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Roughening transition in the presence of adsorbates

E. V. Vakarirt and J. P. Badiali
Structure et Ractivite des Systmes Interfaciaux, UniversitBierre et Marie Curie, 4 Place Jussieu, 75230 Paris Cedex 05, France
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The influence of adsorbates on the roughening of solid substrates is discussed in terms of the solid-on-solid
model coupled to a generalized lattice gas model. It is shown that the adsorbate may increase or decrease the
roughening temperatur€, , depending on the specificity of the height-dependent lateral interaction and ad-
sorbing potential. The decreaseTfis nonmonotonic with increasing coverage. The substrate corrugation is
shown to enhance or depress the adsorption, depending on the preferred height difference at neighboring sites.
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[. INTRODUCTION whereh; are the height variables, defined over each site of
the lattice and;=0,1 are occupation numbers for the adsor-
Adsorbate-induced rearrangement of solid surfaces hasate,= 1/KkT is the Boltzmann factor. Her&/(h; ,h;) is the
been studied recently in some detail. Adsorbates werenean force potential for the fluid. The value of
showrt™ to favor the roughening transition, if the steps of
different height are the preferred adsorption sites. A decrease - 1
of the roughening temperature was investigategsuming u(hy)= Eln[)\P(hi)] 2
that the coveraged is an external parameter. Then the
roughening temperature decreases monotonically as a funBTays the role of a local chemical potential adodh; ,h:)
tion of coverage. A self-consistent treatment@fwith the s the substrate Hamiltonian '
change of the surface morphology is presented in Ref. 2.
Nevertheless, the effect of adsorption on the roughening tem- 1
perature was not discussed there. Hsodhi hj)=5 2 Jif(hi—h;)). (3
Roughening in the presence of a one-body substrate po- 24
tential (which may originate from the solid bulkhas been ) _ o
extensively studied in Ref. 5. These authors have shown thdt form of thef function for various modifications of the SOS
the interface width shrinks with increasing potential magni-model may be found in a recent reviey.

tude. For solid-liquid interfaces similar effect should be ex-  The trace T, is a sum over all possible configurations of
pected due to the pressure of the liquid. discretei variables, or an integral in the case of continuous

The aim of this paper is to investigate the mutual influ-Variables. Similar SOS-Ising model was develdﬁen! order
ence of the substrate and the adsorbate degrees of freeddfhinvestigate possible crossover from the Ising-like transi-
and their cooperative effect on the roughening temperaturion to that driven by the SOS subsystem. The spin and
and on the behavior of adsorption isotherms. Our main purbeight variables were coupled indirectly, that is, via the
pose is to emphasize that for solid-fluid interfaces the adsof2oundary condition. In contrast, we have a direct coupling at
bate acts as a thermodynamic subsystem, whose propertif level of the Hamiltonian. Note also that the coupling
are determined from the requirement of the solid-fluid equi-depends upon howV(h;,h;) and w(h;) behave with the
librium. In this case, the coverage is not an external paramdistance from the surface.
eter, it should be treated self consistently with the roughness To proceed further we extract a flat wall contribution
of the substrate. (hi=0) to the coupling functions:W(h;,h;)=w; ;(0)

+w(h;,hy), m(h)=pw(0)+u(h), with the h-dependent
Il MODEL AND GENERAL APPROACH parts accounting for corrugatiom; 0). Then the partition
function (1) is rearranged to

We start with the solid-on-soli@SOS model at a square

lattice on which an adsorbing potential is defined. The latter E:Tr{h_}Tr{t}e*ﬁHLG(ti e BHsodhi hy)
is chosen to be that of the sticky site mdtfalith the sticki- v
ness parametex. Due to this the adsorbed fluid is strongly Xe_ﬁE i jw(h; ,hj)titje,gz ()t 4

pinned to the step positions. Using the technique, developed
in our previous studie®® we obtain the SOS model coupled
to the lattice gasLG) model with the height-dependent cou-
pling constants

where the LG Hamiltonian for the flat surface is

1
Hia(ti ) =5 20 wi (0t = p(O)t. (8
=] :Tr{hi}e*BHsoéhi 'hj)Tr{ti}eiﬁE i, jW(h; vhj)titjeﬁz in(hi)ti .
(1)  Then, the free energy is found to be

