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Can Liquid Metal Surfaces Have Hexatic Order?
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We propose that extended orientational correlations can appear at the surface of supercooled heavy
noble liquid metals, due to the same compressive forces that cause reconstruction of their crystal
surfaces. Simulations for liquid Au show a packed surface layer structurally akin to a defected 2D
triangular solid. Upon supercooling, the density of unbound disclinations decreases as expected in
Nelson-Halperin's theory. It extrapolates to a hexatic transition about 350 K below melting, where a
sharp growth of orientational correlation length and time is also found. True hexatic order is preempted
by surface-initiated recrystallization. [S0031-9007(97)03001-9]

PACS numbers: 68.10.—m, 61.25.Mv, 68.35.Rh, 82.65.Dp

Heavy noble metals such as Au, Pt, or Ir have a general The original suggestion made by Nelson and Halperin
tendency to reduce their lateral interatomic distance at thgs] (extending earlier work of Kosterlitz and Thouless [7]),
surface, relative to the bulk. This tendency, whose microand pursued by Young [8] and others [9], that in 2D an in-
scopic origin has been traced to a relativistic intra-atomidermediate hexatic phase could appear between the solid
s-d energy shift [1], accounts for the zero-temperatureand the liquid, led to a wide search in a variety of sys-
reconstructions of the crystal surfaces. Remarkably, theems [9]. Beautiful realizations have been achieved such
lateral surface compression does not heal out with temas those in 2D colloidal systems [10], magnetic bubble lat-
perature. On the contrary, it is seen to persist, and in fadices [11], and vortex lattices [12]. On the other hand, the
to increase, as temperature rises. For example, the later2D simulation studies have been exceedingly controver-
first-layer atomic density of Au(111) and Pt(111) has beersial [9]. An important clue which emerged more recently
found to increase, relative to the bulk layer density, fromappears to be the choice of thermodynamic ensemble,
1.04 to 1.07, and from 1.0 to 1.05, respectively, betweenvith a strong preference of hexatic phenomena to show
room temperature and 1000 K [2]. Our present rationaleip in ensembles where density changes are naturally al-
for this somewhat surprising behavior is that at high tem{owed [13]. In grand-canonical conditions, the binding of
peratures the substrate periodic potential felt by the firstlisclinations taking place at the fluid-hexatic transition is
layer atoms is progressively reduced by thermal fluctuafacilitated, since it does not rely on the slow, canonical dif-
tions and by a large outwards expansion, so that shrinkadesion of defects. For instance, spontaneous creation of a
is less hindered by epitaxy. new disclination near a preexisting one can lead to a much

In the liquid metal surface, which constitutes ourfaster appearance of the dislocation bound state.
present concern, the periodic potential is absent alto- In the liquid metal surface, atom exchange between
gether. High lateral densities, now unhindered, can béayers can be extremely effective, with typical atomic
expected to persist, in conjunction with strong surface laydiffusion times of order 100 ps between first and second
ering, at least for temperatures which are not too high‘layer” for Au at the melting point [14]. This free
Close to the melting point, x-ray data have revealed verynterchange of particles with the liquid substrate makes
pronounced layering oscillations in the density profilesthe outermost layer of the liquid metal a 2D system which
normal to the surface in liquid metals such as Hg [3] ands naturally “grand-canonical” on a very fast, nanosecond
Ga [4], implying first layer lateral densities larger than thetime scale. This is fast enough, in particular, that even
bulk average. Based on simulations, we pointed out somerdinary, canonical molecular dynamics (MD) simulation
time ago [5] that still larger layering oscillations, and ashould be able to equilibrate orientational correlations
higher surface lateral density, should be expected for theiithout problems.
heavy noble liquid metal surfaces, boosted by the com- Moved by these motivations, we conducted very ex-
pressive tendencies just discussed. In addition, we founténsive MD simulations of the liquid gold surface. We
that supercooling makes the effect even stronger, with ased a slab geometry with two free surfaces, a thickness
nearly 2D-crystalline surface layer. This naturally raisedof =60 A and a lateral size of=120 A, for a total of
the question, which we resolve in this Letter, of whether50000 atoms. A second, smaller system with the same
it could be possible for hexatic, orientational ordering, orthickness but a lateral size ¢80 A was also studied
at least for very extended orientational correlations, to apin order to monitor size effects. Periodic boundary con-
pear at the free surface of a heavy noble liquid metal, suctitions were required parallel to the slab. Atoms inter-
as Au, Pt, or Ir, under suitable supercooling conditions. acted through the glue model Hamiltonian which is well
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documented for this system, providing a good descriptiong
of many properties of bulk solid and liquid Au, of the
melting temperaturel(, = 1320-1350 K, against an ex-

