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Segregation is studied at th@01) and(310 surfaces, as well as for tle="5 (310) [001] tilt grain boundary
(GB), in the CHAQ) system. Based on an effective Ising model with energetic parameters obtained from an
N-body interatomic potential, we compare the segregation driving forces for the three interfaces in this system,
which presents a strong tendency toward phase separation in the bulk. Within mean-field theory, we derive
segregation isotherms, and we find an essential difference between tt@flasurface and the ope310
surface. For the first one, the isotherm is characterized by a succession of monolayer phase transitions, whereas
the isotherm of th€310 surface exhibits a multilayer phase transition, all these transitions occurring well
within the domain of the CiAg) solid solution. The segregation isotherm for t(810) [001] tilt grain
boundary is similar to th€310) surface one, with the presence of a multilayer phase transition too. The
behavior of the GB plane itself is rather intricate, a multireentrant phase transition being predicted. A ground-
state analysis and a simple bilayer model allows us to detail the conditions for the existence of an interfacial
multilayer phase transition, as a function of both the energetic and crystallographic parameters and the tem-
perature.
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[. INTRODUCTION temperature. In particular, first-order phase transitions such
as the ones derived from the Fowler-Guggenheim surface
The chemical composition in alloys near interfaces is inisotherm&2° have not been reported for GB isotherms to the
general different from that of the bulk. This phenomenon ha$est of our knowledge.
been extensively studied for many years both for surfaces Very recently, we extended the tight-binding Ising model
and grain boundarietGB’s).>*~® Atomic resolution experi- (TBIM), developed for the study of surface segregatith,
mental techniques now allow a more detailed comparisoto the GB casé’ The key point of this approach is that the
with atomistic simulations for both types of interfaté® energetic parameters of the Ising model are obtained from
From a theoretical point of view, surface segregation hasitomistic simulations using interatomic potentials derived
been modeled both analyticall}* and by numerical simula- from the second-moment approximati®MA) of the tight-
tions such as the Monte Carlo technidé@he advantages of binding schemé® This SMA-TBIM approach permits one to
the first approach are obviously to allow one to extract thelakes into account the influence of the atomic relaxations at
segregation driving forces and to study extensively the influthe surface or in the GB zone and the variation of the width
ence of physical parameters such as the bulk concentration of the local density of electronic states on each site of the
the temperaturé.However, the rigid-lattice approximation, interface. Consequently, the energetic parameters of the ef-
which is often assumed in the analytical approsaeglects  fective Ising model are different for each site or for each pair
the influence of atomic relaxations. When the atomic radii ofof neighboring sites of an interface. It is obvious that such
the elements of the alloy differ strongly, this approximationvariations can strongly affect a segregation isotherm. In par-
is probably too severé**1*Conversely, Monte Carlo simu- ticular, it is an open question to know if it can induce specific
lations coupling atomic displacements and a change of thmterfacial phase transitions.
chemical nature of the atoms include all factors that may The goal of the present paper is to compare surface and
induce superficial segregatiéhHowever, due to their nu- GB segregation isotherms by taking advantage of the analyti-
merical aspect, these calculations are unsuited to deriveal properties of the SMA-TBIM approach. The Cu-Ag sys-
trends in superficial segregation behavior. The same dilemmi@m is chosen due to the large number of studies on
exists for the study of grain boundary segregation, but thsurfacé’?°~*>and grain boundafy-**~*?segregation. Segre-
large distortions of the interatomic distances between GRyation isotherms for the symmetrical tilt grain bound&ry
sites seem to prevent the use of simple lattice-gas=5 (310 [001] will then be compared with two surface
modelst®~?° like those used for the surface case. This ex-isotherms. The first one concerns ®81) low-index orien-
plains the large use of Monte Carlo simulations for GB seg+ation, whereas the second one is related to the same orien-
regation study!~2*and thus the lack of knowledge about the tation as the GB, i.e., th€10) surface. This will allow us to
general trends followed by GB segregation isotherms, thadistinguish the respective roles of the nature of the interface
are defined as the relation giving the concentration on eactsurface or GB and its crystallographic orientation. More-
GB site as a function of the bulk concentration for a givenover, it seems that this is one of the first theoretical studies of

