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Simulations are carried out to investigate surface segregation in liquid mixtures with strong interspecies
attraction. The simulations show that the majority species of particles segregates to the surface, even if the
other species has the lower pure-component surface tension. This behavior is expected in metal-metalloid
mixtures, such as Ni-P, and mixtures in which hydrogen bonds can form only between unlike species, such as
acetone-chloroform.
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Concentrations at the surfaces of multicomponent liquids
generally differ from the concentrations in the bulk. This
surface segregation can have important consequences, in that
glasses prepared by cooling such liquids will have the sur-
face segregation locked in. Since many applications involve
processes occuring at surfaces, these processes will depend
on surface concentrations that differ from the bulk concen-
trations.

The usual case of surface segregation involves the enrich-
ment at the surface of the species with the lowest surface
tension. However, we show here that in systems with strong
inter-species attraction, the direction and magnitude of seg-
regation are highly dependent on the bulk concentration.

Strong interspecies attraction occurs in metal-metalloid
mixtures (e.g., Ni-P), due to the strong covalent bonding
forces between the transition metald electrons and the met-
alloid p electrons[1]. Strong interspecies attractions also oc-
cur in mixtures where hydrogen bonding occurs only be-
tween different species(e.g., acetone-chloroform) [2,3].

Before presenting simulation results that demonstrate the
concentration-dependent effects, we discuss surface segrega-
tion in terms of a mean-field lattice model in order to antici-
pate the interesting regions of parameter space. A two com-
ponent system with bulk concentrationxA is modeled on a
lattice with a coordination number ofz; the interaction en-
ergy for nearest neighbors of componentsi and j is denoted
Eij . Following Guggenheim[4], the surface is considered as
a monolayer in equilibrium with the bulk, withz8 interac-
tions between the monolayer and the bulk. The relevant
quantities that affect surface segregation arex=sEAB

−EAA/2−EBB/2d, which is the enthalpy of mixing per mol-
ecule, andaDg, whereDg=gA−gB is the difference in the
pure component surface tensions anda is the surface area
covered by one lattice site at the surface.

Some pertinent results of the mean-field lattice model are
summarized in Fig. 1. In Fig. 1 the diagonal solid line rep-
resents values ofx andaDg for which the concentration in
the surface monolayer is the same as in the bulk. The region
of parameter space to the right of the solid line represents
enrichment inB, and the region to the left of the solid line

represents enrichment inA. The balance between the effects
of aDg and x is concentration dependent: the slope of the
line that separatesA enrichment fromB enrichment is
z8 / s1−2xAd and ranges from 1 in the limitxA→0, to` in the
limit xA→0.5, to −1 in the limitxA→1. Most importantly,
there is the potential for a competition between the effects of
Dg andx :Dg acts to enrich the surface with the lower sur-
face tension component(i.e., enrichment of componentB,
for Dg.0, enrichment of componentA for Dg,0), whereas
x acts in a concentration-dependent way(i.e., enrichment of
the minority species forx.0, and enrichment of the major-
ity species forx,0).
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FIG. 1. A map of the parameter space for the Guggenheim
model for surface segregation. The solid diagonal line shows values
of x and aDg for which the surface and bulk concentrations are
equal. Results for bulk concentrations of componentA of (a) 0.1,
(b) 0.4, and(c) 0.9 are given. The region of parameter space to the
left of the solid line(vertical hatching) is where the surface is en-
riched in speciesA, and the region to the right of the solid line
(horizontal hatching) is where the surface is enriched in speciesB.
The shaded area is where the surface segregation is in the contrary
direction to that which one would expect from the surface tension.
The dashed line indicates the critical value ofx, xc above which
bulk phase separation occurs.
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Thus, the effects ofx can in some cases reverse the sur-
face segregation expected on the basis of the pure component
surface tensions. This “surface segregation reversal” can oc-
cur in principle with both positive and negativex, when the
magnitude ofx is sufficiently large. The regions of parameter
space in which this surface segregation reversal occurs are
shaded in Fig. 1. We note the lattice model predicts that
surface segregation reversal can never occur in the case of
London dispersion forces, which follow the mixing rule
EAB=sEAAEBBd1/2.

While in principle both positive and negativex can re-
verse the effects of the pure component surface tensions, we
point out here that only the negativex is likely to be signifi-
cant in this regard. Asx becomes strongly positive, phase
separation occurs in the bulk; in this mean-field lattice
model, phase separation occurs forx.chc=2kBT/z. As
shown in Fig. 1, this phase separation in the bulk will pre-
clude the surface segration reversal in most cases for positive
x. Therefore, this surface segration reversal will be observed
most readily for negativex.

We carry out simulations to address surface segregation in
two systems with strongly attractive interspecies interactions
sx,0d: a metal-metalloid mixture, and a mixture in which
hydrogen bonding occurs only between species.

