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Thermal step bunching and interstep attraction on the vicinal surface with adsorption
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We study statistical thermodynamical behavior of the vicinal surface with adsorption. We consider the case
where attractive lateral interactions between adsorbates are present, which cause the thermal step bunching. As
the microscopic model Hamiltonian for the vicinal surface with adsorption, we adopt a restricted-solid-on-solid
model coupled with the Ising system. Using the density-matrix renormalization group algorithm, we obtain
surface-free energy and adsorption coverage as functions of the surface.dfépeerive the step tension and
the step-interaction coefficient from the free energy. We clarify the origin of the thermal step bunching and the
adsorbate-mediated interstep attraction.

DOI: 10.1103/PhysRevB.67.125407 PACS nunider68.35.Md, 68.43-h, 05.70.Np, 05.50:q

[. INTRODUCTION we will use in the present work is a variation of the DMRG,
called the product wave-function renormalization grbup
For the surface with adsorbates, there are numbers of eXPWFRQ which is suitable for study of vicinal-surface-type
perimental or theoretical studies on the equilibrium surfaceritical state?>~22
structure with adsorbatés? The surface is often recon- The simplest case of the zero-lateral interaction between
structed by adsorbates; the superlattice is formed due to thgdsorbategLangmuir adsorptioh has been studied in our
excluded volume effect of the adsorbates and the elastic if2revious papef> We presented a decorated restricted-solid-
teractions among adsorbates and the substrate. on-solid (RSOS model, and made detailed statistical-
From the viewpoint of the crystal growth, the “excited” mechanical study on the rough(_anlng transition temperature
structures on the surface such as the surface steps, kinks infa- Surface-free energy, adsorption coverégestep tension
step, and ad islands/negative islands are important, since the and step stiffnesy. We showed that the decorated RSOS
microscopic crystal growth occurs on such places. The vicimodel is exactly mapped to the original RSOS model with
nal (tilted) surface is especially important from the samethe effective microscopic ledge energ§". The decorated
point of view#~" the steps on the vicinal surface play the role RSOS model shows the GMPT universal beha¥idf.From
of the “linear sink” of the adatoms on the surface. When thethe exact analytic equation ef', we pointed out the occur-
adsorbates exist on the surface, we should study the interplagnce of the multireentrant roughening transition.
between adsorbates and the excited structures, since the in- For the case of nonzero-lateral interaction between adsor-
terplay may cause nontrivial effects on the behavior of thébates, we presented the RSOS model coupled with the Ising
system. system(RSOS-I model in Refs. 24,25. We found that the
Nevertheless, the theoretical study on the interplay befirst-order transition occurs on the equilibrium crystal shape
tween the excited structures on the surface and adsorbatédsC9S, below the roughening transition temperature; this
has not been done sufficiently yet. One reason is the diffitransition accompaniethe thermal step bunchingr the
culty to construct effective models to explain the experimen-quasifacet formatiof{> (see Fig. 1L We also found that
tal results; the vicinal surface with adsorbates shows widénterstep attraction seems to emerge upon adsorftion.
variety of phenomena depending on temperature, adsorption The aim of the present paper is to clarify the origin of the
vapor pressure, and the combination of materials. Anothethermal step bunching and the interstep attraction. For this
reason is the difficulty to make the precise estimation of thgurpose, we investigate the RSOS-I model in detail; in par-
“entropic effect.” The vicinal surface belongs to the Gruber- ticular, from the microscopic RSOS-I model Hamiltonian,
Mullins-Pokrovsky-TalapoMGMPT) universality class and we obtain the explicit functional form of the surface-free
is in the “critical” state®~° Reliable calculation of thermo- energy near the first-order transition. We also give surface
dynamic quantities in such a critical state is extremely diffi-slope dependence of the adsorption coverage.
cult, in general. This paper is organized as follows. In Sec. Il, we explain
Recently, a highly reliable numerical algorithm called thethe RSOS-I model Hamiltonian of the vicinal surface with
density-matrix renormalization grougDMRG) has been adsorption. In Sec. Ill, we give brief explanation of the cal-
devisedt” The DMRG, which is originally applied to quan- culation method for surface quantities. In Sec. IV, we con-
tum spin chains, have been successfully applied to twosider the case where the steps are weakly coupled with ad-
dimensional (2D) statistical-mechanical problem$.What  sorbates(“physisorption” cas¢. We give results of the

0163-1829/2003/612)/12540715)/$20.00 67 125407-1 ©2003 The American Physical Society



NORIKO AKUTSU, YASUHIRO AKUTSU, AND TAKAO YAMAMOTO PHYSICAL REVIEW B 67, 125407 (2003

I e e
(a) 1 A(0n) 1 | 1 h(mm):
1 1 1 1 |
[ala chaial bt S tut
1 1 1 1 | M)
R N - <ep -
F--F--t- -t -y ) ) o ()
1 ho,1) ! ! ! ! M) ot
! 1 1 1 | | Mox+Ln)
Fmmt——t-—d--q 2 : .
Vh©0) VA0 T L T AmMO) I Lo e =
| . i " LA = e
(b) SO B W NN
(@ (®) ©

FIG. 2. (a) The top view of the RSOS model. The column height
h(m,n) is assigned on the 2D square lattice with the sitenofi).
The height difference between nn sitA$ is restricted to{1,0,

FIG. 1. An example of the adsorption-induced thermal step—1}. (b) 2D square lattice-gadsing) model, where the filled circle
bunching in the RSOS-I modéSec. II; top view of the surface of represents the adsorbafthe up spii, and the open circle with

size 408<120 and with 24 steps on)itA snapshot of the Monte  dashed line denotes empty sitee down spii (c) Adsorption sites
Carlo simulation at X10’ MCS for a«=0.1, J/e=0.25, H/e on the RSOS surface.

=(ul2+J)/e=—0.02, anckgT/e=0.5. (a) The step condensation:
The configuration of the RSOS vicinal surface is shown, where a

white (black point indicatesh(m+1,n)—h(m,n)=A,(m,n)=1 Hrsos= E [elh(m+1,n)—h(m,n)|
(—1). (b) The adsorbate segregation: The configuration in the ad- m,n

sorption layer(Ising system is shown, where white dots represent
adsorbatesup sping. The RSOS system d#8) is covered with the
adsorption system db).

