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Structure of the liquid-vapor interface of a dilute alloy of Pb in Ga
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We report the results of x-ray reflectivity and grazing-incidence x-ray diffraction studies of the liquid-vapor
interfaces of three dilute lead-in-gallium alloy8.16, 0.047, and 0.025 wtP@ver the temperature range
23-76 °C. These experiments determine, respectively, the density distributions along the normal to the inter-
face and the in-plane pair correlation functions. In this temperature range, at each of the alloy concentrations,
the excess Pb in the interface forms a complete monolayer that is the outermost stratum of the interface. When
the temperature is below 58 °C that Pb monolayer is in a two-dimensional hexagonal crystalline state, evidence
for which is the appearance of four sharp peaks in the grazing-incidence x-ray diffraction pattern. The struc-
tural parameters of the hexagonal crystalline stateas6.342 nm and=0.592 nm, witha andb the basis
vectors of a degenerate two-dimensional body-centered orthorhombic lattice. At about 58 °C the Pb monolayer
undergoes a transition to a state with less order, evidence for which is the appearance of broadened diffraction
peaks; the locations of the broadened and sharp diffraction peaks are the same. The nearly discontinuous
change in the range of positional order at the transition temperature, coupled with the lack of change of the
positions of the diffraction peaks, suggest that this transition is first order with either very small or zero density
change. Our data cannot determine if the disordered phase is liquid or hexatic. An analogy between the
character of the observed transition and the first-order melting transition in a one-component two-dimensional
classical plasma is suggested.

[. INTRODUCTION width, the range of order perpendicular to its normal, the
depth over which the excess concentration of the segregated
The existence of a composition difference between the&omponent is distributed, and the range of the molecular in-
liquid-vapor interface and the bulk liquid phase of a binaryteractions, are of comparable magnitudes. The differences
mixture has been known since the work of Gilibse, e.g., between the structures of the liquid-vapor interfaces of ordi-
Ref. 1). However, it is only in the last few years that infor- nary binary liquid mixtures and binary liquid metal alloys are
mation about the atomic structure of that interface has besignatures of the responses of the systems to the density de-
come available. The results of recent studies reveal that theendence of the interactions in the interface. Since the den-
structures of the liquid-vapor interfaces of ordinary binarysity dependence of a van der Waals type interaction is rather
liquid mixtures and of binary liquid metal alloys are weak, to a very good approximation there is no change in the
different?>~**Theoretical studies of the liquid-vapor interface pair potential along the density gradient in the liquid-vapor
of an ordinary liquid mixture predict that at temperatures notinterface of an ordinary liquid mixture. In contrast, for a
far from the freezing point the density varies smoothly alongbinary liquid metal alloy, the electron density changes from
the normal to the interface. It is found that the density fallsthe value characteristic of the bulk liquid to zero across the
monotonically from the value characteristic of the bulk lig- liquid-vapor interface and, over the same distance, the elec-
uid to that characteristic of the vapor over a distance of aptrons undergo a transition from being delocaliziedthe bulk
proximately two molecular diameters. Furthermore, the conliquid) to localized(in the vapoy. Accordingly, the effective
centration of the species in excess in the interface ison-ion interaction, which is strongly electron density depen-
predicted to vary slowly across the interface. The corredent, changes considerably as the interface is traversed from
sponding theoretical predictions for the liquid-vapor inter-the bulk liquid to the vapor. When the pseudopotential rep-
faces of binary liquid metal alloys are, first, that tthengi-  resentation of the free-energy density of the liquid metal is
tudina) distribution of density along the normal to the used, it is the density variation of the so-called structure-
interface is stratified for several atomic diameters into thandependent energy that drives the stratification of the liquid-
bulk liquid, and, second, that the species in excess in theapor interface.
interface forms a monolayer that is the outermost layer of As already noted, the segregation of, say, the solute in the
that interface. Recent x-ray reflectivikR) and grazing- liquid-vapor interface of a dilute binary liquid metal alloy
incidence x-ray diffraction(GIXD) studies of the liquid- usually results in the formation of a monolayer that is the
vapor interfaces of several binary liquid metal alloys haveoutermost layer of that interface. The experimental evidence
confirmed these predictior}$-28 available to date, for dilute solutions of bismuth in
An understanding of the differences between the strucgallium?®2”indium in gallium?* and tin in gallium?® indi-
tures of the liquid-vapor interfaces of ordinary binary liquid cates that the segregated layer has the structure of a quasi-
mixtures and of binary liquid metal alloys follows from the two-dimensional liquid. The results of self-consistent quan-
observation that the liquid-vapor interface is a strongly inhotum Monte Carlo simulations of the liquid-vapor interfaces
mogeneous domai® Moreover, the scale lengths that de- of these alloys, and others, support this conclusion. Neither
fine the properties of that domain, namely, the interfacghe experimental data nor the results of the simulations de-
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fine the range of temperature in which the segregated mono- e
layer remains a quasi-two-dimensional liquid. i
It is not at all clear what one should expect for the struc-
ture of the segregated layer in the liquid-vapor interface of a
binary alloy. In the systems studied to date, the three-
dimensional crystalline forms of the species that form the
monolayers melt at temperatures that are much higher than
the temperatures at which the liquid binary alloys are stud-
ied. We suggest that it is not unreasonable to expect that at a
suitable temperature the segregated layer will undergo a
freezing transition to a quasi-two-dimensional ordered solid.
Put another way, it may be possible to use the liquid-vapor
interface of a suitably chosen alloy to study phase transitions
in a quasi-two-dimensional system. Execution of such a
study will depend on finding a system in which there is a
fortuitous balance between the ion-ion interactions in the al-
loy and thermal excitations so that there is an accessible