A metal-metalloid system is addressed using the Ni-P
model originally created by Stillinger and Weber[5], and
modified by Kob and Andersen[6]. The model is a binary
Lennard-Jones system withePP=0.5eNN, eNP=1.5eNN, sPP
=0.88sNN, and sNP=0.8sNN. Both particle types have the
massm (although the mass does not affect the equilibrium
configurations discussed here). The unit of time is
smsNN

2 /eNNd1/2 and the unit of energy iseNN. This model of
Ni-P, with xN=0.8, has never been observed to demix—for
this reason it has been extensively used in the simulation of
supercooled fluids[7,8].

The surface tensions of the pure components Ni,P can be
found by reference to the reduced surface tension curve
grsTrd, where g=grsTrde /s 2 and the quantitygrsTrd de-
creases monotonically with increasingTrsTr =kBT/ed [9,10].
The result is that the surface tension of P is significantly less
than the surface tension of Ni, both because
eNN/sNN

2 .ePP/sPP
2 and becausegrsTr

Nd.grsTr
Pd (this latter

effect occurs becausekBT/eNN,kBT/ePP).
Simulations of the Ni-P mixture are performed for a clus-

ter numbering 4000 particles. A reduced time stept=0.003
and a reduced temperature ofT=0.55 are used for all simu-
lations. A radial harmonic potential that acts only at radii
exceeding 10sNN (which is outside the condensed phase) is
added to prevent the slow evaporation of the cluster; we
verified that the position of this containing potential does not
influence the cluster. The vapor phase is very sparse at this
temperature and thus exerts a negligible force on the cluster,
which may be considered to be at low pressure. Each simu-
lation is run for at least 200 000 steps to establish equilib-
rium. The temperature is set by means of a Gaussian thermo-
stat, and every 500 steps a new distribution of velocities is
drawn. We also ran Monte Carlo simulations of the same
system, and equivalent results were obtained.

Simulations of the Ni-P mixture were carried out for dif-
fering concentrations of Ni and P atoms. Profiles for the local

number fraction of Ni as a function of radial distance from
the cluster center are given in Fig. 2. The total particle den-
sity profile is also plotted to show the position of the surface,
defined as where the particle profile has fallen to one-half the
bulk value; the position of the surface is marked by a dashed
line. The simulated temperature is above the glass transition
temperature, so the liquid cluster adopts the form of a spheri-
cal droplet. We verified that particles within the cluster dif-
fuse significantly over the timescale of the simulation.

For the overall number fraction of Ni,xN=0.2, the local
number fraction in the interior remains constant at about 0.2,
whereas in the surface region there is a substantial enrich-
ment of the P atoms. The enrichment takes place at the sur-
face but in a region of significant particle density(i.e., not
only in the tail of the density distribution). SincegP,gN,
this surface enrichment of the P atoms concurs with the ex-
pectation based on the pure component surface tensions.

In contrast, forxN=0.8 there is a substantial enrichment of
the Ni atoms. This surface enrichment of Ni occurs despite
the fact that Ni has the larger pure component surface ten-
sion.

We also ran simulations at other number fractions. The
majority particle species was found to be enriched at the
surface in each case—simulations were carried out showing
this general principle remains true even for Ni-PxN=0.45,

FIG. 2. Simulation results for the Ni-P system; profiles of the
local number fraction of Ni and the local total particle number
density as a function of radial distance from the center of the clus-
ter. The overall proportions of particles present arexNi =0.8 shd,
and xNi =0.2 smd. The dotted lines mark the surface(defined as
where the particle density has fallen to 50% of the bulk value).
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and xN=0.55 and negligible surface enrichment is observed
for xN=0.5. So the Ni-P mixture behaves qualitatively like
the Guggenheim lattice model forx,0 andDg,0. For the
Ni-P mixture it is true thatx,0, however the surface ten-
sions of the pure Ni,P components are significantly different,
so one would expect to see segregation whenxN=0.5. Devia-
tions from the lattice model are expected, due to the differ-
ent, and nonadditive, sizes of the Ni,P atoms and also the
fact that the surface is not a sharp monolayer in the simula-
tion.

The other system that is simulated is a mixture in which
hydrogen bonding occurs only between unlike species(see
Fig. 3). In this model, the state of each particle is described
by an orientation in addition to a position. All particles in-
teract with an orientation-independent van der Waals interac-
tion. In addition, interspecies interactions include an
orientation-dependent hydrogen bonding interaction. The de-
tailed pair interactionsFabsr ij ,ui ,u jd are given by

Fabsr ij ,ui,u jd = uvdWsr ijd + s1 − dabduhbsr ij ,u j,u jd

uvdW = 5` if 0 , r ij , 1

− e ø r ij , s

0 r ij ù s

s1d

uhb = H− ehb if 1 , r ij , rc, ui , uc, u j , uc

0 otherwise
,

wheres=1.5, rc=1.2, uc=27° anda ,b denote the types of
interacting particles. The angleui is the angle between the
orientation vector of particlei and the vector connecting par-
ticles i and j . This model is based on a model used to exam-
ine the phases of a hydrogen bonded self-associating fluid
(acetic acid) [11]. The parameters are chosen such that each
particle will likely form hydrogen bonds with only one other
particle. In this model the intraspecies interactions are
identical—the only property that differentiates the two spe-
cies is that they can form hydrogen bonds only with the other
species. Thus, simulating thexA=0.8 system is identical to
simulating thexA=0.2 system with a relabeling of particles.