+¢elh(m,n+1)—h(m,n)|], 2.1

wheree is the microscopic ledge energy, and the summation
with respect to ,n) is taken over all sites of the lattice
PWFRG calculation. We explain the relationship between thgoints. The RSOS condition is taken into account implicitly.
first-order transition on the ECS and the thermal step bunchfhe statistical-mechanical behavior of the RSOS model is
ing (or the quasifacet formationThe step-tensiory and the ~ Well known?®?” and the roughening transition temperature
step interaction coefficierg are shown. In Sec. V, we ex- Tr Of the RSOS modéf is given by

plain how the interchange between the ordered states cause

the first-order transition on the ECS, based on the form of the € —0633 2.2

free energy obtained by the PWFRG. In Sec. VI, we consider keTr '

the case where the steps are strongly coupled with adsorbatﬁs

("chemisorption” case. We show that the first-order transi- order to describe configurations of the monolayer adsor-

. . : gate system, we consider 2D nn Ising model, where each
tion occurs without the interchange between the ordere . .
states. In Sec. VIl we show how the adsorbate—mediatevalue of the Ising spin-1 corresponds to presence/absence

) Lo 8f the adsorbates. The adsorbate is assumed to be put on the

interstep attraction is generated. Calculated resultsafdg bridge site of the RSOS surfaBig. 2b)]. We denote the
for the strong-coupling case is given in the section. To un—ISing spin at the side betweemm.n) and h(m+1,) as

derstand the dip in the temperature dependencg we give -
an explanation based on the step-droplet picture. In Segy(m’n)’ and atthe side betwedrim,n) andh(m,n+1) as

. o d(m,n) [Fig. 2(c)].
Viil, we mention the application to real systems. In Sec. IX, The Hamiltonian of the adsorbates system is written as
we give summary of the paper.

follows:

II. SURFACE MODEL WITH ADSORPTION Hising= —JZ [ox(m,n)ay(m,n) + ox(m,n)ay(m— 1n)
m,n

A. RSOS-Ising coupled model
) . +o,(mn—1)o,(m,n)+o(mn—1)o,(m—1,n)]
In order to treat steps, islands, and negative islands on a
crystal surface, we consider an SOS model on a square lat-
tice with nearest-neighbdgnn) interactions. The position of _H% [o(m,n)+ay(mn)], 23
each SOS column is expressed in terms of a pair of integers '
as (m,n). The height of the column is denoted bym,n) where J is the coupling constantfor lateral interaction
[Fig. 2@)]. among adsorbatgsand H is the external field(surface
For simplicity, we impose the RSOS conditf8R’ such  chemical potential The Ising system also forms a square
that the nn height differencéh should beAh=0,£1. This lattice, which is 45° rotated from the RSOS lattice. The
simplification is reasonable, because configurations witlstatistical-mechanical behavior of the 2D Ising system is
large|Ah| are energetically unfavorable. The Hamiltonian of well known>282%and the order-disorder transition tempera-
the RSOS system is written as follows: ture T, is exactly known as
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o pag?, ° o Hsos 6= 2 [e[1—ac,(m,n}h(m+1n)—h(mn)|
>0 <0 +e{1—acy(m,n)}h(mn+1)—h(m,n)|]

FIG. 3. Schematic figure for the relation between the step ledge
and the adsorbates. Wher=0, the surface system is independent _432 [cx(m,n)cy(m,n)+c,(m,n)cy
of the adsorption system. mn

X (m—1,n)+c,(m,n—1)c,(m,n)

=%In(1+ V2). (2.4) tex(mn—1)cy(m—1n)]

kgTe

—,uE [cx(m,n)+cy(m,n)]+const, (2.7)
As a microscopic effect of the adsorbates to the surface at- mn
oms, we introduce a microscopic coupling constansuch  where
that € is replaced bye(1— ao). Whena>0, an adsorbate

favors the ledge site, and when<0, the adsorbate avoids ~ ~ 2a
e=e(l+a), a=

(2.9

the ledge sitéFig. 3. 1+a’
The total Hamiltonian for the RSOS-I model is written as

follows: u=2(H-1J). (2.9
The'e describes the microscopic ledge energy of the “clean,”

Hrsos-1= Hrsost Hisingt Hint i.e., adsorbate-free, surface,the chemical potential of ad-
sorbates, 4 the lateral bond energy between adsorbates, and

=> [e{1—ao,(m,n)}h(m+1n)—h(m,n)]| a the microscopic interplay constant between adsorbates and
m,n

the surface. Physically is related to the vapor pressure of
adsorbate® asH=(1/2)kgT In P.

Instead of making calculations for every combination of
the values of the microscopic parameters, we show the cal-
—32 [ox(mn)a,(mn)+o(mn)ey(m—1n)  culations on the typical two cases with=0 andJ>0, since

mn our purpose of this paper is to clarify the origin of the ther-

+e{1—ao,(mn)}Hh(m,n+1)—h(m,n)|]

+o(mn—1)ay(mn)+oymn-1)a, mal step bunching and the interstep attraction in the case of
J>0.
Note that we can obtain the results for the case-ai
X (m— — + . .
(m=1n] Hgﬁ Lo(m,n)+oy(m,n)] directly from the results for the case @f, because the
2 RSOS-I Hamiltonian remains unchanged by replacing
2.9 (a,04,0y,H) with (—a,—oy,—0y,—H).
Furthermore, in order to discuss vicinal surface with nonzero 1. STATISTICAL-MECHANICS CALCULATION
inclination, we add the terms of Andreev figld 7 WITH TRANSFER-MATRIX METHOD
=(7x,my), Which makes surface tilt, as follows: = .30 .
The Andreev free energy(#)>" is calculated from the
partition functionZ as
Hyicina= H — h(m+1,n)—h(m,n ~ 1
vicinal RSOS-1 ﬂmem [h( ) ( )] B¥(n)=— lim =Inz, (3.1)
N— N
— 9y [h(mn+1)—h(m,n)], (2.6
m,n 7 efﬁHvicinaI’ (32)

{h(m,n)} {ow(mn)},{ay(m.n)}

where we have only the case wiify= 7 and »,=0. whereN is the number of lattice points of the RSOS system,
B=1/kgT, kg the Boltzmann constant, antdthe tempera-

ture. Physicallyf(#)-7 curve correspond to the section pro-

file of the equilibrium crystal shap®.The system may un-
We can map the RSOS-I model to an equivalent RSOSedergo phase transition as the Andreev field is changed, to

lattice-gas model by replacing each Ising variableith the  which we refer as the phase transition on the ECS.