experimental window that can be used for observations.

In this paper we report the results of XR and GIXD stud-
ies of the liquid-vapor interfaces of three dilute alloys of Pb
in Ga, over the temperature range 23—76 °C. As in the other
dilute alloy systems studied, it is found that the excess Pb in
the liquid-vapor interface forms a monolayer that is the out-
ermost stratum of that interface. When the temperature is
below 58 °C that Pb monolayer is in a two-dimensional hex- FIG. 1. Typical Auger spectra of the liquid-vapor interface of a

agonal crystalline state, evidence for which is the appearangs, g5 alloy, with a primary beam energy of 3 keV. These data

of four sharp peaks in the grazing-incidence x-ray diffractiongiearly show the presence of lead and gallium, and the absence of
pattern. The structural parameters of the hexagonal crystagyygen, in the liquid-vapor interface.

line state area=0.342 nm andb=0.592 nm, witha and b

the basis vectors of a degenerate two-dimensional bodyrq-61orr. The sample was maintained at 250 °C for about 12
centered orthorhombic lattice. At about 58 °C the Pb monoy, * after cooling to 60 °C, it was found that there was Pb at

layer undergoes a transition to a state with less order, evigg pottom of the chamber, clearly indicating that the mix-
dence for which is the appearance of broadened diffractiof,re \was a saturated solution of Pb in Ga. Two lower-
peaks; the locations of the broadened and sharp diffractiop,,centration samples, made by adding 0.35 and 0.20 g of
peaks are the same. The nearly dlscontln_qous change in thg, 5 500 g of Ga, respectively, were prepared by stirring the
range of positional order at the transition temperature iy re for 12 h at about 200 °C in a beaker filled with argon
coupled with the lack of change of the positions of the dif- a5 |y poth instances the Pb dissolved completely in the Ga
fraction peaks, suggest that this transition is first order with, ¢ liquid. The concentrations of Pb in the alloy samjégs
either very small or zero density change. Our data cannqlyom temperatusewere determined, after completion of the
determine if the disordered phase is liquid or hexatic. Weexperiments, by atomic absorption spectroscopy. The three

suggest an interpretation of our observations using an analymjes studied had Pb concentrations of 0.16, 0.047, and

ogy between th(_a charactgr_ of the observed transition and the go5 it %2 respectively.
f|rst-or<jer meltmg transition in a one-component two-  Ager preparation, a 300 g sample of the alloy was trans-
dimensional classical plasma. ferred, under an argon atmosphere at about 50°C, to the
reservoir attached to the ultrahigh-vacuum x-ray chamber.
The alloy was fed into the sample cell in the x-ray chamber
via a capillary attached to that reservoir while the back-
The high-vacuum sample chamber used for our experiground pressure in the chamber was maintained at 3
ments has been described elsewH&ré® as has the x-ray X 10 '°torr. The liquid surface was then sputter@iKV,
surface scattering spectrometer and the detection electroni@® mA) for 24 h using an Ar ion gun, and examined by
used. We merely note that the sample chamber contains Auger spectroscopy. In addition to the signal from Ga, the
residual gas analyzer to monitor the vacuum, an Auger sped@uger spectrum of the liquid alloy surface revealed the ex-
trometer to monitor the liquid sample surface compositionpected presence of excess Pb, and also clearly indicated the
and an ion gun and a sweep arm to clean the liquid samplabsence of any oxidg§ig. 1). Analysis of the composition
surface. of the residual gas over the sample showed that the partial
Three samples of dilute Pb-in-Ga alloys were prepared apressure of oxygen was less than i®torr. Both XR and
follows. In each case a weighed amount of Pb pldtenm  GIXD measurements usually started about 24 h after the lig-
thickness, 99.9995%, Alfa Chemicailsas added to 500 g of uid sample was introduced into the chamber. All of our XR
liquid Ga (99.99999% Alfa Chemicals The highest- and GIXD experiments were carried out with a background
concentration sample was made by adding 3.5 g of Pb to theressure around>310 °torr.
Ga in a small vacuum chamber held at a pressure of Our XR and GIXD measurements were carried out at
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FIG. 2. Sketch of the incident and scattered x-ray paths in the
experimental apparatus.