0163-1829/2002/68.9)/19541317)/$20.00 65 195413-1 ©2002 The American Physical Society



BERTHIER, CREUZE, 'I:El'OT, AND LEGRAND PHYSICAL REVIEW B 65 195413

surface segregation for an open orientation, such a&3t® AHimeraction(C'Cp Cpr)
one, and we hope that the present results will motivate ex-
perimental studies on segregation at vicinal surfaces. p'=+q ) )
The paper is organized as follows. In Sec. II, we review =22, | >, Z&PTPVRPHP Cospr—ZrVRC|, (3
the main features of the SMA-TBIM approach. In Sec. lll, R \p'=—q
the values of the energetic parameters of the model are given

whereVg= (VA"+VEB—2VAPB)/2 is the effective pair inter-
for the (001) and(310) surfaces and for the =5 (310 [001] action eF;1er(g>(REPI) getweeﬁ t)heRth neighborg? ZpR is the

GB for the CyAg) system. Then the segregation isotherms 97 ;
are presented for all these interfaces, with special attentioRUIk C(?ordlnatlon number for thigth shell of neighbors, and

paid to possible interfacial phase transitigBec. IV). Some  ZR" " is the number oRth neighbors between plangs
simple analytical models are presented in Sec. V to interprednd p+p’. The indexq defines the number of planes that
the main differences observed between the phase transitiohé@ve to be considered ¢2-1 in the bulk, consistently with
for the (001) surface, on the one hand, and 840 inter-  the spatial extension ofz. The EPI's can vary near the
faces(GB and surface on the other hand. Then a quantita- interface, which explains the occurrence of the exponent in
tive comparison of the results of these simple analyticak/gwp' in the term that depends an, ,3.44-46
models with the isotherms obtained with the SMA-TBIM  The segregation enthalpy in the infinitely dilute limit is
approach is performed in Sec. VI. Finally, in Sec. VIl we list the sum of three terni&?’#?
the general conclusions. _ _ _ _
AHlpmpumyZAH;'te-i-AH,S)|26+AHEP|, (4)
Il. SMA-TBIM APPROACH . .

whereAHf;'te is equal to the difference of the excess enthal-

Let us recall the main features of the SMA-TBIM ap- pies of sites on theth plane between the pure constituehts,
proach for studying surface and GB segregafiéhStarting andAH3"*®is the component of the segregation enthalpy due

from the tight-binding Hamiltonian and using a generalizedig the size mismatch betwedxand B.3** The last term in
perturbation method, an effective Ising Hamiltonian is ob-gq. (4) is related to the EPI'¥ (Ref. 47):
tained to model the part of the energy that depends on the

chemical configuration, which governs interfacial p'=+q
segregatior. The Bragg-Williams approximation is used for AHEPIZE Va| Zg— 2 Zg,mp’ _ (5)
the statistical treatment. Moreover, we assume that the con- R p'=-q

centration is homogeneous for each plane parallel to the in-

terface, at least when all the sites in such a plane are crys- The key point of the SMA-TBIM approach is the possi-
tallographically equivalent. In the opposite case, we considebility to calculate the energetic parameters of E@—(5)
sublattices formed by equivalent sites, and we define a corfrom realistic simulationé’*? This is performed using
centration per sublattice for each plane parallel to the interN-body interatomic potentials derived from the second-
face. As shown below, this is the case for 8100 GB  moment approximation of the tight-binding scheffé? The
plane. However, for the sake of simplicity, we omit the indexcalculation of the excess enthalpy on each site in the pure
of the possible sublattices in the following equations and weametals, necessary to obtam—lz”e, is obtained after mini-
denotec, the concentration of Ain thpth plane,p=0 being  mizing the enthalpy with respect to atomic positions by

the interface plane. means of a quenched molecular dynamics algo.rﬁ‘i‘nlﬁor
The segregation isotherm for &B, . alloy at tempera- the calculation of the size effect contributiaxH3'*¢, the
ture T is given by’ parameters of the interatomic potentials are the same for the

