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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.

DOI: 10.1103/PhysRevE.70.010501 PACS nuni®er61.20.Ja, 68.03.Cd

Concentrations at the surfaces of multicomponent liquidsepresents enrichment i The balance between the effects
generally differ from the concentrations in the bulk. This of aAy and y is concentration dependent: the slope of the
surface segregation can have important consequences, in thigle that separatesA enrichment fromB enrichment is
glasses prepared by cooling such liquids will have the surz’/(1-2x,) and ranges from 1 in the limik,— 0, to in the
face segregation locked in. Since many applications involveimit x,— 0.5, to -1 in the limitx,— 1. Most importantly,
processes occuring at surfaces, these processes will depegre is the potential for a competition between the effects of
on ;surface concentrations that differ from the bulk CONCeN ,, and y: Ay acts to enrich the surface with the lower sur-
trations. face tension componert.e., enrichment of componers,

The usual case of surface segregation involves the enticho, 1.~ o, enrichment of componetfor Ay<0), whereas
ment at the surface ot the Spectes Wi © lowest SUrace acts in a concentration-dependent wag., enrichment of

tension. However, we show here that in systems with stron e minority species fog >0, and enrichment of the major-
inter-species attraction, the direction and magnitude of SGny species fory<0) '

regation are highly dependent on the bulk concentration.
Strong interspecies attraction occurs in metal-metalloid
mixtures (e.g., Ni-B, due to the strong covalent bonding X x,=0.1
forces between the transition methklectrons and the met-
alloid p electrong1]. Strong interspecies attractions also oc-
cur in mixtures where hydrogen bonding occurs only be-
tween different specie®.g., acetone-chloroforni2,3. === amemmeme-bhfocaeoa- X=X
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 concentratioy is modeled on a (a)
lattice with a coordination number & the interaction en- X
ergy for nearest neighbors of componentndj is denoted “
Ejj. Following Guggenheini4], the surface is considered as
a monolayer in equilibrium with the bulk, witk’ interac- DU | S o CE N I
tions between the monolayer and the bulk. The relevant 3 DA
guantities that affect surface segregation gye(Eag ady v
—Eaa/2—-Egg/2), which is the enthalpy of mixing per mol-
ecule, andaAy, where Ay=vy,—vg is the difference in the (b) (c)
pure component surface tensions amds the surface area
covered by one lattice site at the surface. FIG. 1. A map of the parameter space for the Guggenheim
Some pertinent results of the mean-field lattice model arénodel for surface segregation. The solid diagonal line shows values
summarized in Fig. 1. In Fig. 1 the diagonal solid line rep—Of x and aAy for which the surface and bulk concentrations are
resents values of andaAy for which the concentration in equal. Results for bulk _concentratioqs of componardf (a) 0.1,
the surface monolayer is the same as in the bulk. The regiof?) 0-4. and(c) 0.9 are given. The region of parameter space to the
of parameter space to the right of the solid line representlb?ft of the solid line(vertical hatching is where the surface is en-

enrichment inB, and the region to the left of the solid line riched in species\, and the region to the right of the solid line
' (horizontal hatchingis where the surface is enriched in spedies

The shaded area is where the surface segregation is in the contrary

direction to that which one would expect from the surface tension.
*Electronic address: mjo8@cwru.edu The dashed line indicates the critical value xof x. above which
"Electronic address: djl15@cwru.edu bulk phase separation occurs.

Increasing x
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Thus, the effects of can in some cases reverse the sur- 1 .

face segregation expected on the basis of the pure componer 3 D':ﬂ:[]]
surface tensions. This “surface segregation reversal” can oc-2 !
cur in principle with both positive and negatiwe when the 08 Opooo DDDDDDD :
magnitude ofy is sufficiently large. The regions of parameter '
space in which this surface segregation reversal occurs are® 0.6
shaded in Fig. 1. We note the lattice model predicts that:—is
surface segregation reversal can never occur in the case co

e part
O
[}

London dispersion forces, which follow the mixing rule § . A A A AAa,, ,
Eas=(EanErp) "> 35 A '

While in principle both positive and negative can re- & 92 A
verse the effects of the pure component surface tensions, wi A,
point out here that only the negatiyeis likely to be signifi- o Adpiiiid
cant in this regard. Ay becomes strongly positive, phase 25

separation occurs in the bulk; in this mean-field lattice

; A
model, phase separation occurs fge>ch.=2kgT/z. As A ada A‘AA

> 2

shown in Fig. 1, this phase separation in the bulk will pre- G A
clude the surfac_e segration reve(sal in most cases for positive§ 0o g Upooopo Dgﬁ - !
x- Therefore, this surface segration reversal will be observed ; 1.5 ™ '
most readily for negative. o Aot
We carry out simulations to address surface segregation ir‘g . !
q