beamline X19C, at the National Synchrotron Light Source,
Brookhaven National Laboratory. The x-ray wavelength e
used was 0.700 A. The XR and GIXD measurements were 0 0 5 10 15 20 25 30
carried out at many temperatures between 23 and 76 °C, with q (nm™)

multiple cycling of the temperature up and down over this z

range. . . .
. . . FIG. 3. X-ray reflectivity as a function af, for the three dilute
Figure 2 shows a sk_etch of thg_x-ray paths in the EXPellphGa alloys studied. The data have been normalized to the Fresnel
mental arrangement. Since the critical angle for total eXtem"’}leflectivity from the interface. The lines indicate the best fit of the

reflection of the x rays by our samples is about 0.15°, thgefiectivity for the model longitudinal density profiles shown in
angle of incidence chosen for the GIXD measurements waigs. 5 and 6 below.

a=0.1°; the pick-off angle of the detector wgs=0.1°. The

GIXD measurements covered the angular range from 5723 °C for the 0.047% alloy Figure 4 displays the reflectiv-
<20<40°. To measure the x-ray scattering from the bulkity as a function ofy, at three different temperatures for the
liquid alloy we useda=p=0.25°. At this angle of inci- gjloy that contains 0.025 wt% Pb. These data show clearly

dence the penetration o_leﬁ‘frof_ the x rays is large enough that the reflectivity varies very little with alloy composition
(about 100 nmthat the intensity of the scattering from the

liquid-vapor interface is negligible relative to the intensity of SEE—
scattering from the bulk liquid. Since the alloys studied have " Pb 0.025%
very low Pb concentrations, we can attribute the bulk scat- 201 ) Shifted up by 10 2 g
tering to pure liquid Ga, and use those data for background i oo ey 1
subtraction. = e

It is necessary to comment briefly on the temperatures
quoted in this paper. The temperature of the liquid alloy was
controlled by circulating thermostated water through a coil
that is in thermal contact with the sample cell through the
chamber wall. The temperature of the sample cell is not iden-
tical with the temperature of the thermostated water. Our
calibration of this temperature difference is only modestly 10
accurate, so the temperatures quoted must be understood to I
be approximations to the true temperature. However, our
calibrations do establish that the temperature of the sample i
cell monotonically tracks the temperature of the thermostated 5t
water, so that all of the temperature-dependent trends in the
experimental data are valid. In particular, the existence of a
phase transition in the segregated layer of Pb in the liquid-
vapor interface of the PbGa alloy is established, albeit the e
temperature at which the transition occurs, which we cite as % 5 10 15 20 25 30
58 °C, is uncertain by up to ten degrees Celsius. q (nm™)

z
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ll. EXPERIMENTAL RESULTS FIG. 4. X-ray reflectivity as a function af, and of temperature

for the 0.025 wt% PbGa alloy. The data have been normalized to

the Fresnel reflectivity from the interface. The lines indicate the
Figure 3 displays the x-ray reflectivity as a functionggf  best fit of the reflectivity for the model longitudinal density profiles

for the three alloys studied when the temperature is 28 °Ghown in Figs. 5 and 6 below.

A. X-ray reflectivity
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at a fixed temperature, and that it varies systematically witttentration of Pb in the bulk liquid is so small that, to an
temperature at a fixed alloy composition. Our analysis ofexcellent approximation, the bulk liquid can be considered to
these data is described below. be pure Ga.

The reflectivity of x rays incident on a sample of matteris  The longitudinal electron density in the liquid-vapor in-
sensitive to the electron density distribution perpendicular tderface is obtained from the convolution of the longitudinal
theﬁslurface. Using the Born approximation, it can be showratomic density and the electronic density of each atdm:
tha

ad ( 1)2
R(d2) =Re(aexi] — 02,62 @ (a,)|?, Pel D)= o, ex‘{‘ “202 |®Ted?
L (= K@) o d _(z-jdy?
= a2 + ]
@)= | S e @ D e o LU
with pg(0) the electron density of the bulk liquidRe(q,) 3.4
the Fresnel reflectivity for that electron density, and the expe predicted reflectivity, as a function qf, i
ponential damping term representing the influence of capil-
lary waves with mean square amplitude R(q,) d2
Re(q,) ~ 7200, %2 & — o] afea,)
keT (K F(dz)  f540)
02— max) (3.2
W 2my Kimin . feddy,) |2
xex At o 22— exitiagdl]
In Eq. (3.2), y is the surface tension, argh,, andky, are o*q; 4z
the magnitudes of the maximum and minimum wave vectors (3.5