perimental value of 1336) of all the main solid surfaces
including their detailed energies and reconstructions, an
of the liquid surface tension at the melting point [5,15]. §
Constant-energy runs were used to generate atomic treg
jectories. Data were taken from 2000 K, well abdyg, R bt
to 950 K, well below. Data belowr,, clearly refer to & x
a supercooled liquid slab, whose lifetime we neverthe-¥%

less found to exceed 1 ns down To~ 1000 K. Below 8

1000 K, the lifetime dropped, and it became impossibleg
to equilibrate the liquid, due to (111) recrystallization

rapidly nucleating at both slab surfaces. Above 1000 K,
where the system remained liquid, we worked at tempera
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surface topmost, “first-layer” atoms in each configuration. 1
That was done using a prescription which proved to
work well in the past [5]. By representing atoms as | 1
spheres of radiugk, we define surface atoms as those
which remain fully visible, i.e., totally unshadowed from

above the. slab. .The optl_mz-R va}lue, corrfequndlng FIG. 1. Delaunay triangulation maps for the surface atoms of

to atoms in the first density profile peak in Figure 1,simulated liquid Au (larger system) &t = 1450 K (aboveT,,)

was found to bel.8 A, reasonably close to the atomic andT = 1000 K (supercooled). Fivefold (black) and sevenfold

radius. Figure 1 shows a Delaunay triangulation magwhite) disclinations are pinpointed. The two corresponding

[16] for the surface atoms, where disclinations (fivefolddensity profiles along the surface normal are also shown. The

and sevenfold) are pinpointed. At high temperature thergrSt peak correspond to first layer atoms in the maps.

is a high concentration of defects, both bound and free,

while the density profile surface peak is relatively weak S!t€1,

Conversely, the peak is very strong at low temperatures, ; (AL .

where the map shows large triangular domains, and a O¢ = N, Zexr(610,~j). ®3)

reduced density of free disclinationg. Theory predicts A

[6] a behavior of the form The sum is restricted to th¥; Delaunay surface neigh-

—24 bors of atomi, and 6;; is the angle formed by the

ny = eXF{T——T-)l/Z} @ i b_ond (projecteq on they pl_ane) v_vith thex a_xis.

i Positional correlations are defined similarly, using the
as the fluid-hexatic transition temperatui@@ is ap- surface atom local 2D density as the order parameter.
proached. We find that this equation fits very closelyCorrelation lengthsé, and & are obtained by fitting
our simulation data, withi = 2.2 K/2 and7; = 974K  the envelope of the computed correlation functions to an
(Fig. 2). This suggests that the liquid Au surface wouldexponential decay(r) — 1 ~ exp(—r/&,). Figure 3(a)
undergo, in its supercooled metastable state, a genuirshows that whereas above 1200 K positional and orien-
fluid-hexatic transition, if one could somehow preventtational surface correlation lengths are close, and about
recrystallization from taking place. 5 A, below this temperature the latter take off while

Encouraged by this result, we turned to a comparisoithe former do not. A fit of &(7) to theory, which
of positional and orientational spatial correlations, and ofredicts &(T) = exda/(T — T;)'/?] yields reasonable
their dynamics, versus temperature. The static orientaagreement for our larger system, with= 15.5 K'/2 and
tional correlation function is defined as T; = 942 K. There is, however, an alarmingly large dis-
N ik . j . crepancy with the parameter values of the disclination fit.
ge(r.1 = 0) =({0'(r.1 = 0)05(0.1 = 0)).  (2) The disagreement turns out to be instructive and is ex-
where the orientational order paramet®y is, at surface plained by a size effect. By comparing our small and

RAYAYAY
N
NS
DSOK

AV
SOk
KL
X
KN
VAYAY)