0163-1829/99/6(B)/20644)/$15.00 PRB 60 2064 ©1999 The American Physical Society



PRB 60 ROUGHENING TRANSITION IN THE PRESENCE B. . . 2065

1 is known to become more uniforfi.n this case, the density

F=FostFlg— E@XF[(e_ﬁz”W(hi "t excessdp(h;)<0 andu(h;)<0 tends to stabilize the inter-
face at positiven;’s. An opposite situation takes place for a

x ePZinti— 1) 1—1),, (6)  wedgelike corrugation} with the wedge size exceeding the

h d | lculated wi hadsorbate diameter. In this cadp(h;)>0 around the cor-
where( . . . ). denote two cumulant averages calculated with, o< and them(h)= 0 tends fo fix the interface at negative

HamiltoniansHsosandH, ¢ . Note that the roughening tran- 1.5 The physical nature of the adsorbate-induced external
sition occurs with increasing temperature, while for the LGfieId is the existence of a preferred interface heigﬂt

adsorbate the Ising-like criiicallty is fa\‘/‘ora_ble'\'/vhen the tem'Which is the most favorable for the thermodynamics of the
perature decreases. Therefore, the “critical” temperature

. dsorbate. In other words, the adsorbate may induce a local
for isolated subsystems are usually separated enough 10

_ o ;
avoid the crossover behavior. This assumption seems to t{ge‘rEWth ?f the subtstt:ate frorhcij'—Ogo hi = dr;”jso can be
reasonable as this follows from the Monte Carlo data. aken into account by expanding(h;) aroundh;=
h)=a;h;+ y,h?+ - - - =+ yi(hi—h%?2, (10
Ill. EFFECTIVE HAMILTONIANS wlhi) = aiht iy pant i =)

. where is a constant antti®= + a;/2v. . In any case the
In the absence of crossover behavior one of the sub- Fom ! FiieYi y

; . . : one-body term favors a flat interfa¢g op(h;) is the same
systems(SOS or LG typ¢ is not singular in the neighbor- for all h;], or corrugated(but not rough one with a given

hood of the. singularity o_f the other one. Then the regular rofile of h's. This term plays a role of the one-body sub-
subsystem just renormalizes the paramete_rs of thg singul trate potential,which depresses the roughening irrespective
counterpart. In such a way we can determine a shift of thef the sign ofh®. For this reason, we can sleﬁ—o without

R . . . . i ) -
roughening temperature with increasing adsorption and als_OSS of generality. It is seen, however, from E8) that the

the changes in adsorption isotherms with increasing rou ; ) :
g : P 9 g correlation between the fielg8u(h;) «(h.) at different lat-
ness(or corrugation. : - ) JE .
tice positions does contribute to the pairwise interaction.
This indicates a possibility of an adsorbate-modulated struc-
ture at low temperatures. Nevertheless, this term has an extra
Close to the roughening temperature we may chébse B prefactor. For this reason it is expected to be negligible at

A. An influence of adsorption on roughening

as a reference relatively high temperatures, relevant to the roughening.
The pairwise interaction term, appearing in E&), can be
E=EEGTf{hi}efﬁHS°5‘hi ) treated in the same manner
hi,h) =T (|hj—hi|)+ A (hj—h)?+ - - .
<[ =53 win et 83w ) W)= U =Ry A=)
) ! =w{™+Aj(hi—h;—hd)2. (1D
(7