associated with the spectrum of capillary waves. The value
of Knax iS approximatelyw/a, where a is the nearest- [N EQ. (3.9, fc(dy) andfpb(Qz) are the atomic scattering
neighbor spacing of the atoms; the valuekgf,, is deter- factors of Ga and Pb, ang,= o5+ o5,
mined by the size of the sample or, more usually, by the The model just described assumes that the excess Pb that
instrumental resolution. The magnitude of the wave vectofs in the liquid-vapor interface of a dilute Pb-in-Ga alloy is
corresponding to the critical angle for total external reflec-present in only the outermost stratum of that interface. To
tion of x rays from pure liquid Ga has the value 0.4811im test that assumption, we have considered another distorted
Direct inversion of Eq(3.1) to yield the longitudinal den-  crystal model, in which the excess Pb atoms are allowed to
sity profile is not possible because of the lack of phase inbe present also in the other layers of the stratified liquid-
formation in the reflectivity data. We proceed, as we did invapor interface of the alloy. We have examined two model
previous papers, and as have other investigators, to fit a plagistributions of the excess Pb atoms across the layers in the
sible model to the longitudinal density profile. Specifically, liquid-vapor interface. In one the concentration of Pb in each
we have analyzed our reflectivity data using two versions ofayer Of the liquid-vapor interface is an independent
the distorted crystal model introduced by Magnussen/al’lab|e in the other the concentration of Pb decreases
et al}*32|n the first version we assume that the excess Pgxponentially as the distance into the bulk liquid increases.
atoms segregated in the liquid-vapor interface of the alloylhe fit of the experimental data to the latter model was found
are only in the outermost stratum of that interface. Theto be much more stable than the fit to the former model, so

model is then defined by the liquid-vapor interface densityonly the latter is discussed in this paper. It is defined by the
distributions longitudinal density distributions

ppd2)  ad (z+d;)? Ppy(2) _ ad exr{_ (z+d;)?
ped=)  2mPag 207 | ped=)  (2m) Ty 20
* _id)\2
pedd) & d (2-jd)? v, X"bl‘z r{——(z ’3)}
pod) 26 2m T O T 07 | B9 =0 2m o, 20]
. .
2_ 624 (j+1)02. Pcd 2) XGajd F{_(Z_Jd)}
oy =0% o ot ) ]ZO - —201_2 , (3.6

In Egs. (3.3), pg) is the atomic density of bulk liquid

gallium, « is the ratio of the number density of the Pb layer o
to that of a Ga layerd; is the separation of the Pb and Ga

layers, andl is the distance between Ga layers. Note that theBy construction, the mole fraction of Pb decays exponen-
layers become increasingly roughened with increasing pertially asj increases. Then

etration into the liquid. The roughness of each layer is rep-

resented by the sum of an intrinsic component common to Xppj=C+(1l—c)exd —(j+1)d/&q],

each Iayer,o-g, and a component that increases jam-

creases, j(+ 1)o?. For the alloys we have studied, the con- Xgaj=(1—C){1—exd —(j+1)d/& ]}, (3.7

P= o+ (j+1)02.
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TABLE |. Best-fit parameters for model 1. TABLE Il. Best-fit parameters for model 2.
Temperature range Temperature range
23-56°C 66-76°C 23-56°C 66-76°C
@ 0.725+0.001 0.7210.003 a 0.719+0.001 0.724:0.003

o A) 0.46+0.01 0.45-0.02 & A 0.71+0.01 0.810.02

d; (A) 2.59+0.02 2.62-0.05 o A) 0.466+0.005 0.470.01

d(A) 2.583+0.005 2.60-0.01 d; (&) 2.55+0.01 2.51-0.02

&R 4.4+0.2 4.6v0.5 d (@A) 2.552+0.003 2.530.01
£R 4.1+0.1 3.9+0.2

wherec is the mole fraction of Pb in the bulk liquid alloy,
and¢; is the concentration decay length. The predicted x-raysensibly temperature independent suggests that the surface
reflectivity as a function ofj, is now layering does not change in the temperature range studied.
We note that the value ofl inferred from our data is
slightly larger than that inferred by Rega all® for pure
gallium (2.552+-0.003 versus 2.5040.006 A). There are
several possible sources for this difference. At one extreme,
it may signal the existence of a very small change in the
lamellar structure of the Ga adjacent to the Pb monolayer in
the alloy liquid-vapor interface relative to that in the pure Ga
liquid-vapor interface. At a different extreme, it may signal
the existence of a small systematic difference between the
data sets coupled with the influence of experimental uncer-
tainties on the parameters of the fit. The real origin of the
difference, which is unknown to us, likely is some combina-
If the outermost stratum of the liquid-vapor interface is ation of the above.
two-dimensional ordered soligee Sec. l)), its atomic den- Since the effective diameter of a Pb atom in pure lead is
sity can be determined from GIXD measurements. Thenlarger than that of a Ga atom in pure gallium, it is reasonable
with the density of this layer known, the density of the bulkto expect thatd; will be larger thand. However, in the
liquid can be related to the parametersand d. We have liquid-vapor interface of the alloy the electron density is not
calculated the density of the bulk liquid alloy using the pa-the same as in either pure lead or gallium, and the effective
rameters obtained from the unconstrained fits of B) to atomic diameters will be sensitive to the local electron den-
the x-ray reflectivity measurements. It is found that thesity. In fact, our fits to the experimental data yield the result
simple distorted crystal mod@limplies that the bulk liquid