B. Lattice-gas representation for adsorbates

lattice-gas(LG) variablec [c= (o + 1)/2]. The Hamiltonian In order to calculate Eq(3.1) by the transfer-matrix
of the RSOS-lattice-gas coupled system is obtained from thenethod®! we map the RSOS-I Hamiltonidii2.5) and (2.6)]
Hamiltonian(2.5) as follows: to a decorated vertex modéFig. 4(c)] or a 304-vertex
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(d)

model?®=2° The height differences between nn RSOS col-

umns[Fig. 4(a)] are mapped to 19-vertex modélig. 4(b)],
and the four Ising spingcircles decorate the vertekFig.

4(c)]. Total number of allowed vertex configurations is then
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FIG. 4. (@) Top view of four nn columns on
the RSOS lattice(b) 19-vertex model.(c) The
decorated vertex model. Ising spins are repre-
sented by circles(d) Transfer matrix7 repre-
sented by the decorated vertex model.

KL

IV. STEPS WEAKLY COUPLED
WITH ADSORBATES (a=0.1)

A. Large J case

19x 2*=304. The statistical weight of each decorated-vertex WhenJ is large enough so that the order-disorder transi-
configuration is obtained from the RSOS-I Hamiltonian tion temperature exceeds the roughening transition tempera-

[(2.5 and(2.6)].

ture T of the terrace with adsorption, adsorption layer is

In the transfer-matrix method, the problem is reduced tclways in the ordered state at the temperatures lessTipan
finding the largest eignevalue of the transfer matrix. For di-which means that the freedom of the adsorbates is frozen.
agonalization of the transfer matrix, we employ the PWFRGThen the RSOS-I system reduced to the original RSOS sys-
algorithm!°~?whose efficiency has been well established. tem by the replacement of the microscopic ledge energy

The surface gradierﬁ (Px=p,py=0) is obtained by the
thermal average of the height difference as follows:

p(n)=(h(m+1n)—h(m,n))a,/a,, (3.3

where(-) expresses the thermal averagg,(a,) is the lat-

tice constant for the (x) direction. We sed,=a,=1, here-
after. By sweeping the fieldy, we obtain ap-» curve.

The magnetizatiorM, the sublattice magnetizatiol,
andM, are obtained by

My=(oy), My=(oy),
M=(My+M,)/2, (3.9
respectively.
The adsorption coverag® is calculated as
0=(M+1)/2. (3.5

From the thermodynamics of the surfaé?the surface-free

energy per projected ardgp) is calculated from thd (7)
by Legendre transformation as

f(p)=T(n)+p- 7, (3.6)

Where;7=(77,0).

with €¥f=€(1—a) (H>0) or e*=¢(1+a) (H<O0). The
roughening transition temperature of the terrace with adsorp-
tion is also given by Eq(2.2) as e®"/kgTr=0.633%"

B. Medium J case: The first-order transition on the ECS

WhenJ is not so large, the interplay between the surface
system and the adsorbates system becomes significant. As a
typical case, we takéd/e=0.25 (T,~0.5Tg). We have made
statistical-mechanical calculation with the PWFRG algo-
rithm in the case otvr=0.1, andH/e=—0.02.

At kgT/e=0.8, we shows dependence of-f(7)/kgT
[Fig. 5@] andp(#) [Fig. 5c)]; and we showp dependence
of f(p)/kgT [Fig. 5b)], andM =20 — 1 [Fig. 5(d)].

The curve of—Tf(#7)/kgT is consistent with the GMPT
universal behaviorf (p)/kgT has a cusp go=0; p-» curve
shows universal behavior g \/7— 7¢,871%32 > where 7,
corresponds to the facet edge. Since wets€t0, the value
of M at p=0 is negative; and thekl increases continuously
asp increases. Contrast to the caselsf0,?®> M, is almost
the same a#/, .

At kgT/e=0.55, the calculated surface quantities are
shown in Fig. 6. All the values of external parameters ex-
cept temperature are the same as the values of parameters
in Fig. 5.

The first-order transition on tA& 382 ECS is shown in
the figure. There exist two “branches” in respective figures.
One branch corresponds to the surface with the adsorption
coveraged ~0, and the other branch corresponds to the sur-
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FIG. 5. Surface thermodynamical quantities calculated by FIG. 7. Surface thermodynamical quantities calculated by the
PWFRG algorithm.kgT/e=0.8, «=0.1, J/e=0.25, andH/e =~ PWFRG algorithm.kgT/e=0.6, «=0.1, J/e=0.25, andH/e
= —0.02.(a) Andreev free energy-T(7)/kgT versus Andreev field = —0-02. The dashed lines i@), (c), and (d) show the lines for
nlkgT. (b) Surface-free energy per projected afép)/kgT vs sur- ~ Metastable state&) —f(#)/kgT vs 7/kgT. (b) f(p)/kgT vsp. (¢)
face slopep. (c) p vs 7/kgT. (d) Mean magnetizatioM=20—-1  p Vs 7/kgT. (d) M=20—1 vsp.
vs p. ® surface slope adsorption coverage.

_ At kgT/e=0.6, we show another case of the first-order
face with ®~1. At p=0, the surface-free energy of the transition in Fig. 7. At the facet edge, the GMPT behavior
surface with® ~0 is lower than the one with ~1; thenthe  gppears: while at a certain value gf 7q, twWo curves of
surface with® ~0 appears. The facet edge position is ob—_7(77)/k T crosses; then the slogejumps from a lower
tained from the two curves of the Andreev free energy as th?/aluep tBo an upper,valucp andM also jumpsf(p) curve
cross point of the two curves. At the facet edge, the sloppe contactos a tangential Iineleiaxo and p,. There éhould be a
jumps from 0 to a finite valug, at the facet edge on the region of 32 (p)/ap2<0 in betweenso andp,, where the
ECS; andM also jumps from a negative valu®¢-0) to a state would not be realized since the system is thermody-

positive value @ ~1). namicall
rel3.36-42 . y unstable.
For some systes, the form off(p) for the first- At kgT/e=0.62, we show surface quantities of a critical