A—A, A—B, andB—B interactions, except the one fixing
_ o the lattice parameter for each metdf. This procedure al-
l1-¢c, 1l-c kgT ’ lows us to separate the size effect from both the site and EPI
, ) contributions for interfacial segregation. Finally, the bulk
where AGp*%= AH*9-TAS i St?e Gibbs fgee energy of Ep|sv,, are obtained by considering the enthalpy difference
segregation on theth plane; AHZ®9 and AS*9 being, re-  AH_ of a relaxed system containing two isolated solute at-
spectively, the segregation enthalpy and the vibrational pagms (initial state and two solute atoms iRth neighbor po-
of the segregation entropy on tp¢h plane. Each thermody- gijtion (final statg. Vg is related toAHg by Vg=AHg/2.42
namic quantityAX3%, with X=(G,H,or S) corresponds to  Similar calculations are performed between the different
the variation ofX when oneA atom in the bulkis exchanged o of the interfaces to obtaWP*P’, i.e., the values of
with a B atom in thepth plane parallel to the interface. the EPI's near the interfaces.

It has been shown thatH3? may be expressed &&"* The vibrational part of the segregation entropy in Ekj,
AHSYc,c, ,Cp,):AHipmpurity+AHipnteraction(C,Cp o), ilsj,;ge,dc\?;uk;z E?ttirr]r;a;(tagmt?c/ a recursion (;nitﬁ?dsing the
@) . positions and the force constants
) ) derived from the SMA potential. Previous wétkshowed
whereAH,"P"Y is the segregation enthalpy in the infinitely that both the harmonic approximation and local Einstein
dilute limit and AH *¢"°°" takes into account the interac- modef° are clearly too rough to predict the segregation en-
tions among segregating atof{¢'? tropy at the surface or in the GB quantitatively. Our results,

cp c XF{_AGgeg(c,cp,cp,) 0

195413-2



MULTILAYER PROPERTIES OF SUPERFICIALAND . ..

S S -

X | X | | X | X .
—O—O0—O0—O0—0O—0—

X | X | X | X | X
—O—O0—O0—O0—0O—0—

[001] (110]
X | X | X | X | X
(310]
[0o1] [1-30]

obtained using the quasiharmonic approximatt@and eight
levels in the recursion method, lead to a vibrational contri-
bution that can be neglected at the surface but which is sig-
nificant for some GB site$. Thus the SMA-TBIM approach
yields a lattice-gas model with energetic and vibrational en-
tropic parameters consistent wittbody interatomic poten-
tials, and incorporates the influence of atomic relaxations.

Ill. SURFACE AND GB SEGREGATION DRIVING
FORCES

The geometry and the numbering of the various sites of
the interfaces studied in the present work are shown in Fig. 1
for the surfaces, and in Fig. 2 for the GB. T(8L0 surface
can be also considered as a vicinal surface Wil ter-
races and periodic steps along #@91) direction[see Fig.
1(b)]. The GB structure shown in Fig. 2, referred to as e
structure in previous work¥,is characterized by a stacking
of two different (002 planes along the tilt axis. Moreover,
due to the collapse of tw@620) planes into one during
relaxation®® the boundary plane contains twice as many at-
oms as any other layer. However, these atomic sites are non-
equivalent, the O sites being characterized by a large tensile
pressuré? see Fig. 2. We must then distinguish two sublat-
tices in this plane, which we denotg andcy, , for the Ag
concentration on the respective sublattices in the GB plane.

As shown in Sec. ll, the calculation of the segregation
isotherm in the SMA-TBIM approach requires a knowledge
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FIG. 1. (a) Top view of the structure of the
(001) surface(a): the two symbols(circle and
crosg correspond to the stacking of the tW@02)
planes along thE001] direction.(b) Side view of
the structure of thg310) surface: the surface
plane (label O and the underlayers p(
=1,2,...) areindicated. The sites belonging to
the odd planedindicated by the crosspsare
shifted bya/2 [001] relative to the ones belong-
ing to the even plane@ndicated by the circles

impurity e} i _ . .
of AHP impuri?ynq the EPI's in the_ bulk and near .the inter FIG. 2. Structure of th& =5 (310 [001] tilt grain boundary.
face. AHp_ is the enthalpy difference occurring when The sites 0+2,+ 4, . . . belong to the first002 plane(a), whereas
one substitutes a solute atom from a bulk site for a solvenghe sites 0,+1,+3, ... belong to the secon02) plane (b). A
atom at a site of theth plane parallel to the interface; the superimposition of these two planes along the tilt g081] is