The interspecies hydrogen bonding system was simulated
by carrying out Monte Carlo simulations on clusters of 4000
particles in the 80:20 ratio at a temperature ofT=0.55. At
this temperature, the system behaves as a liquid. The simu-

lations are carried out for a range of the strength of the hy-
drogen bonding interactionehb. For ehbø1, the effect of the
hydrogen bonding is negligible(due to the small orientation
range in which hydrogen bonds can form). As ehb increases,
the lifetime of hydrogen bonded pairs increases(though the
system remains liquid).

For ehbù2 the majority species of particle starts segregat-
ing to the surface. The results forehb=5 are given in Fig. 4.
Since simulating thexA=0.8 system is identical to simulating
the xA=0.2 system with a relabeling of particles, reversing
the particle proportions produces the “same” result in that the
majority species again segregates to the surface. Thus, sur-
face segregation, whose direction depends on the bulk con-
centration, persists even when the attractive interspecies in-
teractions are highly directional.

The technological importance of metal alloy surfaces has
led to much work on the composition of the surface layers, in
Refs. [12–18], of crystalline alloys. However, the issues in-
volved in crystalline alloy can be very different than in liquid
alloys. For example, surface segregation is dependent on the
particular surface orientation[19]. Also the disparity in the
atom sizes is less important for disordered liquids, and espe-
cially in our simulations—in the case of the Ni-P system the
disparity in size is not great, while in the hydrogen-bonded
mixture there is no difference in particle sizes.

FIG. 3. Schematic of the particle interactions in the polar non-
associating system. Two particles of different types are shown as-
sociated here. The missing segment of the circle represents the an-
gular range over which the particle can associate with a particle of
the different species.

FIG. 4. Simulation results for the interspecies hydrogen bonding
system with interaction energyehb=5; profiles of the local number
fraction of majority particle species and the local total particle num-
ber density as a function of radial distance from the center of the
cluster. The dotted lines mark the surface(defined as where the
particle density has fallen to 50% of the bulk value).
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In contrast to the situation for crystalline systems, experi-
mental determination of the composition of liquid surfaces is
difficult, with results generally obtained indirectly(using sur-
face tension, neutron reflectivity, and electron diffraction
measurements) and requiring significant interpretation. Most
experiments on surface segregation in liquids have been car-
ried out on water-alcohol mixtures, which exhibit the usual
surface segregation effect(due to the difference in surface
tensions), the alcohol enriches the surface at all concentra-
tions [20]. Similarly, experimental studies on liquid metal
alloys have always found the lowest surface tension compo-
nent segregating to the surface[21].

Usually in liquid metal alloys there is a surface monolayer
composed almost completely of the low surface tension com-
ponent[21]. However, experiments on the liquid alloy mix-
ture Bi-In with xBi =0.22 show that the low surface tension
component(bismuth) segregates preferentially to the surface,
with a surface concentration ofxBi =0.35 (i.e., less segrega-
tion than usual). Thus, this experiment shows that the
strongly attractive heteratomic interaction between Bi and In
(i.e., x,0) is at least capable of partly offsetting the usual
surface tension effect.

The present analysis can help guide experimental investi-
gations to detect surface segregation reversal. The Guggen-
heim model(see Fig. 1) shows that the region ofx−Dg
parameter space, where surface segregation occurs in a di-
rection contrary to that suggested by surface tension, is larg-
est in the dilute limit. Thus a reversal in the usual surface
segregation direction is most likely to be observed in experi-
ments carried out at low concentrations of the low surface
tension component.

It is instructive to develop a simple picture of the physics
driving the concentration-dependent surface segregation.
Particles at the surface have fewer neighbors and hence
fewer interactions than particles in the bulk. So if the en-
thalpy of mixing is nonzero, particles at the surface make a
smaller contribution to the effective enthalpy of mixing than
particles in the bulk. Supposing the surface tensions of the
pure components are equal, then a mixture can lower its
overall free energy by altering the composition of the bulk to
minimize the mixing enthalpy despite the resulting increase
in the enthalpy of mixing at the surface. Thus ifx,0, the
bulk becomes marginally more mixed and the surface de-
mixes so the majority species segregates to the surface,
whereas forx.0 the reverse occurs. In general, when the
surface tensions of the pure components are not equal, the
concentration dependent effect may oppose(or reinforce) the
usual tendency of the component with the lowest surface
tension to segregate to the surface.

In summary, simulations and theoretical analysis suggest
that surface segregation in liquid mixtures with strong inter-
species interactions depends on the concentration of the par-
ticles in the bulk, rather than just on the surface tensions of
the separate pure components. Our simulations suggest that
candidates for this concentration-dependent surface segrega-
tion include metal-metalloid mixtures(e.g., Ni-P) and mix-
tures where hydrogen bonds form only between unlike spe-
cies.
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