order transiti(_)n s expecte_d _phenomenologically. Our IC’reser}.J)ointTC(H) defined as the end of the first-order transition in
calculation gives the explicit form of(p) and ®(p) from Fig. 8. keTo(—0.02)/e is slightly higher thanT, (keT./e

the microscopic model. ~0.567) for the pure 2D square Ising system.
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FIG. 6. Surface thermodynamical quantities calculated by the kT p
PWFRG algorithm.kgT/e=0.55, «=0.1, J/e=0.25, andH/e
=—0.02. The dashed lines i), (c), and(d) shows the line for the FIG. 8. Surface thermodynamical quantities calculated by the

metastable statéa) —T(7)/ksT vs n/kgT. (b) f(p)/kgT vsp. The ~ PWFRG algorithm.kgT/€=0.62, @=0.1, J/e=0.25, andH/e
branch with® ~0 is drawn by dashed line, while the branch with =—0.02. (a) —f(#)/kgT vs n/kgT. (b) f(p)/kgT vs p. (c) p vs
®~1 is drawn by solid line(c) p vs 7/kgT. (d) M=20—1 vsp. 7lkgT. (d) M=20 -1 vsp.
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FIG. 10.a,=1, «=0.1,J/€=0.25, andH/e= —0.02. (a) Tem-

FIG. 9. The schematic figure for the surface separation Withp_erature dependence_of step te_”s"?“- SO'.'d line with open .
mean slopa. () py=0. (b) py#0. (?lrcles_: The surfgce with adsorptlon_ in the dlsorde_red phase. Solid

line with open triangles: Surface with the adsorption cover@ge

~1. Dashed line with open squares: Surface with the adsorption
coverage® ~0. The curves calculated from E@t.8): €*= ¢ (dot-

When first-order transition on the surface occurs, two-ted, e¥"=0.9¢ (dasheti and e®"=1.1¢ (dot dashel (b) Step-
phase coexistence occurs under the condition of a fixed medpteraction coefficient §/kgT. Solid line with open circles: The
slope. The surface with a slopebreaks up into two surfaces Ssurface with adsorption in the disordered phase. Solid line with
with the slopep, and the slopep; (Fig. 9). We call this ~ Open triangles: Surface with the adsorption cover@gel. Dashed
separation of the surfaces as the thermal step bunching. “”g "¥'rt]h open squ?rels:t Sd”;face I\EchhQ)the't ﬁ?ﬁorpt'fm Co‘l’eﬁ?ge

In the case op,=0 [Fig. Aa)], the one of the separated 7 '€ Curves cacuiaied from £¢.5) with the universal rela-
surfaces is the fi?]gular s%rface and forms a wideecerrace fion Eq. (4.10: e¥=e (dotted, e*=0.9 (dashedi and e
the vicinal surface; the other of the separated surfaces with 1.1¢ (dot dashep
slopep; is formed by the bunching process of steps in the
vicinal surface. Since the surface with slope is not the
singular surface, we call the surface as a quasifacet. Note that At lower temperatures thaiig, f(p) takes the GMTP
the boundary between the surface wjij and the surface universal forfi~**as follows:
with p; is sharp; nevertheless, the quasifacet itself is rough,

C. Thermal step bunching

D. Step tension and step stiffness

because (p) does not from the cusp singularity pt= p;. f(p)="£(0)+yIpl/a,+g|p|>+O(Ip|*), (4.9
In the case ofpo#0 [Fig. Ab)], both of the separated \yhere y is the step tensiora,=1 is the unit length of the
surfaces are quasifacets. step height, ang) is the step interaction coefficient.

From the thermodynamics of vicinal surface, we have fol- - From Eqs(4.2) and(4.5), 7 is obtained as
lowing equations?

n="yla,+3g|p|*+0O(|p[*). (4.6)
p=—at(nldn, (4.) By assuming thaty-p curve has the form of Eq4.6), we
obtain step tensiory and step-interaction coefficiegtfrom

n=0f(p)/ap. (4.2)  the least-square fitting of the calculatgep curve to
7= Ao+ As| p?+ Ag|pl>+ A pl*. (4.7)

At the two-phase coexistence, we have

The obtained step tension and step-interaction coefficient are
?(n(po)):“f‘(,](pl)), shown in Figs. 1) and 1Qb).
For T<T.(H)~0.62/kg, there are two branches in both
v andg; one branch corresponds to the step on the surface
7(Po) = 7(P1) = 7g. (4.3 \ith the adsorption coverag@~0 and the other branth
corresponds to the step on the surface vtk 1.
The two branches ofy converge to the curves of Ising
approximation of the RSOS surface witff=(1+a)e
f(p1) = f(Po) = 74(P1—Po)- (44  =1.1¢ ande®™=(1—a)e=0.9%, respectively, where the ex-

plicit forms of y and the step stiffnesg are giveR>**“*as

From Eq.(3.6) together with Eqs(4.3), we have

The equation Eq(4.4) means that thd(p) curve contacts

with a tangential line with slope, at both pointgp, andp;. y=€+ kgT In[tank Eeﬁ/ZKBT)], 4.9
We show an example of the coexistent surfaces by Monte

Carlo calculation in Fig. 1, wherpy=0. The surface made 7~ _ | Tsinh v/kaT) = kaTlexn €k T)tanH €& ( 2kaT

up of bunched 24 steps forms a quasifacet with the slope ofy B MyTkeT) =keTlexp( e /keT)tanR 7/ (2ke )}

p;, and adsorbates segregate on the quasifacet. —exp( — €®MkgT)coth €/ (2kgT)}1/2. 4.9
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The two branches af converges to the curves obtained from 04 o
the step stiffness through the following universal 0.3 ___.—-—"""
relation;**° 02" " . s
k T)Z M0.1 ‘‘‘‘‘‘ et .
m’ 0 e ——
gay= 6 = (4.10 o1} e
7 0207 e (2)
Therefore, the character of a single step is preserved, al- 0.3 bzt

though the first-order transition occurs.

In the temperature region &ET(H)/e<kgT/e<0.9, the
curve of y andg converge to the ones calculated from 2D
square Ising model witk®"= ¢. Since the adsorption layer is
in the disordered phase witB~0.5, the adsorbates come
randomly to the step ledge.