R(a,)  d?aexd —opgl] f

Re(0y)  [(1—0)fad 0) +clpy 0) 12| TPl

(1_C)fGa(qz)+Cbe(qz)

exd o2q5/2]—exdiq,d]
(1-0)[fpyar) —fedd)]  |?

exd (0203/2) + (d/ &) ]—exdiq.d]| -

Xexg —iq,d.]+

(3.9

density is about 7.810° kg/m®, which is 15% higher than
the known density of pure liquid gallium, namely, 6.095
X 10° kg/m®. We consider this difference to be too large to
be ignored. Accordingly, we have used the known value of
the bulk liquid density as a constraint in the fit of £§.5) to
the experimental data. This constraint was applied via the
requirement thaird= ppy, op/ pGa 3p, Whereppy, opis the two-
dimensional(2D) number density of the Pb monolayer, and
Pcasp iS the 3D number density of liquid Ga.ppyop is
taken to be@qfll(Swz), whereqq, is the wave vector of the
(11) GIXD diffraction peak. We note that, for the very dilute
alloys we have studied, the bulk liquid density is negligibly
different from the density of pure liquid Ga.

The best-fit values of the parameters in E8}5) are dis-
played for both models in Tables | and Il. Except gy,
the square of which increases linearly with increasing
temperaturé! none of the parameters in E(B.5 are tem-
perature dependent, hence only the average values in the
low- and high-temperature phasege below are tabulated.
Samples of the fits of the calculated reflectivity to the experi-
mental data for the three alloys studied are shown in Figs. 3
and 4. The corresponding density profiles are shown in Figs.

Atomic density / Bulk

35— T

15

05+

0.025%

P R

Shifted up by 2

Shifted up by 1

5
Z(nm)

10 15

5 and 6. The inferred temperature dependencefgfis con- FIG. 5. The model longitudinal density profiles that fit the x-ray
sistent with the predictions of capillary wave thedsge Fig. reflectivity data for the three alloys at 28 (€3 °C for the 0.047%
7). The fact that the other parameters of the fitted profiles aralloy).
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3Sp T T T T T ) was not constrained to yield the known bulk density, we
i found that the fractional surface coverage by the excess Pb in
the liquid-vapor interface decreased slightly as the tempera-
ture increased. This behavior is similar to that reported by
Lei, Huang, and Ric® for the outermost layer of the liquid-
vapor interface of a dilute Bi-in-Ga alloy, also obtained from

Shifted up by 2 |

i: = [ 1 a fit of the density profile that is not constrained to yield the
E I Shifted up by 1 ] correct bulk liquid Ga density. On the other hand, when the
2 27 fit of the density profile to the reflectivity data is constrained
2 i to yield the known bulk density we find that the coverage
< i keeps nearly the same value throughout our temperature
2 L5y range. This result is consistent with the fésee belowthat

g there is no detectable change in the positions of the peaks in
< the grazing-incidence diffraction pattern for the temperature

range covered. Using the method suggested by Lei, Huang,
and Rice?®? the effective diameter of a Ga atom is calcu-

—
T T T

0.5 1 lated to be 2.87 A, which is slightly larger than the value
Pb: 0.025% 1 they obtained?2.78 A).
O 1 PR SRS SR) NN U ST SR SR R ST SN SN S NS T S WY I- . i . _ . .
s 0 P 10 15 B. Grazing-incidence x-ray diffraction
Z(nm) The geometric arrangement of the x-ray spectrometer is

o ) ) ) different for reflectivity and grazing-incidence diffraction
FIG_._6. The model longitudinal density profiles that fit the X-ray measurements. Consequently, the XR and GIXD measure-
reflectivity data for the 0.025 wt % PbGa alloy at several temperas ants were carried out separately on the same sample, over
tures. the same temperature range, but not at precisely the same
temperatures. Examples of the GIXD intensity distribution
from the liquid-vapor interface of Pb-in-Ga alloys, collected
at temperatures 28, 66, and 76 °C, and without correction for

smaller than the layer spacing, so that the concentration the polarization of the incident x rays, are shown in Figs.
. Y P 9, . (2)—8(c). At all of the temperatures in this range the diffrac-
Pb in the second layer of the interface is very small, only a;

o7 A on patterns have a broad pe@entered at 25.3 nnt) aris-
few percent, and it is completely negligible in the deeper. . S . s
layers of the interface. We conclude that the representa’[iomg from scattering by liquid Ga. Subtraction of the Ga scat