A

two systems with strongly attractive interspecies interactions
(x<0): 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 Webgs], and
modified by Kob and Andersef6]. The model is a binary 1.2 3.2 5.2 7.2
Lennard-Jones system witkpp:O.SeNN,_ enp=1.5enn, Opp radial distance
=0.88r\n, and op=0.80n. Both particle types have the
massm (although the mass does not affect the equilibrium FIG. 2. Simulation results for the Ni-P system; profiles of the
configurations discussed hgreThe unit of time is local number fraction of Ni and the local total particle number
(mo"\le/ 6NN)1/2 and the unit of energy ig\y. This model of density as a function of radial distance from the center of the clus-
Ni-P, with xy=0.8, has never been observed to demix—forter. The overall proportions of particles present age=0.8 (),

this reason it has been extensively used in the simulation Gind x\i=0.2(A). The dotted lines mark the surfacdefined as
supercooled fluid§7,8]. where the particle density has fallen to 50% of the bulk value

The surface tensions of the pure components Ni, P can b§,mper fraction of Ni as a function of radial distance from
found by reference to thg reduced surface tension curvgye cjyster center are given in Fig. 2. The total particle den-
%(T:), where y=y(T,)e/o* and the quantityy,(T,) de- ity profile is also plotted to show the position of the surface,
creases monotonically with increasiiig(T,=ksT/€) [9,10.  defined as where the particle profile has fallen to one-half the
The result is that the surface tension of P is significantly lesulk value; the position of the surface is marked by a dashed
than the surface tension of Ni, both becauseline. The simulated temperature is above the glass transition
enn 0> eppl 02 and because,(TN) > v, (TF) (this latter  temperature, so the liquid cluster adopts the form of a spheri-
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effect occurs becaudgT/ eyy<kgT/€pp). cal droplet. We verified that particles within the cluster dif-
Simulations of the Ni-P mixture are performed for a clus-fuse significantly over the timescale of the simulation.
ter numbering 4000 particles. A reduced time steq0.003 For the overall number fraction of Nky=0.2, the local

and a reduced temperature £ 0.55 are used for all simu- number fraction in the interior remains constant at about 0.2,
lations. A radial harmonic potential that acts only at radiiwhereas in the surface region there is a substantial enrich-
exceeding 1Qryy (Which is outside the condensed phase  ment of the P atoms. The enrichment takes place at the sur-
added to prevent the slow evaporation of the cluster; wdace but in a region of significant particle densitye., not
verified that the position of this containing potential does notonly in the tail of the density distribution Since yp< yy,
influence the cluster. The vapor phase is very sparse at ththis surface enrichment of the P atoms concurs with the ex-
temperature and thus exerts a negligible force on the clustepectation based on the pure component surface tensions.
which may be considered to be at low pressure. Each simu- In contrast, forxy=0.8 there is a substantial enrichment of
lation is run for at least 200 000 steps to establish equilibthe Ni atoms. This surface enrichment of Ni occurs despite
rium. The temperature is set by means of a Gaussian thermthe fact that Ni has the larger pure component surface ten-
stat, and every 500 steps a new distribution of velocities ision.
drawn. We also ran Monte Carlo simulations of the same We also ran simulations at other number fractions. The
system, and equivalent results were obtained. majority particle species was found to be enriched at the
Simulations of the Ni-P mixture were carried out for dif- surface in each case—simulations were carried out showing
fering concentrations of Ni and P atoms. Profiles for the locathis general principle remains true even for Nkf=0.45,
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FIG. 3. Schematic of the particle interactions in the polar non- § ™ L4 ® ® L

associating system. Two particles of different types are shown as-+3
sociated here. The missing segment of the circle represents the arg
gular range over which the particle can associate with a particle of  0.75
the different species.

and xy=0.55 and negligible surface enrichment is observed ®
for xy=0.5. So the Ni-P mixture behaves qualitatively like
the Guggenheim lattice model far<0 andAy~ 0. For the
Ni-P mixture it is true thaty<<0, however the surface ten-
sions of the pure Ni, P components are significantly different,
so one would expect to see segregation wkgn0.5. Devia-
tions from the lattice model are expected, due to the differ-
ent, and nonadditive, sizes of the Ni,P atoms and also theS o5
fact that the surface is not a sharp monolayer in the simula-&
tion. ®

The other system that is simulated is a mixture in which 55 65 75 65 o5 105 11'5
hydrogen bonding occurs only between unlike spe¢ses ‘ oo ’ ' ‘ ’
Fig. 3). In this model, the state of each particle is described radial distance

by an o_rientatio_n in a.ddit.ion to a position. All partICI(_es In- FIG. 4. Simulation results for the interspecies hydrogen bonding
teract with an orientation-independent van der Waals mteracs-ystem with interaction energs;,=5; profiles of the local number

tion. In addition, interspecies interactions include ansaction of majority particle species and the local total particle num-
orientation-dependent hydrogen bonding interaction. The deser density as a function of radial distance from the center of the

tailed pair interactionsb ,4(r;;, 6, 6;) are given by cluster. The dotted lines mark the surfa@zfined as where the
article density has fallen to 50% of the bulk value
D5, 6, 6)) = Uyaw(rij) + (1 = Sop)Unp(rij, 6;, 6;) P Y

| particle density

lations are carried out for a range of the strength of the hy-
o if 0<r;<1 drogen bonding interactiog,,. For e,,<1, the effect of the
hydrogen bonding is negligibl@ue to the small orientation

Uaw=1"€ <Tj<o (1) range in which hydrogen bonds can fotrAs e, increases,
0 =0 the lifetime of hydrogen bonded pairs increagig®ugh the
system remains liquid
e 0 L <ry<r, 6,<6, <6 For €,,= 2 the majority species of particle starts segregat-
Unp = 0 otherwise ' ing to the surface. The results fey,=5 are given in Fig. 4.