At higher temperatures than 0.RgT/e>0.9), the values
of y shift upwards and the values gfshift downwards from
the values of 2D Ising system wi#f= . In this tempera-
ture region, the multilevel height configurations of the sur- 2 50T 0% 0%
face increases since decrease; then the multilevel objects p
block step deformation, which increases the step stiffness. In
addition, the fluctuation of a single step is suppressed by the FIG. 11. Slope dependence lf=20 —1 with H/e=0.02(dot

multilevel objects, entropy in the step free energy decreasegashed 0 (solid), —0.02 (dotted, and —0.04 (two dots dashed
which increases. a) a=0.1,J/e=0.25, anckgT/e=1.1.(b) «=0.5,J/e=0.15, and

kgT/€=0.7.

V. FIELD-INDUCED FIRST-ORDER TRANSITION Here, we have the relatiojAh,|)~p+ & and(|Ahy|>m5.

In order to get intuitive insight for the origin of the first- Therefore, wherw>0, surface steps and surface roughness
order transition of the surface, we present a mean-fiel@ive rise to a positive effective field.

theory via Callen’s identit§® From the Callen Identit§?
We choose a certain site=(my,n,) on the lattice. We
rewrite the Hamiltoniar,;.na [EQ. (2.6)] as follows: 1
vicinal q <0'x b> Z E 2 Ty be — BHjicinal
{h} {‘Ty} {oxp'} oxp

Hicina= — 0xpHSH(| ANy p|) +others  (5.1)
= (tanf BHSL(|Ahy p)]). (5.8

(5.9  Note thatf (J]Ah|)=f(0)+[f(1)—f(0)]|Ah| holds for arbi-
trary functionf due to the RSOS conditio\h=0,£1). We

=— 0, HEM (|AR, o|) + others,

where then rewrite right-hand side of E¢6.8)
HEL (AR )= [ ay(my,Np) + oy (My— 1) (0 p)=(tant BHS(0)]) + ([tanH BHS(0) + Bave}
+oy(My,Np+1)+ oy (My—1n,+1)] —tani BH{L,(0) ANy ). (5.9
+tH+ “E|Ahy,b|’ (5.3 Using tanhX—tanhY=sinh(X—Y)/(coshX coshY), we obtain

HE®(|Ah, pl) =L ,(My ,Np) + o (M + 1,0p)

|Ahy,b|
(oy,py=(tant BH;'L(0)]) +sinh Bace) o |

+oy(mp,Np—1)+oy(my+1n,—1)]

(5.10
+H+aelAhy ), (5.9

Ahy p=h(my+1,n,)—h(my,ny), (oyp)= <tanI”[ﬂH 0)]>+Slnf’(ﬂae)<| QX b|> ,
Ahy p=h(my,np+1)—h(my,np). (5.5 (5.11
Err]otrﬂeEgjr.gg.csz—iés.S), the mean field acting on an adsorbate Q:COSWBH%(O)+,3a6]COSV[ﬂH§,ﬁb(0)], (5.12
(HET) = 43M,+ H+ ae(|Ahy|), (5.6 Q' =coshi BHS(0) + Baelcost BHET(0)]. (5.13
off For the better mean-field approximation, we use E§s.0

(H3b)=4IMy+H+ae(|Ah,]). (57 and(5.11). We approximaté|Ah, ,|/Q) as
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1
0.75
0.5
0.25
0 g
-025 ="
-0.5
-0.75

(b)

FIG. 12. Slope dependence bf=20 —1 for several tempera-
tures. (@) H/e=—0.02, «=0.1, andJ/e=0.25. kgT/e=0.8 (dot
dashed, 0.9 (dotted, 1.0 (solid), and 1.1(two dots dashed (b)
H/e=0, a=0.5 andl/e=0.15.kgT/e=0.5 (dot dashey 0.6 (dot-
ted), 0.7 (solid), and 0.8(two dots dashed

Ah Ah
<| y,b|>_<| y,b|>. (5.14>
Q (Q)
We have, from Eqs(5.10 and (5.11), the self-consistent
equations in the mean-field approximation:

M,=tan(48IM+ ,8H)+sinr(/3ae)g, (5.15

., (519

] p+d
My =tani(43IM,+ SH)+sinh Bae) Q’

Q=cosk[(4,8J My+ BH)+ Bae]cosi4BIM+ BH),

(5.17
Q' =cosh(4BIM,+ BH) + Bae|cos4BIM,+ BH).
(5.18
We introduce quantitieM andA as
M=(M,+M,)/2, A=(My—My/2.  (5.19

Since §~0 for low T, Egs.(5.15 and(5.16 become

M = sinf[8/3JE/I+2,8H] N psinr(LBae) (520
ZQN 2Q/

o Sint—8p3A] +psinf(~ﬁae)' 521
2Q” 2Q,

Q'=cosh4BI(M—A)+ BH+ Bae]

X coshH4BI(M—A)+ BH], (5.22

PHYSICAL REVIEW B 67, 125407 (2003

(b)

0.6

FIG. 13. f(p)-p curves.«=0.5 and)/ e=0.15. Temperatures of
the curves ar&gzT/e=0.5, 0.45, 0.4, 0.35, and 0.3 from the top to
the bottom. Values ap=0 are shown by symbols fokgT/e
=0.45(open diamony 0.4 (open trianglg 0.35(open squang and
0.3 (open circlg. (a) H=0. (b) H/e=—0.01.

Q"=cosh4BI(M—A)+ BH]cosh4B8I(M+A)+ BH].
(5.23
In Fig. 11 and Fig. 12, we shoM-p curve obtained by the
numerical solution of Eq95.20 and (5.21) with §=0.