- . o {%ring and the diffuse background scattering arising from the
of the liquid-vapor interface of the alloy as a stratified me- Lambe?’ from the total GIXD scattering yields the results

dium with the outer layer pure Pb and no Pb in the deepeghown in Figs. 8)—-8(c). These diffraction patterns are re-

layers is valid. We note that the value éf found in our ; ;
studies is similar to that found by Regaat all® for the gﬁdﬁgﬂes;nq(;?; t%yggr:r?pl(g the temperature of the sample
liquid-vapor interface of a Ga-In alloy. . When the temperature is below 56 f€ee Fig. 8], the
The decay length for the density oscillations in the I|qU|d—GIXD attern has four sharp peaks within the meas
vapor interface, obtained using the known bulk density as ?ange pcorresponding 0 spgc?ngs of 0.296. 0.171 lg148
lqon_sdtralnt on tthefﬂt, IS ;ound t% %4.1;0.},&. Fotr :Ee and 0.112 nm. We attribute these diffraction peaks to scat-
'qllj' 'Vﬁ%";l%elr;‘ﬁ of pure ©a, kegan al. report the tering by an ordered array of Pb atoms. The character of the
value £=5. T . . - diffraction pattern indicates that the Pb atoms in the liquid-
When the fit of the density profile to the reflectivity data vapor interface form a two-dimensional hexagonal lattice.
For convenience we choose to index the peaks observed in
the basis of a degenerate two-dimensional body-centered

thatd,; =d to within the precision of the data.
The concentration decay leng#h is found to be much

0.0075—— i B L e B A

—e— Model 1 orthorhombic lattice withra=0.342 nm and=0.592 nm. In

0.007 | & ~Model2 ] this basis the peaks are indexed as ¢h®, (20), (22), and
NE _ (31) reflections, respectively. In this two-dimensional crys-
£ 0.0065 . talline monolayer the nearest-neighbor separation is 0.342
”bi i nm, which is about 2% smaller than the nearest-neighbor

] separation in bulk crystalline P@®.350 nm. Our measure-
ments also show that the intensities of tfiegl) and (20)
diffraction peaks can be very much larger in magnitgas
much as 100-foldthan the maximum intensity of the broad
0 a3 o w Ta o w0 peak in the d!ffraction pattern lof liquid Ga.
TCC) The full width at half maximum(FWHM) of the (11)
reflection is approximately equal to the angular resolution of
FIG. 7. The temperature dependences@f, for the 0.025 wt% the spectrometer as we used it. This observation implies that
PbGa alloy. Results for the two model analyses of the reflectivitythe correlation length for translational order in the two-
are shown. dimensional hexagonal lattice, which is likely determined by

0.0061

0.00551-
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inhomogeneous distribution of orientations of large two-
dimensional crystalline domains in the Pb monolayer.

Although the x-ray reflectivity measurements imply that
the excess Pb in the liquid-vapor interface of the alloy forms
a monolayer, those measurements are not sensitive to the
presence or absence of a minute number of very small crys-
tals of bulk Pb. To confirm that the observed GIXD patterns
arise from a two-dimensional ordered array of Pb atoms, and
not from bulk crystals of Pb, we carried out two tests.

One test is based on carrying out scans of (tt® peak
with fixed angle of incidencéx) and several different detec-
tor pick-off angles(B). The variation of detector angle is
equivalent to scanning alorey . With the angle of incidence
fixed at 0.1°, the diffracted x rays were collected at angles
between 0.1° and 4.5°. If thel1) peak arises from diffrac-
tion from a bulk crystal its position must satisfy the condi-
tion qj,+qZ=const, which implies that the peak position
will shift to smallerq,, asq, increases. If, on the other hand,
the (11) peak arises from diffraction from a two-dimensional
crystal, its position satisfies the conditigg,= const, and is
independent of],. Consequently, a measurement of the shift
in position of the(11) peak as a function ofj, will distin-
guish between diffraction from two-dimensional and three-
dimensional crystals. As shown in FigsaPand 9b), the
position of the(11) peak does not depend on the valueof
The same result is obtained from a study of the position of
the (20) peak as a function adj, [see Fig. &)].

A second test is based on measurement of the intensity of
the (11) diffraction peak as a function af,. Over the range
of detector pick-off angle we used08<4.5°, there would
be no change in the intensities of the diffraction peaks from
a two-dimensional crystalline Pb monolayer that exhibits no
roughness. Our fits to the reflectivity data imply that the Pb
monolayer has a small, but nonzero, roughness, which we
account for with a Debye-Waller factor. Then, we expect
that the intensity as a function of, is damped as
exp(—o52). Figure 1Qa) displays the results of several
such measurements. We found that in any particular scan
sharps peakéwith widths much smaller than the instrumen-
tal resolution of theq, scan) may occur; the intensities and
the positions of these peaks vary irregularly from one scan to
another. The intensities of the peaks vary, apparently ran-
domly, on a time scale of ten or more seconds. These obser-
vations suggest that the peaks are the signatures of motion of
the two-dimensional crystalline domains of the Pb mono-
layer. As these domains move in the footprint of the x-ray

