that the phenomena reported here will soon be explained theoretically and that this will lead to a better understanding of the liquid state. ACKNOWLEDGMENTS



This work was supported by the U.S. National Science Foundation under Grant No. DMR-0705137. We used the facilities of the Center for Functional Nanomaterials 共CFN兲, Beam Line X-18A at the National Synchrotron Light Source 共NSLS兲 and Sector 33-BM-C at the Advanced Photon Source 共APS兲, all of which are supported by the U.S. Department of Energy.



shan, and B. M. Ocko, J. Phys. Condens. Matter 12, A209 共2000兲. 14 O. G. Shpyrko, P. Huber, A. Grigoriev, P. Pershan, B. Ocko, H. Tostmann, and M. Deutsch, Phys. Rev. B 67, 115405 共2003兲. 15 O. G. Shpyrko, A. Y. Grigoriev, C. Steimer, P. S. Pershan, B. Lin, M. Meron, T. Graber, J. Gerbhardt, B. Ocko, and M. Deutsch, Phys. Rev. B 70, 224206 共2004兲. 16 B. Yang, D. Gidalevitz, D. Li, Z. Huang, and S. A. Rice, Proc. Natl. Acad. Sci. U.S.A. 96, 13009 共1999兲; B. Yang, D. Li, Z. Huang, and S. A. Rice, Phys. Rev. B 62, 13111 共2000兲; B. Yang, D. Li, and S. A. Rice, ibid. 67, 212103 共2003兲. 17 E. Chacón, M. Reinaldo-Falagán, E. Velasco, and P. Tarazona, Phys. Rev. Lett. 87, 166101 共2001兲. 18 E. Velasco, P. Tarazona, M. Reinaldo-Falagán, and E. Chacón, J. Chem. Phys. 117, 10777 共2002兲. 19 D. Li and S. A. Rice, J. Phys. Chem. 108, 19640 共2004兲. 20 H. Mo, G. Evmenenko, S. Kewalramani, K. Kim, S. N. Ehrlich, and P. Dutta, Phys. Rev. Lett. 96, 096107 共2006兲. 21 H. Mo, S. Kewalramani, G. Evmenenko, K. Kim, S. N. Ehrlich, and P. Dutta, Phys. Rev. B 76, 024206 共2007兲. 22 S. Chattopadhyay, A. Uysal, B. Stripe, G. Evmenenko, S. Ehrlich, E. A. Karapetrova, and P. Dutta, Phys. Rev. Lett. 103, 175701 共2009兲. 23 A User’s Guide to Vacuum Technology, 2nd ed., edited by J. F. O’Hanlon 共Wiley, New York, 1989兲, p. 242. 24 K. M. Klincewicz and R. C. Reid, AIChE J. 30, 137 共1984兲. 25 For example, J. Maroto, F. J. de las Nieves, and M. QuesadaPerez, Eur. J. Phys. 25, 297 共2004兲. 26 E. DiMasi, H. Tostmann, B. M. Ocko, P. S. Pershan, and M. Deutsch, Phys. Rev. B 58, R13419 共1998兲. 27 F. P. Buff, R. A. Lovett, and F. H. Stillinger, Phys. Rev. Lett. 15, 621 共1965兲 28 C. J. Yu, A. G. Richter, J. Kmetko, S. W. Dugan, A. Datta, and P. Dutta, Phys. Rev. E 63, 021205 共2001兲.



184206-7



PHYSICAL REVIEW B 81, 184206 共2010兲



CHATTOPADHYAY et al. 29



C. Maggi, B. Jacobsen, T. Christensen, N. B. Olsen, and J. C. Dyre, J. Phys. Chem. B 112, 16320 共2008兲. 30 P. S. Pershan, S. E. Stoltz, G. O. Shpyrko, M. Deutsch, V. S. K. Balagurusamy, M. Meron, B. Lin, and R. Streitel, Phys. Rev. B 79, 115417 共2009兲. 31 G. M. Nazarian, J. Chem. Phys. 56, 1408 共1972兲. 32 R. Evans, J. R. Henderson, D. C. Hoyle, A. O. Parry, and Z. A. Sabeur, Mol. Phys. 80, 755 共1993兲. 33 M. E. Fisher and B. Widom, J. Chem. Phys. 50, 3756 共1969兲.