Note that|A|<1 for J>0. Eqgs.(5.20 and(5.2J), then,
become

sinh( Bae)

M =tanh(48IM+ BH)+p  (5.24
_ cosit4BIM+ BH)
- cosit(4BIM+ BH)+4BJ
sinh( Bae)
><Zcosm4BJ|\/|+,3H+130[E)- (5.25

The mean-field critical temperatufé®™ for the “pure” 2D
Ising system H=0, a=0) is 4)/kgTM=1. For T
>TMF regardingB<1 andQ’~Q"~1, we approximate
further the Eqs(5.24 and(5.25 as

__Be
M*1—4BJ

[H/e+pal2], (5.26

125407-8
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0.5

04

0.3
Q,

0.2

0.1F

14 1.6

e 4 (b) H/e=-0.01

1.6 1.8 2

0.8 1 12

14
Pn
FIG. 14. p-Bn curves @=0.5 and J/e=0.15), wherep FIG. 16. An example of the top view of the RSOS-I surface: the
=1/kgT. Temperatures of curves akgT/e=0.3, 0.35, 0.4, 0.45, snapshot on Monte Carlo simulation akZ0° MCS. a=0.5, J/€
0.5, and 0.55, from the right to the left. Dashed line: The values for=0.15, andkgT/e=0.4. Above: the configuration of the RSOS
metastable statéa) H=0. (b) H/e=—0.01. vicinal surface, where a whitéblack point designatén(m+ 1, n)
—h(m,n)=A,(m,n)=1(—1). Below: the configuration of Ising
system(adsorption layer where white dots represent up spiiasl-

A= i pal2 (5.27) sorbates The RSOS system is covered with the adsorption system.
1+4BJ ' ' Size: 408 120. Number of step= 24. (a) H/e=0. (b) H/e
=-0.01.

Therefore, fora>0, M and A increase linearly ap in-
creases; and the rate of the increase is proportional ¥/e
can see this from Fig. 11 clearly.

For T<TYF, the first-order transition occurs iM-p
curve. There are two solutions for the E®.24); the one
corresponds to the equilibrium state and the other to th
metastable state. We shdw-p curves for several tempera-
tures in Fig. 12.

This first-order transition is similar to the field-induced
first-order transition in the ferromagnetism. In the case of
H<O0, as we can see from E¢(.4), M<0 atp=0. As
increasesp increases; them®™ increases from a negative
value to a positive value. This sign change of H#& cause

e abrupt change between the ordered states, which we call
the field-induced first-order transitianWhen H=0, M is
always positive for everp. Therefore, the first-order transi-

tion never occurs.
1

0sp VI. STEPS STRONGLY COUPLED

WITH ADSORBATES (a=0.5)

\

0.6F

S

When « increases, the interplay between surface steps

o4 and adsorbates becomes larger. We give the PWFRG results

02 | 1 in the case ofe=0.5, J/e=0.15, and forH/e=0, and
@) ? (b) —0.01 in Figs. 13-15.
% o1 %2 0 02 04 06 In Fig. 13, we show surface-free enerffyp) as the func-
4 p tion of p. »-p curves andV-p curves are given in Figs. 14

FIG. 15. M—p curves @=0.5 andJ/e=0.15). Temperatures and 15, respectively. The Monte Carlo results are also shown
of curves arekgT/e=0.3, 0.35, 0.4, 0.45, 0.5, and 0.55, from the IN Fig. 16. . .
top to the bottom. The values at=0 are shown by symbols for Similar to the case of the smadl, the first-order transi-

kgT/e=0.45 (open diamong 0.4 (open trianglg 0.35 (open  tion occurs forH<<0. In thep-7 curve,p always jumps from
squarg, and 0.3(open circlg. Dotted line: The values for meta- Pg=0 to p=p4(T,H). This means that the thermal step
stable state(a) H=0. (b) H/e=—0.01. bunching of the type shown in Fig(l9 does not occur.
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1.639 1.639
1.639
16390} (@) Lesd (©) 1639} (c)
i 1.638 1.639 1.638
zé ; 1.638
1.638 1.638 1.638
0 5x104 0.001 0.0015 0.002 0 1x10-4 2x10-4 3x10-4 0 1x10-5 2§10-5 3x10-5
p3 p4 P
1.714 1.714 1.714
B
= 1713} (d) 1713} (e) 1) ()
b
= 1712 1712 L1712
= 1.711 1.711 1.711
lé ' 4 ““ \“‘
1.71 * 1.71 1.71
0 0.002 0.004 0.006 0  4x10-4 8x104 0.0012 0 1x10-4 52x10'4 3x10-4
p3 p* p
B 184 1.84 :
. . 1.84
m 1
= 1838 (g) 1.838 (h) 1.838 ()
@ 1.836 1.836 1.836
< 1.834 1.834, 1.834
I 1832 1.832 1.832
1.83 1.83
0 0.002 0.004 0.006 0.008 0  5x10-4 0.001 0.0015 L83, 1x10-4 2x104 3x104
p3 p4 pS

FIG. 17. —7(7/(p))/kBT-p” curve, wherau=3, 4, and 5a4=0.5, J/€=0.15, andH=0. (a), (b), and(c) kgT/e=0.45. (d), (), and(f)
kgT/e=0.4.(g), (h), and(i) kgT/e=0.35. Dotted line: values for the metastable state.

What is remarkable for strong-coupling case is that thevil. ADSORBATE-MEDIATED INTERSTEP ATTRACTION

first-order transition occurs even for positite (~0) in a
temperature range ne&gT/e~0.4 (which is close to the

critical temperaturel .~0.340 of the “pure” Ising system

A. Interstep attraction caused by density fluctuation

of adsorbates

Since there may not occur the sign change of the effective We show that the density fluctuation of adsorbates give
field for H>0 case, the explanation given in the precedingfise to short-ranged attractive interaction between the steps.
section cannot be applied to this type of the first-order tran- In the coarse-grained description, the Ising pdg,, and
sition. We may call this type of first-order transition as the interaction partt;, in the Hamiltonian(2.5) can be writ-
“fluctuation-induced” transition. ten a8%4" (in the Gaussian approximation for the Ising field

There exists two end pointsk§T/e=0.45 andkgT/e
=0.35) of the fluctuation-induced first-order transition. At
theses points, there occurs the second-order transition. Inter-
estingly, we have found théat(p) does not take the well-
known GMPT form at these points.

In order to see this, we draw f(7(p))/kgT-p" curve in
Fig. 17. From EQs(3.6), (4.5), and(4.6), we obtain

1. >
Hising= f dzx[2[V¢(X)V¢(X)+Mﬁq¢2(x)] :

’HimZ—aef d?x(x)| Vi, (7.2
where the field¢(x) denotes the local deviation of magne-
tization from its mean values on the terrage,, is the
“mass,” h(x) is the “height field,” andV, is the derivative
along thex direction.