Intensity (arb. units)

Intensity (arb. units)

Intensity (arb. units)

e
-1
q,,(mm™)

FIG. 8. Grazing-incidence x-ray diffraction from the liquid-

vapor interface of dilute PbGa alloys(a) Observed diffraction

pattern at 28 °C. This figure also shows the background scatterin gam, .Wlth flxe(.j.angle of qu_ence an.d flxqg” @ffergnt
from Ga, the stray scattering, and the resultant GIXD pattern afte iffraction conditions are satisfied. If this supposition is cor-

subtraction of the Ga and stray scatteringb) The GIXD pattern  '€Cl the true peak intensity can be obtained either from a
66°C. (c) The GIXD pattern at 76 °C. very long scan or from the superposition of multiple scans

carried out on a time scale shorter than the time scale of the
intensity variation. The time available at a synchrotron x-ray

. ) source, coupled with the small rate of diffusion of two-
the average ordered domain size in the samples studied, Cgfmensional ordered domains, makes the latter the method of

be much larger thap some tens of nanometers. However, Weoice. Figure 1) displays the results of averaging 69
are not able to obtain a precise value of the correlation lengtlcans of intensity versusg, for the (11) diffraction peak.
from the data available. In qualitative support of this infer- Comparisons of the measured intensity of th® diffraction
ence we note that it is difficult to record all of the observedpeak with the theoretical intensities for tigl) diffraction
diffraction peaks in one GIXD scan, and the relative intensipeaks from a monolayer and from a 3D powder indicate that
ties of these peaks change irregularly from scan to scanhe Pb atoms form a monolayer in the liquid-vapor interface
These observations are consistent with the existence of asf the alloy[Fig. 10b)].
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] FIG. 10. (a) Three individualB scans of the(11) diffraction
7 4 E peak with fixed @ as a function ofg,. (b) The average of 68
6 D crystaﬁ ; scans of thé11) diffraction peak with fixed 2 as a function ofy, .
— 5— 3D crystals *‘4‘ .
< 3t E ordered phase corresponds to a positional correlation length
2k ] of at least 25 nm, while the FWHM of thell) diffraction
. 3 Peak (2 0) E peak in the less ordered phase corresponds to a positional
: ] correlation length of about 4 nm. The apparently discontinu-
U S S S I G ous change in the positional correlation length across the
36 361 362 363 364 365 366 367 transition suggests that it is first order.
O q, (om™)
FIG. 9. (a) Scans of thé11) GIXD peak with different detector :
pick-off angles(B). (b) The position of the center of théll) 250 ¢ 3
diffraction peak as a function a@f,. (c) The position of the center E AT : ]
of the (20) diffraction peak as a function af, . 20 L J
g E B ]
E 15¢ ]
Around 58 °C the GIXD patterns fall into two categories. - ot 1
Sometimes the FWHM'’s of thé¢l1l) and (20) diffraction s
peaks are small and sensibly equal to our instrumental reso- st @ g
lution, and sometimes about five to six times larger. In both : e
kinds of GIXD pattern the positions of the diffraction peaks e
are the same. Although we have not captured coexistence of 30 40 o C) 60 70 80

narrow and broad diffraction peaks in the same GIXD scan,
these results imply that there is a phase transition at about FIG. 11. Translational correlation length as a function of tem-
58 °C, which is the midpoint of the temperature range ovelperature, obtained from deconvolution of the obser{l) reflec-
which there is an abrupt change in correlation len@b®e tion peak with the instrument resolution function. The instrumental
Fig. 11). The FWHM of the(11) diffraction peak in the more resolution function corresponds to=28 nm.
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IV. DISCUSSION alloy supports a two-dimensional crystalline layer of Pb even
our observations lead to the followina three infer- when the bulk Pb concentration is very far below the solu-
9 bility limit of Pb in Ga. On the other hand, given that the

ences: (1) The excess Pb in the liquid-vapor interface c)f'nten‘ace in question does support a two-dimensional crystal-
dilute PbGa alloys forms a monolayer that is the outermosk q pp y

stratum of that interface. (2) At temperatures below 58 °C ine monolayer, the existence of phase transitions within that

. . onolayer is to be expected. For example, a monolayer of
that Pb monolayer forms a two-dimensional hexagona . .. .
. . ) ) - ong-chain amphiphile molecules supported at the air-water
solid. (3) A first-order solid-to-disordered(liquid or . . "
. " : nterface is known to undergo several transitions between
hexatig phase transition occurs in that monolayer at abou ! . . ;
58°C wo-dimensional ordered phases. The only issue is, then,

The conclusion that the excess Pb in the liquid-vapor in_vvhether the experimental window available includes the

terface of a dilute PbGa alloy forms a monolayer that is th temperatures and/or surface densities at which such transi-