The linear term is important now, since it determines the
where( . ..) and =} denote an average over the occupa-preferred height differencghd|=|T;/24;;| for two adsor-
tion numbers and the partition function, calculated with thepates at a distand®;; along the surface. A nonzemﬂ- fol-
potential (5). These averages lead to the cumulanijows from the condition thaW(h;,h;) has a minimum for
expansiornt? which, within first two cumulants, gives the ef- distances of order of /_Z_FR.‘—f—(hu)z After these rearrange-

; Tan ij ij/
fective Hamiltonian ments we have the effective Hamiltonian

1
—_ — . . —_— . . l
H=Hsos 2' p(h)®;t 3 .EJ [w(hi.hy) H=Hsos~ > 7i®ihi2+§% [Tij([hi=hy)

= Bu(hi) u(hj)Ixi;(©), ) +Aij(hi_hj)2]Xij(®) (12

where®;=(t;) andy;;(®) =(t;t;)—(t;)(t;) are the coverage
and two-body correlation function, respectively. These quan
tities are calculated for a flat lattice. In genetdlis a many-
body Hamiltonian, including higher order correlation func-
tions for the adsorbate and multistep interactions.

Thus we see that the adsorbate induces a single-step
isotropy through the one-body term(h;)®;, which breaks
the h;— —h; symmetry of the substrate Hamiltonian. This
reflects a density variatiorSp(h;) compared to the flat
boundary. Assuming that(h;) = po+ dp(h;), we have

for a SOS model coupled to a mixed absolute-Gaussian
{ASOS-DGSO$one with a single-step anisotropy. Note that
the coupling constants are proportional to the pair-correlation
function x;;(®) of the adsorbate. This reflects the statistical
character of the adsorbate contribution to the step-step inter-
altion. This is a crucial point, because the effective coupling
constanfe.g.,Ajj xi; (®)] may be arbitrary largely due to the
tuning of the stickiness. In this case even an infinitesimally
small bare constanffor instanceI';;) is enough to have a
strong effective coupling.
_ In the partial case ofA;;=0, 7;=0, h;y=h;—h,=0,

i) = In[1+5p(hi)/po]. ©) +1, H reduces to the RSOS form studied in Ref. 1. Then
This stickiness-independent term represents nothing elsch}zo is preferred forl';;>0 and instable fod’;<0. To
than a single-step localization field. If the substrate is corruestimate the correlation effects we approximate the lattice
gated on molecular scale, then the structure near the interfagas correlation functiory;;(®) by its mean-field valué
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FIG. 1. Roughening temperatur€, as a function of coverage
®. Symbols represent the MC data of Ref. 1.

& Rij )
mexi‘? a3

Xij(®)=

where¢ is the dimensionless correlation length, related to th%

susceptibilityy (®) through

£=pw(0)x(0).
For £>R;; we havey;;(0)~ x(0®). Then the effective con-
stantJ is

J=J+Tx(0), (14)
where x(®) is given by
0)= 0(1-0) 15
YO =1 2pw0e-0) 13
Therefore, the roughening temperature is
0 r
T, =T/ 1+ 3X<®) . (16)

In the limit of independent adsorptidine. when® is inde-
pendent of the substrate properjiese have

1
H'=Hsost 5 20 [Ty(Ihi=hy)+4;(h—h)?16,8),
(17

which is the bare interaction, weighted by the probability

0;0; to find two adsorbates on the siteandj.
In Fig. 1, T, is plotted as a function of coverage. As it is
expected, the roughening temperature decreéeesasep

for negative(positive I'. In the case of independent adsor-

bates this decrease is monotonic according to

0_ _E 2
T /TP=1- 562 (18)
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A nonmonotonic behavior is observed wh@nis treated