After performing the integration with respect to the field

{(¥)} as,

T(n(p))=1(0)—2g|p|*~3g4|p|*—4gs|p|>+O(|p[%),
(6.1)

where we have expandddp) as

f(p)=f(0 / 3 4 5+0(|pl®).
(p) ( )+Y|p| aZ+g|p| +g4|p| +gS|p| * (|p|(6)2) f Dd’E'XF[_B(Hlsing+Hint)]~eXF{_BHsterﬂ’ (7.2)

From the figures, the linearity of the curve is the best wherve obtain the effective Hamiltonian as
u=4 atkgT/e=0.45 andkgT/e=0.35. g seems to vanish at

the end point of the fluctuation-induced first-order transition. M "= Hrsos™ Hstep (7.3

125407-10
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FIG. 18. An example of the step configuration with two steps.
a=0.5,3=0.15,H/e=0.005, ankkgT/e=0.4. Size of the system:

300

y axis

100

3] N

2000

2200

X axis
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FIG. 20. Temperature dependence of step tensi@nobtained
by the least-square fitting of the PWFRG results to &q7) with

320x320. Time: 1X 10" MCS/site. We adopt periodic boundary Eq. (4.6), where we seta,=1, «=0.5, andJ/e=0.15. H/e
condition; the system is replicated yndirection and inx direction, =—0.02 (line with the reversed open triangle—0.01 (line with

where the surface height is added by-22) for the replica system

the open trianglg 0 (line with the open circlg 0.01(line with the

in x (—x) direction. The dotted curve shows the step on the left sideppen diamonyl and 0.02(line with the open squajeDotted line

in the replicated system.

The second ternit{e,is the Hamiltonian for the interaction

between steps given as

Hstep= —constae)zf dzyf d?x’

1
XWXh(y)'TJerZn'VXh(X ),

(7.9

with closed circlesJ=0, H=0, anda=0.5. Dotted line with the
reversed closed triangles: the step tension of the original RSOS
system with €*"=0.5¢ obtained by the PWFRG algorithm.
Dash dotted line: the step tension calculated from @) with
€*=0.5¢.

Therefore, adsorbate-mediated step interaction is of short
ranged, and the strength of the adsorption is proportional to
«?. Note that the sign in front of the integral is always minus
implying that the interaction is attractive.

We think this interstep attraction is the origin of the

where[ — V2+ ,u%]*l is calculated by way of Fourier trans- fluctuation-induced first-order transition mentioned in the
formation; we obtain the term which amounts to the expo-preceding section.
nentially decaying form exp{u,|y—X|) of the interaction.

100 150

0 50
A x
0.04
0.03
o~~~
o
3 0.02
[«
0.01f
0 'l 'l 'l
0 50 100 150
Ax

FIG. 19. The two-step terrace width distribution function. Size:

160x 160. (a8) @=0.1, H/e=—0.02, andkgT/e=0.5. Time: 2
X 108 MCS/site. Solid line:J=0.25. Dashed lined=0. (b) «

=0.5, J=0.15, H/e=-0.01,
X 10° MCS/site.

and kgT/e=0.4. Time:

1

B. Terrace width distribution

To confirm the interstep attraction in the RSOS-I system,
we have made Monte Carlo calculations. We study the ter-
race width distribution function of the surface with two steps
(Fig. 18. In Fig. 19, the two-step terrace width distribution
function are shown fork=0.1 ande=0.5. The value of
parameters are chosen so that the field-induffed «
=0.1) first-order transition or the fluctuation-induc€ér
a=0.5) first-order transition occurs.

For «=0.1, double broad peaks are seen in the terrace
width distribution, which can be attribute to the weak inter-
step attraction. The attraction is not strong enough to cause
thermal bunching.

For «=0.5, there are two sharp peaks, and we have con-
firmed that the peak width is essentially independent of the
system size. The off-peak values of the distribution reduce to
zero in the large system size limit. Thus, the steps form a
bound state due to adsorbate-mediated interstep attraction.

C. Step tension and step-interaction coefficient

For «=0.5, we obtained step tension and step-
interaction coefficieng by the least square fitting of the cal-
culatedp-» curve Eq.(4.7). We shows the results in Figs. 20
and 21.
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12} ]
©
i1l ]
08l ]
oa 03
- kBT/ €
0.2 0.3 0.4 0.5 0.6

kgTle FIG. 22. Temperature dependence of the fluctuation width of a

i . single step(Monte Carlo calculation «=0.5, J/e=0.25, and
FIG. 21. Temperature dependence of the step-interaction CoeﬁH/e=0 005. Size: 168 160. Average time: & 10° MCS/site
cient 3y/kgT obtained from the least-square fitting of the PWFRG R ' ' ' '

results to Eq(4.7) with Eq. (4.6). a,=1, «=0.5, andJ/e=0.15.
H/e=—0.02 (line with the reversed open triangle—0.01 (line
with the open trianglg 0 (line with the open circlg 0.0035(line Recall that, in the derivation of the universal relation Eq.
with +), 0.005(line with X), 0.01(line with the open diamond  (4.10), it is assumed that the steps do not form bound states.
and 0.02(line with the open squaye Dotted line with closed In our case, as has been discussed in the preceding section,
circles: J=0, H=0, and «=0.5. Reversed closed triangle: the there arises interstep attraction due to the density fluctuation
step-interaction coefficient of the original RSOS system with  of the adsorbate. If the attraction is strong enough, the steps
=0.5¢ obtained by the PWFRG algorithm. Dash dotted line: themay form bound states, which invalidate the “single-step”
step-interaction coefficient calculated from E@.9 with universal relation Eq(4.10. We present here an argument
=0.5¢ together with the universal relation E@.10. for the vanishing ofy in terms of the bound steps.
Assume that step form-body bound states. By,, we

In the lower temperature thah,~0.34, and foH=0, y  denote the density of the-body bound stegby p,, we de-
and g converge to the RSOS one wi#f=0.5¢, sinceM note the ordinary nonbounded step densitgince each
(®) =~1. WhenH <0, the field-induced first-order transition bunch ofn-bound steps can be regarded as a single multiple-
occurs. height step, the system afbound steps may be again in the

In the temperature regioh.<T<0.6e/kg, v andg show  GMPT universality class. Hence, we have the following ex-
interesting behavior. Whem/e<0.0035, the fluctuation- pansion of the vicinal-surface-free energy
induced first-order transition occurs. As we decrease tem-
perature fromT~0.6e/kg, g obtained by the least-square f=vy.pnt Bnp§+(higher—order tems (7.6)
fitting decreases continuously; then becomes negative,
where the first-order transition occurs. For<#6l/e with
=<0.0035, further decrease in the temperature cause the in-