34



P. Tarazona, E. Chacon, and E. Velasco, Mol. Phys. 101, 1595 共2003兲. 35 M. J. Regan, P. S. Pershan, O. M. Magnussen, B. M. Ocko, M. Deutsch, and L. E. Berman, Phys. Rev. B 54, 9730 共1996兲. 36 CRC Handbook of Chemistry and Physics, 90th ed. 共CRC Press, Philadelphia, PA 2009兲; A. A. Likalter, J. Phys.: Condens. Matter 3, 2795 共1991兲. 37 D. K. Belashchenko and O. I. Ostrovskii, Russ. J. Phys. Chem. 80, 509 共2006兲.



184206-8



























[image: Surface order in cold liquids: X-ray reflectivity ... - Semantic Scholar]
Surface order in cold liquids: X-ray reflectivity ... - Semantic Scholar












[image: Schematic Surface Reconstruction - Semantic Scholar]
Schematic Surface Reconstruction - Semantic Scholar












[image: Attention-biased multi-stable surface perception in ... - Semantic Scholar]
Attention-biased multi-stable surface perception in ... - Semantic Scholar












[image: Attention-biased multi-stable surface perception in ... - Semantic Scholar]
Attention-biased multi-stable surface perception in ... - Semantic Scholar












[image: Occurrence of Aluminium concentration in surface ... - Semantic Scholar]
Occurrence of Aluminium concentration in surface ... - Semantic Scholar












[image: Frequency-Band Coupling in Surface EEG ... - Semantic Scholar]
Frequency-Band Coupling in Surface EEG ... - Semantic Scholar












[image: Adaptive Algorithms Versus Higher Order ... - Semantic Scholar]
Adaptive Algorithms Versus Higher Order ... - Semantic Scholar












[image: Fractional Order Adaptive Compensation for ... - Semantic Scholar]
Fractional Order Adaptive Compensation for ... - Semantic Scholar












[image: Fractional Order Adaptive Compensation for ... - Semantic Scholar]
Fractional Order Adaptive Compensation for ... - Semantic Scholar












[image: Postponing Threats in Partial-Order Planning - Semantic Scholar]
Postponing Threats in Partial-Order Planning - Semantic Scholar












[image: Postponing Threats in Partial-Order Planning - Semantic Scholar]
Postponing Threats in Partial-Order Planning - Semantic Scholar












[image: Postponing Threats in Partial-Order Planning - Semantic Scholar]
Postponing Threats in Partial-Order Planning - Semantic Scholar












[image: in chickpea - Semantic Scholar]
in chickpea - Semantic Scholar












[image: in chickpea - Semantic Scholar]
in chickpea - Semantic Scholar












[image: How Water Meets a Very Hydrophobic Surface - Semantic Scholar]
How Water Meets a Very Hydrophobic Surface - Semantic Scholar












[image: Surface-based preoperative CT/MRI to ... - Semantic Scholar]
Surface-based preoperative CT/MRI to ... - Semantic Scholar












[image: Surface-based preoperative CT/MRI to ... - Semantic Scholar]
Surface-based preoperative CT/MRI to ... - Semantic Scholar












[image: lattice gas cellular automaton modeling of surface ... - Semantic Scholar]
lattice gas cellular automaton modeling of surface ... - Semantic Scholar












[image: Networks in Finance - Semantic Scholar]
Networks in Finance - Semantic Scholar












[image: Discretion in Hiring - Semantic Scholar]
Discretion in Hiring - Semantic Scholar












[image: Distinctiveness in chromosomal behaviour in ... - Semantic Scholar]
Distinctiveness in chromosomal behaviour in ... - Semantic Scholar












[image: Distinctiveness in chromosomal behaviour in ... - Semantic Scholar]
Distinctiveness in chromosomal behaviour in ... - Semantic Scholar












[image: Reduced-Order Transfer Matrices From RLC ... - Semantic Scholar]
Reduced-Order Transfer Matrices From RLC ... - Semantic Scholar












[image: Deterministic Order in Surface MicroTopologies through ...]
Deterministic Order in Surface MicroTopologies through ...