SDOODIK IR N
VA TS TAVATATAVANL, YAV Y, T
O R OAVAVAVAVAY L TATAVAN s,
P OARROSOTOOOZIOOOR!
VOR VA'AVA\"e A\
vaY

OSS
o

A"
5
o
K
A

AR

N

AV
,

i~

SRS

A

N v
YR

a
7AVATA"
X
X
A
S,
S

v,

Kk
%y,

.,
XK

VAT

X

S
s

)
a

Yav, !
QRS
SRR
ROy

N

,
5
3
X
Y

A
A
AN

N,

"a)
%
VavaVAYAY

AAY;
Vs
Navavavay,
aY %
K3

KN

AT

N
RSN

XK

5
TAVAVAVAV, W/ "4 7
S
XX
S

o
2

K
K
Y,

3154



VOLUME 78, NUMBER 16 PHYSICAL REVIEW LETTERS 21 ARIL 1997

known to be extremely large in related systems such as the
XY model [17]. Fortunately (a proper size scaling being

0.025 | -

e presently out of the question), the one-body disclination

0.020 - | density is instead well converged (Fig. 1). We conclude
that, even thougl¥g is still far from convergence even

001 | | in the large system, the disclination fit parameters should

© LARGE SYSTEM safely represent the infinite system.

As theory suggests [18], and as the colloidal experi-
ments have demonstrated [10], the temperature-dependent
orientational relaxation times can provide an even
) stronger dynamical signature of hexatic phenomena. We
computed the positional and orientational correlation
1000 12000 14000 16000 18000 timeST,,_ andr¢ by an exponential time fit of the envelope

TEMPERATURE (K) of the time-dependent 2D structure facto(k, 1), where
K is the frustrated reciprocal lattice spacing, and of

FIG. 2. Density of free disclinations (of both signs) for the time-dependent orientational correlation function
the liquid metal surface as a function of temperature. Full

diamonds, larger system; open circles, smaller system: solig6(” = 01)- Figure 3(b) shows the results for the larger
curve, fit to qu (1)_y P y system. Below about 1200 K is found to rise dramat-

ically (note the log scale) while, does not. There is

o a clear orientational slowing down, which complements
large systems, we observe that whereas disclination densjery well the static results, and also suggests that a likely
ties hardly depend on size, the growth of long-ranged oriexperimental signature to be sought at the liquid metal
entational correlations is enormously hampered by sizesrface might be dynamical rather than static.
As Fig. 3(a) shows, a decrease of lateral size from 120 |n spite of these growing correlations, true hexatic long-
to 80 A is sufficient to damage the rise @fs, reduc- range order appears, in our particular system, to be nar-
ing it (at 1000 K) from 12.5 t67.5 A. This is, we sur-  rowly preempted by recrystallization. Already at 1000 K,
mise, an independent signature of the Coulomb nature Qffter a lifetime of about 0.5 ns the liquid slab suddenly
effective interactions between disclinations in the liquidgiarts recrystallizing. At 950 K, the liquid lifetime (start-
metal surface. Size effects in two-body correlations areng with the 1000 K liquid configuration) drops to less
than 0.1 ns. Recrystallization proceeds with two fronts
starting simultaneously at the two surfaces. At 1000 K,
we analyzed first the metastable liquid surface, and then
the moving recrystallization front, monitoring values of
&6 and ¢, in the successive layers as a function of depth
[14]. As shown in Fig. 4 the front is split, an orientational
ordering frontprecedinga positional ordering, crystalline
front. The intermediate region, where orientational corre-
lations are extended, but positional correlations are short,
is strongly layered (not shown) and extends for a thickness
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0.010

0.005 -

RELATIVE FREE DISCLINATION DENSITY

15.0

10.0

CORRELATION LENGTH (A)
o
=

=
=]

10

b

=
<
L

. PROPAGATING
B ———
SN XO

-
W

10

vy

CORRELATION TIME (ps)

. STATIC K"<>..
A A 5 k

>.-...x:i:-’:‘~x.l T “g*,,‘ @ 8

wn
»

1 1 1

1000 1200 1400 3

TEMPERATURE (K) T S S S S N S

1 2 3 4 5 6 7 8 9 10 11 12
LAYER NUMBER

CORRELATION LENGTH (A)
—
]

FIG. 3. (a) Orientational (full diamonds) and positional
(empty diamonds) correlation lengths. Open circles: Orien-
tational length for the smaller system. The full line is a fit FIG. 4. Orientational (diamonds) and positional (triangles)
to theory (see text). (b) Orientational (full diamonds) andsurface depth profiles. Bottom: Liquid surfad,= 1000 K.
positional (empty diamonds) correlation times. Dotted linesTop: During recrystallization. Note that the orientational front
are guides to the eyes. precedes the positional front.
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