Since simulating the,=0.8 system is identical to simulating
whereo=1.5,r.=1.2, §.=27° anda, 8 denote the types of the x,=0.2 system with a relabeling of particles, reversing
interacting particles. The anglg is the angle between the the particle proportions produces the “same” result in that the
orientation vector of particleand the vector connecting par- majority species again segregates to the surface. Thus, sur-
ticlesi andj. This model is based on a model used to examface segregation, whose direction depends on the bulk con-
ine the phases of a hydrogen bonded self-associating fluidentration, persists even when the attractive interspecies in-
(acetic acigl [11]. The parameters are chosen such that eacteractions are highly directional.
particle will likely form hydrogen bonds with only one other ~ The technological importance of metal alloy surfaces has
particle. In this model the intraspecies interactions arded to much work on the composition of the surface layers, in
identical—the only property that differentiates the two spe-Refs.[12-18, of crystalline alloys. However, the issues in-
cies is that they can form hydrogen bonds only with the otherolved in crystalline alloy can be very different than in liquid
species. Thus, simulating thg=0.8 system is identical to alloys. For example, surface segregation is dependent on the
simulating thex,=0.2 system with a relabeling of particles. particular surface orientatiofl9]. Also the disparity in the

The interspecies hydrogen bonding system was simulateatom sizes is less important for disordered liquids, and espe-
by carrying out Monte Carlo simulations on clusters of 4000cially in our simulations—in the case of the Ni-P system the
particles in the 80:20 ratio at a temperatureTef0.55. At disparity in size is not great, while in the hydrogen-bonded
this temperature, the system behaves as a liquid. The simumixture there is no difference in particle sizes.
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In contrast to the situation for crystalline systems, experi- It is instructive to develop a simple picture of the physics
mental determination of the composition of liquid surfaces isdriving the concentration-dependent surface segregation.
difficult, with results generally obtained indirecilysing sur-  Particles at the surface have fewer neighbors and hence
face tension, neutron reflectivity, and electron diffractionfewer interactions than particles in the bulk. So if the en-
measuremenfsand requiring significant interpretation. Most tha|py of mixing is nonzero, particles at the surface make a
experiments on surface segregation in liquids have been cagmalier contribution to the effective enthalpy of mixing than
ried out on water-alcohol mixtures, which exhibit the usualyaricies in the bulk. Supposing the surface tensions of the
surface segregation effeciue to the difference in surface .o components are equal, then a mixture can lower its
:%r:zo[g%’] th;&'g?rmeexng?ﬁ:nttg? Sstlijg?ec: c?rt1 ?i” ljgn;:neentzlrla'overalI free energy by altering the composition of the bulk to

' Y, €Xp q minimize the mixing enthalpy despite the resulting increase

alloys have always found the lowest surface tension compa- g :
nent segregating to the surfag2d]. In the enthalpy of mixing at the surface. Thusyik 0, the

Usually in liquid metal alloys there is a surface monolayerbu_Ik becomes ma_rg|_nally more mixed and the surface de-
composed almost completely of the low surface tension comX€S SO the majority species segregates to the surface,
ponent[21]. However, experiments on the liquid alloy mix- whereas for){>0 the reverse occurs. In general, when the
ture Bi-In with xg;=0.22 show that the low surface tension Surface tensions of the pure components are not equal, the
componentbismuth segregates preferentially to the surface,concentration dependent effect may opp@sereinforce the
with a surface concentration af;=0.35(i.e., less segrega- Usual tendency of the component with the lowest surface
tion than usual Thus, this experiment shows that the tension to segregate to the surface.
strongly attractive heteratomic interaction between Bi and In In summary, simulations and theoretical analysis suggest
(i.e., x<0) is at least capable of partly offsetting the usualthat surface segregation in liquid mixtures with strong inter-
surface tension effect. species interactions depends on the concentration of the par-

The present analysis can help guide experimental investticles in the bulk, rather than just on the surface tensions of
gations to detect surface segregation reversal. The Guggethe separate pure components. Our simulations suggest that
heim model(see Fig. ] shows that the region of~Ay  candidates for this concentration-dependent surface segrega-
parameter space, where surface segregation occurs in a @ion include metal-metalloid mixture@.g., Ni-B and mix-

rection contrary to that suggested by surface tension, is largures where hydrogen bonds form only between unlike spe-
est in the dilute limit. Thus a reversal in the usual surfacegjes.

segregation direction is most likely to be observed in experi-
ments carried out at low concentrations of the low surface Funding for this project was provided by the National
tension component. Science Foundatio(Grant No. DMR-0324396
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