Surface order in cold liquids: X-ray reflectivity ... - Semantic Scholar






May 17, 2010 - pared we will compare some of these at the end of this paper. Note also ... PPTMTS. FIG. 3. Color online Specular reflectivity data circles before. 






 Download PDF 



















 463KB Sizes
 0 Downloads
 273 Views








 Report























Recommend Documents







[image: alt]





Surface order in cold liquids: X-ray reflectivity ... - Semantic Scholar 

May 17, 2010 - near room temperature, but this is above 0.2Tc in fact, gen- erally above .... Color online Specular reflectivity data circles before background ...














[image: alt]





Schematic Surface Reconstruction - Semantic Scholar 

multiple swept surfaces, of which the transport curves lie in horizontal planes. This section will introduce the basic reconstruction framework that initializes a set ...














[image: alt]





Attention-biased multi-stable surface perception in ... - Semantic Scholar 

Aug 26, 2003 - experimental (neurophysiological) data and all proposed mechanisms for SFM perception have focused ... for processing visual motion information (Maunsell & .... presented in each frame was 138 (69 for each surface viz.














[image: alt]





Attention-biased multi-stable surface perception in ... - Semantic Scholar 

Aug 26, 2003 - (27 ms) (i.e., the maximum speed of the dots was 37.5Â°s-1). The sequencing ..... spinning cylinder is related to the state of a bi-stable network of ...














[image: alt]





Occurrence of Aluminium concentration in surface ... - Semantic Scholar 

International Journal of Emerging Technology and Advanced Engineering ... 1,2Department of Civil Engineering, Bharati Vidyapeeth University College of ...














[image: alt]





Frequency-Band Coupling in Surface EEG ... - Semantic Scholar 

Oct 28, 2009 - (Tenke et al., 1993), though the net contribution from a large pop- ...... Buzsaki, G., Buhl, D.L., Harris, K.D., Csicsvari, J., Czeh, B., and Morozov, ...














[image: alt]





Adaptive Algorithms Versus Higher Order ... - Semantic Scholar 

sponse of these channels blindly except that the input exci- tation is non-Gaussian, with the low calculation cost, com- pared with the adaptive algorithms exploiting the informa- tion of input and output for the impulse response channel estimation. 














[image: alt]





Fractional Order Adaptive Compensation for ... - Semantic Scholar 

1. J. Âµ + B1)Vd(s). âˆ’. Âµs1âˆ’Î½. J vd(s)+(. Âµ. Js. + 1)vd(0). (36). Denote that Î½ = p q. , sÎ½ = s p q , ..... minimization. IEEE Trans. on Ind. Electron., 51:526 â€“ 536, 2004.














[image: alt]





Fractional Order Adaptive Compensation for ... - Semantic Scholar 

ing the FO-AC is much smaller than that using the IO-AC. Furthermore, although the ... IEEE Trans. on Ind. Electron., 51:526 â€“ 536, 2004. D. Y. Xue, C. N. Zhao, ...














[image: alt]





Postponing Threats in Partial-Order Planning - Semantic Scholar 

Oct 11, 1994 - Department of Engineering Economic Systems ... Palo Alto, California 94301 ..... International Conference on AI Planning Systems, College.














[image: alt]





Postponing Threats in Partial-Order Planning - Semantic Scholar 

Oct 11, 1994 - Definition 1: The Start operator for a problem is defined as the operator having no ... Figure 1: Operator graph for simple machine shop problem.














[image: alt]





Postponing Threats in Partial-Order Planning - Semantic Scholar 

Oct 11, 1994 - Stanford, California 94305 ... 444 High St. Palo Alto, California 94301 ..... 05-01, Dept. of Computer Science, University of Washing- ton. Collins, G., and Pryor, ... International Conference on AI Planning Systems, College.