D. Step-droplet picture

crease ofy, leading finally to positivey. At the end points of 72 (kgT)2
the first-order transitionTs, and T, g becomes zer§?° Bi=g —= (7.7)
(kgTs, /€~0.35 andkgTs ,/€~0.45 in the case dfi=0). n

As for the case of 0.0035H/e<0.02, y shows the qua- _
sireentrant step behavift.One simple possible explanation Wherey, is the step tension of the-bound step, ang, the
for the vanishing ofg at T, and T, might be given in  corresponding stiffnessy;=v,7:=7).
terms of the “single-step” mechanism; due to Ed.10, Note that, roughlyin the order-of-magnitude estimatign
vanishing ofg implies divergence of step stiffnress As a  We hav
check for this mechanism, we have made the Monte Carlo
calculation of the scaled single-step fluctuation width Ya~Ny1, (7.9

which is related toy as

Yn™ n;’n ) (7.9
p2—Kel (7.5  which leads to
Y
1
The calculatedr? is finite and monotonically increasing for B~ ﬁBl' (7.10

0.35<kgT/e<0.55(Fig. 22. Hence,y does not show diver- _
gent behavior, which rejects the single-step mechanism.  Since the surface gradief| relates top, as
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bl=npa,. (711 atom favors the step led§8,and changes step eneffy,
) e which suggestgr>0. It is known that chemisorbed oxygen
We have[ p,=|p|/(na,)=p;/n] on** Ag(331) or Ag(110 cause®’ faceting, which is revers-

ible upon Q adsorption and desorption. Ozcomettal. ob-
served the vicinal surface of O/AHLO) systent: and they

_ 3 i
f= ¥npn+t Bnpy(+ higher-order termss gave a phenomenological form 6fp). Their f(p) is quite
1 similar to our f(p) curve in case ofa=0.5, J=0.15, H
~y1p1t _431,)2 (7.12 =0, andkgT/e~0.4. Therefore, the system may possibly be
n a realization of the step bunching due to the adsorbate-

mediated interstep attraction.

= vilpl/a,+glpl® (7.13
with IX. SUMMARY
We have studied the interplay between the vicinal surface
9= By _ (7.14 and the adsorption below the roughening temperature. In this
n4a§ paper, we have clarified the origin of the thermal step bunch-

ing or the quasifacet formation by making detail calculation
on the surface thermodynamical quantities.
We have presented the restricted solid-on-solid model

Hence,g can vanish ifn diverges:g—0 (n—o°).
In the above argument, we have fixedThere may, how-

ever, the cases where the valuena$ distributed in a range. . .
In other words, steps form “droplets” with mean droplet size coupled with the Ising mod¢RSOS-I modslon the square

. . lattice [Egs. (2.5 and (2.6)]. The coverage®) of the ad-
§?>1£)Stie Fig. 16 In such cases, we should modify Eg. sorption is assumed to be less than 1, and the surface height

difference between nn site is restricted{ty+ 1}. We have
introduced the coupling constaatbetween the surface and
B, the adsorbates. Smatl corresponds to the physisorption sys-
9~ W' (7.19 tem, and largex corresponds to the chemisorption system.
z We have concentrated on the case of the attractive lateral
which also vanished as the mean droplet sizg diverges. interaction between adsorbatek>0).
We think that this step-droplet picture gives a valid explana- We have calculated, by the transfer-matrix method, the
tion for the vanishing ofy at Ts; andTs . _ Andreev free energy(7), p-n curves f is the surface
Se.emmg'ly S|m‘|‘larn-body bouﬂ% step have .appeared Inslope, andz is the Andreev fiell and M-p curves M
the discussion of “quantum-mer.”"In Ref. 50, it has been —20-1). As an efficient computational algorithm, we
shown that energy balance between the long-raedestio dopt the PWFRG algorithth which is a variant of the
repulsion and the short-range attraction leads to formation g MRG alaorithm??
stablen-bound stepgquantumn-mers. We may refer to this algorithm. . .
mechanism of the formation of bound step as #rergy The surface-free energy per projected afa) is calcu-
origin. In contrast, our mechanism may be referred to as théated from the Andreev free enerdy ) by the Legendre
entropy origin because the short-ranged attraction itself istransformation. Step tensiop and step-interaction coeffi-

generated by fluctuation of the adsorbates density. cientg are obtained from the least-square fitting of the cal-
culatedp-# curves to the GMPT universal form &{p).
VIII. APPLICATION TO REAL SYSTEMS For steps weakly coupled with adsorbates=0.1), the

] field-induced first-order transition occurs as Andreev figld

Let us br_|efly comme_nt on the relevaqce of the pre_senEhangeS, where the surface slgp@assumes a finite jump.
yvork to existing experlmenta! observations. Adsorpuon-_.l.his field-induced first-order transition occurs b T and

induced facggari%lor step bunching has been rgported n VarH<O, whereT, is the critical temperature of the 2D Ising

ous systems:! For some systems, the faceting or the step

; . "system, andH is the magnetic field connecting to the chemi-
bunching has been reversible upon adsorbate adsorptlonyI potential of the adsorbatgsasH = u/2-+J,

desorption, which suggest that the adsorption-induced ste‘f:? )
bunching is of thermodynamic origin. For example, the giant OF Steps strongly coupled with adsorbates=0.5), the

step formation observed for Au on (801 surfac& 52 is fluctuation-induced first-order transition occurs. This
understood as the thermal step bunching of the field-inducefiuctuation-induced first-order transition occurs for-T¢,
type, which we have been proposed in the present paper. Ayhich  occurs even at positived. The origin of the
atoms on S001) have attractive lateral interaction among fluctuation-induced first-order transition is the adsorbate-
themselves, suggesting thait-0; Au atoms avoid ledge of Mediated interstep attraction caused by the density fluctua-
the step on the surfacé,which suggestsr<0. The mac- tion of adsorbates on the surface. .
rostep formation observed for Ga($l11) systeni® may also For positive H, at the end points of the fluctuation-
be understood as the field-induced first-order transition. Génduced first-order transition, the step-interaction coefficient

125407-13
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g vanishes. This vanishing phenomena has been explained

in terms of the step-droplet picture.

PHYSICAL REVIEW B 67, 125407 (2003
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