relaxation procedure mentioned above being used in both thehown in(c).
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TABLE |. Site enthalpy exces&H3"®, size effectAH}*®, EPI TABLE IIl. Site enthalpy excesa\H3"®, size effectAH3?®,
effect AHS!, and comparison between the segregation enthalpy oEPI effect AH;"', and comparison between the segregation en-
one impurity, AH"P"™  and its estimationAH """, from the  thalpy of one impurity AH""™  and its estimationAH}"""™,
sum of the three previous effects for the first three planes of thérom the sum of the three previous effects for the first fi@20
(001) surface. All these quantities are expressed in meV/at. adjacent planes of the=5 (310) [001] tilt grain boundary and for
the GB plane(sites 0 and O’ All these quantities are expressed in
AHS'®  AHSZE AHEP AR mpurity AHPUTY meV/at.

p=0 -130 —305 —109  —544 ~541 AHS'™  AHS™® AHEP  pRmeuriy  ApmoUY

p=1  -13  +8  —16 ~21 -1

p=2 0 -3 0 -3 +4 p=0 +57 —578 +14 —507 —565
p=0’ - 62 -91 —46 —199 —138
p==*1 —-52 - 69 —-14 —-135 —-119

initial and final state§’ The three contributions\H3"®,  p==2  -11 -191 -9 -211 —204

AH3?¢, andAHSP' to AH"PY"™Y are given in Tables I-Ill p=+*3  —-16  —116 0 -132 -131

for the three interfaces and their sum, denaiddf™*""V is ~ P==4 ~ —15 -8 —16 —118 —99
p=+5  —4  +40 0 +36 +32

compared to the direct evaluation aH;"*"Y.
We note that\H"P""™" reproducesAH ™" "™ very well

in all cases, the maximum deviation being less than 60 Me\{g(races. then site 1. which is in the center of 0el) ter-
This shows the pertinence of the lattice-gas approach and tl}ﬁce, must have properties similar to the 0 site of (0@)

validity of the decomposition of the segregation enthalpygrface. The comparison of the segregation enthalpy for both
following Eq. (4). Moreover, it allows one to compare the sites(see Tables | and Jishows that this is the case.

segregation driving forces for the different interfaces. (c) For the 3 =5 (310 [001] GB, the segregation en-
(a) For the(00D) surface, the segregation enthalpy for oney, 10y is significanti.e., greater than 100 meV in absolute

isolated solute atom is significant only on the surface plan?/alue) on the GB plangsublattices 0 and 9 and on four
a_nd almost vanishes for the flrs_t underlagse Table)l The (620 planes immediately adjacent to the interfésee Table
size effect favors Ag segregatg)néud_ue to tspe larger atomig;y “This means that the spatial range of the segregation
radius of Agi::eompgreql to Curf9/r®=1.13)” The sign of enthalpy on each side of the interface is one plane greater
the termAHg"®, which |s_related_to the lower surface energy than for the(310) surface. As discussed previoudly’2 GB
of Ag compared to Cu, is also in favor of Ag segregafion. segregation is largely dominated in the infinitely dilute limit
Finally, as Cu-Ag is a system that has a tendency to phasgy the size effect, due to the large distortions of the inter-
separate, the EPI effect favors the superficial enrichment oftomic distances in the GB region. Nevertheless, the site ef-
the mmonty.elemen?,here Ag in the C(Ag) solid solution.  fect cannot be neglected on sites @nd = 1, whereas the
Thus, for this surface, each of the three effects leads to Agpy effect remains almost negligible at all sites. An impor-
segregation, the size effect being the dominant contributiongnt contribution of the vibrational entropy to the Gibbs free
(b) For the more operi310 surface, the segregation en- energy of segregation on site 0 was found in a previous
thalpy is greater than 100 meih absolute valueup to the  \yqrk “and must be taken into account in Edj); see Table
fourth layer (see Table I); this corresponds strictly to the |y, 41
nearest—neigh_bor_range. The size effect is again the dominant Beyond the infinitely dilute limit the dependence of the
one, the_relaﬂve influence of the site and EPI effects be'n%egregation enthalpy on the local concentrations is given by
very similar to the one observed for th@01) surface. If the  he Epys, which can differ near the interface from their bulk
(310 surface is considered as a vicinal surface WR1)  \,51ues344-46 |y Table V we note that the EPI's within the