[image: alt]





in chickpea - Semantic Scholar 

Email :[email protected] exploitation of ... 1990) are simple and fast and have been employed widely for ... template DNA (10 ng/ l). Touchdown PCR.














[image: alt]





in chickpea - Semantic Scholar 

(USDA-ARS ,Washington state university,. Pullman ... products from Ã—California,USA,Sequi-GenGT) .... Table 1. List of polymorphic microsatellite markers. S.No.














[image: alt]





How Water Meets a Very Hydrophobic Surface - Semantic Scholar 

Jul 15, 2010 - limited-range RÑ€qÐ® data is that features in Ñ€zÐ® are smeared by a resolution .... 1 (color online). ... seen, by comparison to the data in Refs.














[image: alt]





Surface-based preoperative CT/MRI to ... - Semantic Scholar 

We present a clinical study of surface-based registration between a preoperative CT/MRI of ... seconds a cloud of hundreds of thousands of points in a single scan. ... segmentation on each scan with the scanner software to extract the face surface in














[image: alt]





Surface-based preoperative CT/MRI to ... - Semantic Scholar 

segmentation on each scan with the scanner software to extract the face surface in the upper face region ... points were automatically computed from the segmented images with custom software. ... For example, the estimated TRE at depth.














[image: alt]





lattice gas cellular automaton modeling of surface ... - Semantic Scholar 

now equal to Lpl, and we define a uniform random vari- able that determines where the adatom, if created, will land. Thus, we require only two random number gen- erations. Once the adatom lands on a particular lattice site r, we increase the height a














[image: alt]





Networks in Finance - Semantic Scholar 

Mar 10, 2008 - two questions arise: how resilient financial networks are to ... which the various patterns of connections can be described and analyzed in a meaningful ... literature in finance that uses network theory and suggests a number of areas 














[image: alt]





Discretion in Hiring - Semantic Scholar 

In its marketing materials, our data firm emphasizes the ability of its job test to reduce ...... of Intermediaries in Online Hiring, mimeo London School of Economics.














[image: alt]





Distinctiveness in chromosomal behaviour in ... - Semantic Scholar 

Marathwada Agricultural University,. Parbhani ... Uni, bi and multivalent were 33.33%, 54.21 % and. 2.23 % respectively. Average ... Stain tech, 44 (3) : 117-122.














[image: alt]





Distinctiveness in chromosomal behaviour in ... - Semantic Scholar 

Cytological studies in interspecific hybrid derivatives of cotton viz., IS-244/4/1 and IS-181/7/1 obtained in BC1F8 generation of trispecies cross ... Chromosome association of 5.19 I + 8.33 II +1.14III + 1.09IV and 6.0 I+ 7.7 II +0.7III + 1.25IV was














[image: alt]





Reduced-Order Transfer Matrices From RLC ... - Semantic Scholar 

[17] J. A. Martinez-Velasco, Computer Analysis of Electrical Power System ... degree in computer science, and the Ph.D. degree in mathematics from Utrecht.














[image: alt]





Deterministic Order in Surface MicroTopologies through ... 

Jul 17, 2012 - Wrinkling surface patterns in soft materials have become increasingly important ... the other direction [24] (see Figure 1 for the definition of both.


























×
Report Surface order in cold liquids: X-ray reflectivity ... - Semantic Scholar





Your name




Email




Reason
-Select Reason-
Pornographic
Defamatory
Illegal/Unlawful
Spam
Other Terms Of Service Violation
File a copyright complaint





Description















Close
Save changes















×
Sign In






Email




Password







 Remember Password 
Forgot Password?




Sign In



















Information

	About Us
	Privacy Policy
	Terms and Service
	Copyright
	Contact Us





Follow us

	

 Facebook


	

 Twitter


	

 Google Plus







Newsletter























Copyright © 2024 P.PDFKUL.COM. All rights reserved.
