self-consistently. In this casg(®)*x0®(1-0) and, conse-
quently, the effect of the adsorbate vanishes at high cover-
ages. This fact finds a simple physical explanation. To have
®—1 (at fixed pressure or chemical potentiahe has to
decrease the temperature that causes a flattening of the sub-
strate. On the other hand, if the substrate approaches the
roughening temperature, then this should be supplemented
by decreasing coverage®(0), unless the pressure or
chemical potential are tuned to keép fixed. At low tem-
peratures the substrate is flat, #- 1 tends to fix a zig-zag
structure with the step difference at the neighboring sites
equal toh%. This explains why adsorbate-induced surface
roughening is usually not observed after adsorption at low
temperature$.For low coverages both approaches predict
almost the same behavior. The maximal effect of the adsor-
bate(for correlated adsorptions at® = 1/2. Similar result is
obtained for the adsorbate-mediated melfifithis is consis-
tent with the results on the nonequilibrium deposition,
where the roughening transition was associated with the per-
colation threshold for the adsorbate. Our result agrees also
with the conclusion of Ref. 2, where the corrugation degree
was detected to have a kink at the pressures corresponding to
~1/2 and a saturation plateau for higher coverages. Note
that the theoretical curvesolid) is calculated fod'/J=0.09.
This indicates that even very weak adsorbate interactions
may favor the roughening due to a strong correlation. In
other words, we deal with a cooperative effect of the adsor-
bate.

B. Effect of corrugation on adsorption

To investigate an influence of the substrate roughness on
the adsorption process, we restart with Et.and extract the
clean substrate term. Then, instead of Ef). we have the
following

== EgOSTr{t }e —BHLG(t 1))

The average is taken over the height variables with the sub-
strate Hamiltonian. For concreteness the cas@pf0 is
discussed. Performing the cumulant expansion and restrict-
ing ourselves to first two cumulants, we obtain the effective
Hamiltonian

W(hl,h)

exp[ﬁEi ,u(hi)tiD.

(19

H=Hic+5 2 T Gijtitj = 2 %(h)t, (20
whereG;; =(|h;—h;|) is the mean height differentéor the
clean substrate. Within the nearest-neighbor approximation
we have a LG-type Hamiltonian with the lateral interaction
w(0)+TI'G and chemical potentigk(0)+ y(h?) rescaled by
the substrate contributions. In the limit /=0, w(0)=0

This agrees well with the simulation result. Theoretical curve(Langmuirian isotherm in the absence of corrugatiae re-

(the dashed oneis calculated atl'/J=1/2, which corre-

produce the situation simulated in Ref. 2. Then, the mean-

sponds to a typical ratio for the adsorbate-substrate enérgiefield approximation(MFA) for the coverage is determined

(1-2 kcal/mo).

by
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— r - r T T sorbate prefers a flat geometry. Therefore, an increase of the
1.0 g 1 corrugationG depresses the adsorptidong-dashed curye

’ In contrast, a rough geometry is preferred Fox 0. For this

. reason an increase of the corrugati®ns supplemented by
increasing® (short-dashed curyecompared to the Lang-

J muirian casgsolid curve. It is seen that for relatively weak
interactions BI'G=*+0.3) our simple MFA exhibits a
rather good agreement with the Monte CaidC) results.
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IV. CONCLUSION

0.2

——Langmuir
...... positive coupling | | In this paper, we have shown that the change of the
--------- negative coupling| | roughening temperature in the presence of adsorbates is non-
monotonic if the coverage is treated self consistently with the
2 1 0 1 2 3 substrate degrees of freedom. An approximate perturbative
Ig(P) theory f_or such a c_oupling exhibits gqod agreement With the
simulation results in a range of relatively weak interactions
FIG. 2. Adsorption isotherms for corrugated lattice. Symbols(Or high temperaturgs The substrate corrugation enhances

0.0

represent the MC data of Ref. 2. the adsorption, if the preferred height difference for the ad-
sorbate is nonzerd(<0). Otherwise, i.e., fof >0, adsorp-
ex B(w(0)—4TGO)] o tion is depressed by the corrugation.
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