_ e e (002) surface planey?° andVv3?, are less negative than in
TABLE II. Site enthalpy excesaH, ™, size effectiH,™", EPI  yhe pylk, indicating a lower tendency toward phase separa-
effectAH, ™", and comparison between the segregation enthalpy ofiqp, gt the surface. A similar evolution was found by Meunier
one impurity, AHZ"P*", and its estimationAH"P*"™, from the gt a1, %6 using a slightly different interatomic potential for the
sum of the three previous effects for the first seven planes of th%:u-Ag system. Conversely, the in-plane EPI's are enhanced
(310 surface. All these quantities are expressed in meV/at. (in absolute valugin the first underlayer, just as the inter-

site size EPI Timpurity impurity
AHp AHp AHp AHp AHp TABLE IV. Vibrational part of the segregation entropy for the 0

p=0 —213  —317 -172 ~702 659 sites of the =5 (310 [001] tilt grain boundaryA S3°9 (expressed
p=1 ~139 -288 —125 _552 532 in units ofkg) vs T and the contribution-TAS;®? (in meV/at) to
p=2 98 _282 g5 465 457 the Gibbs free energy of segregatidnG;°?.

p=3 —-41 —-83 —-40 —164 —157 T 300 K 600 K 900 K
p=4 —-12 +40 —-16 +12 -31

p=5 —-12 +4 —-16 —24 0 A —2.15 —-25 —-3.2
p=6 -1 —-12 0 —-13 -2 —TA%eg +55 +130 +250
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TABLE V. Number of neighborZRP*P'and effective pair in- layer EPI's VS9! and V}?. We note that the EPI's almost
teractions between sites of plangsndp+p’, VEP™P' (in meV), reach their bulk values beginning with the second underlayer.

for the (001) surface. The numbers on the Iéfespectively on the The (310 surface has no nearest neighbors within the
right) are relative to the nearest neighbdRs: 1 (respectively next-  surface planeZ}'P=0; see Table VL We show in Sec. IV
nearest neighbork = 2). this has an important consequence on the segregation iso-
therm. Similar to the(001) orientation, the in-plane EPI's
p'=0 p'=1 p'=2 VP are less negative than in the bulk for the first three
20040’ 44 40 01 planes (B=p=<2) (see Table V)| whereas some interlayer _
R ’ ' ' EPI's are strongly enhanced in absolute value. Moreover, if
p=0 —18~7 —51,- -.—8 we analyze the results of th@10 surface as those for a
p=1 -31,-19 -30,~ -,—16 vicinal orientation of thg001) surface, we find good agree-
p=2 —25-18 —24,— —,—16 ment between the different values of the EPI’s for the vicinal
bulk -23-16 —23-— —,—16 surface and for the flat onlsee Table VIJ. We note that the

EPI's reach almost their bulk values from the plane5 for

TABLE VI. Number of neighborszg'p*p’and effective pair interactions between sites of plamesd

p+p’, VpR'F”p' (in meV), for the (310 surface. The numbers on the léfespectively on the rightare
relative to the nearest neighboR=1 (respectively next-nearest neighboRs= 2).

p'=0 p'=1 p'=2 p'=3 p'=4 p'=5 p'=6
ZoP+’ 0,2 2,0 1,1 2,0 1,0 0,0 0,1
p=0 - =7 —-29,- -25,12 -50,0 -60,0 - - -,—12
p=1 -,—6 —13,- —~51,-16 —54,— —55,— - - ~,—13
p=2 -, 12 —28- —47-3 ~ 53~ ~50,— -— ~,—13
p=3 -,—23 — 44~ ~34,-16 42~ — 48~ - - -,—-13
p=4 -,—22 31— —-29,-30 29~ ~-30,~ -- -,—18
p=5 --21 —27- -29,-19 —-30,~ 29~ - - -,—-18
bulk -,—16 23~ —-23,-16 — 23~ — 23~ - - -,—-16

TABLE VII. Comparison between the effective pair interactidics meV) of the (001 surface and the
(310 surface considered as a vicinal surface of {@@1) one.