Gions occur. Apparently, this is the case for the dilute Pb-

outermost stratum of that interface is supported by the resultﬁ]_Ga alloys we have studied

of self-consstentgggntum Monte Carlo S"’”P'a“‘?”s,fep?”ed The character of the phase transition in the Pb monolayer
by Zhao and Rice” The calculated density distribution g reminiscent of the freezing transition in a two-dimensional

along the normal to the interface is in good agreement withyne_component plasma. That transition is first order, and it
that inferred from the experimental data. occurs with zero density changthere is a nonzero entropy

In our preliminary report of this work we suggested that changg. The zero density change across the transition is a
the less ordered phase cannot be a liquid, since the first- ardnsequence of the assumption that the neutralizing jellium
second-neighbor separations in a liquid are never in the samgackground is rigid, whereupon the constraint of electroneu-
ratio as in the crystalline solid. However, examination of thetrality requires superposition of the charge densities of the
pair correlation function of a dense two-dimensional liquidjellium and the mobile component. In our case, the chemical
has convinced us that this observation is not relevant. Sincgotential of the electrons in the Pb monolayer must be the
we do not have sufficient experimental rangegispace to same as the chemical potential of the electrons in the bulk
determine the rate of decay of the envelope of the pair corliquid, which is almost pure Ga. Since the variation of the
relation function, our data do not determine if the disorderediensity of Ga over the temperature range we have studied is
state observed is a liquid or a hexatic. We also note that owery small, we infer that the chemical potential of the elec-
experiments do not directly determine the density of the Pltrons in the monolayer corresponds to a system with nearly
monolayer. Nevertheless, we believe that our inference thdixed density. Moreover, since the Fermi temperature of Ga
the density change across the transition is very small oris very high, the chemical potential of the electrons will de-
possibly, zero, from the observation that the diffraction peakpend mainly on the electron density and only very weakly on
positions are the same in the low- and high-temperatur¢éhe temperature. Accordingly, we suggest that it is reason-
phases, is accurate. able to expect that the freezing of the Pb ions into a hexago-

The uncertainty concerning the intervention of a hexaticnal lattice will imitate the behavior of a one-component
phase in the melting of the Pb monolayer is also present iplasma, i.e., occur with zero density change. It is of interest,
Monte Carlo simulations carried out by Chekmarev, Oxtoby,in this context, that the results of the most recent computer
and Rice® Those calculations show that, if a hexatic phasesimulations of the crystallization of a classical two-
does lie between the ordered solid and the liquid, the densitgimensional one-component electron plasma hint, but do not
range over which it is stable is extremely small. We note thaprove, that the two-dimensional crystal phase melts to a
Celestini, Ercolessi, and Tosatti have suggested, on the bagigxatic phasé’
of the results obtained from simulations using the “glue The formation of a two-dimensional crystalline layer
model” Hamiltonian for liquid metals, that the outermost bounding the liquid-vapor interface of liquid Ga should be
layer of the liquid-vapor interface of a pure metal will ex- expected to influence the transverse pair correlation function
hibit hexatic ordering® These investigators do not report of Ga in the interface and the longitudinal distribution of Ga
any results concerning the character of the transitions beatoms across the interface. The signature of the former effect
tween liquid and hexatic packing, or solid and hexatic packis the appearance of satellite diffraction peaks separated from
ing, in the liquid-vapor interface. the diffraction peak of Ga by plus and minus the magnitudes

The formation of an ordered monolayer of the excesof the reciprocal lattice vectors of the Pb lattice. We do not
component segregated in the liquid-vapor interface of an alsee such peaks, implying that the interaction between Pb and
loy is, to our knowledge, extremely unusual. In the otherGa is very weak. This implication is supported by the calcu-
dilute alloy systems that have been investigated, namelyations of Zhao and Ric& The signature of the latter effect
BiGa*?’SnGa?® and InG&! the segregated excess compo-is enhancement of the amplitudes of the density oscillations
nent in the liquid-vapor interface forms a liquid monolayer.in the interface relative to the values characteristic of the
Yet, in each of these cases, the temperature at which tHeguid-vapor interface of pure Ga. A comparison of the fits to
alloy was studied is well below the freezing point of the bulk the longitudinal density distribution of Ga in the pure Ga
liquid phase of the component in excess in the liquid-vapotiquid-vapor interface and in the liquid-vapor interface of the
interface. It is known that a long-chain amphiphile that isPbGa alloys shows that the presence of the crystalline Pb
insoluble in water will form an ordered monolayer at the monolayer has negligible effect. The implication of this re-
air-water interface, but it is not clear that this observation hasult is that the flexibility of the two-dimensional lattice of Pb
any relevance for understanding the behavior of the PbGatoms is sufficiently great not to measurably constrain the
alloy. In particular, the liquid-vapor interface of the PbGa capillary wave excitations of Ga. This inference is supported
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