(001) V3%=-7 V'=-51 V3*=-8 Vi'=-31 Vy'=-19 V{*=-30 V;°=-16

V30=-7 vi®=-51 V30=-12 V{%=-31 V3*=-22 Vv{%=-29 Vv3¥°--18
(310) Vy'=-6 Vi*=-54 Vy'=-13 Vi'=-29
Vi®=-55 V3%=-13 Vi8=-30

TABLE VIIl. Effective pair interactions between sites of planeandg, VR (in meV), for the (310 GB.
The numbers on the leftespectively on the rightare relative to the nearest neighbdRs= 1 (respectively
next-nearest neighborf=2). Forvzﬂ*tz, the two values correspond to different types of neighbors be-
tween the planes2: V5272 on the left andv, 2“2 on the right.

gq=0 q=0’ qg==*1 g==*2 q==*3 g==*4
p=0 -,—5 -6,— -9,— —44,-20 —29,~ -29,~
p=0' -,—30 —44,-17 ~1- 6,— -
p==1 30,-33 —29,~20 -20,0 -30,~
p==*2 -,—2/-33 —33,~ —-48,-19
p=+3 -,—33 —28,—
p=*4 -—20
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TABLE IX. Number of neighbors between sites of plameand
g, ZR9, for the (310 GB. The numbers on the leftespectively on
the righy are relative to the nearest neighboRs=1 (respectively
next-nearest neighbor&=2). For Z;%*?, the two values corre-
spond to different types of neighbors between the plan@s(see
Table VIII).

g=0 g=0" g=*1 q=*2 q=*3 q==*4
p=0 —-,—2 2~ 4,— 2,2 4~ 2,—
p=0 -2 2,2 4 2,— - =
p=+1 1,2 2,2 1,2 2
p=+*2 -21 2~ 1,1
p= +3 -2 2—
p==*4 -2

the (310 surface, which corresponds to tpe=2 plane for
the (001) orientation.
For theX =5 (310 [001] tilt GB, the EPI's and the coor-

PHYSICAL REVIEW B 65 195413

TABLE X. Solubility limit c, and spinodal limitcg;, calcu-
lated from mean-field equations for various temperatures.

T 300 K 600 K 900 K
C, 5.0x10 7 7.1x10°4 8.5x10 3
Cspi 3.6x10°? 7.6x10°? 12x10°2

similar to the(310 surface. However, the values in the GB
plane(sites 0 and 0) and in the closeg620) planes parallel
to the interfacdsites*+ 1) differ strongly from the ones ob-
tained for the(310) surface. In particular, the maximum ab-
solute value of the rativ/? %/ V2% is less: 2.1 instead of 2.6.
Furthermore, a high positive value is obtained féf**
(+30 meV), indicating a repulsion between Ag solute at-
oms located in nearest-neighbor positions on planésand
+1. This repulsion is related to the strong compressive pres-
sure on these sitéé;see Fig. 2.

Using the energetic quantitieﬁH'pm"“”ty and the EPI’s
described in this section, and assuming they do not depend

dination numbers between the sites in the first planes adjan temperature and concentrations, in Sec. IV we show the
cent to the interface are given in Tables VIII and IX. The segregation isotherms for the three interfaces, mainly studied
convergence of the EPI's toward their bulk values is ratheiat three temperaturé¢900, 600, and 300 K
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FIG. 3. Segregation isotherms for t{@01) surface:c, vsc for p<2, atT=1600 K(a), 900 K (b), 600 K (c), and 300 K(d). The bulk

solubility limit is indicated by the vertical line.
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1.0

0.8

10"

FIG. 4. Segregation isotherms for t@L0) surface:c, vs ¢ for p<6, atT=1500 K (a), 900 K (b), 600 K (c), and 300 K(d).

IV. SEGREGATION ISOTHERMS A. (00)) surface

The segregation isotherms are obtained by solving the In Fig. 3@), the segregation isotherms are shownTat
system of nonlinear equatiori%), coupled by means of the =1600 K, giving the concentration of the first three planes,
interaction termAH'p“teraC“O”(c,cp,Cp,)_ This is performed from ¢, to ¢,, as a function of the bulk concentratienAt
by using a Newton-Raphson algorithm with a sufficiently this temperature, all the concentrations increase monoto-
large number of equations like Eqgl) for a given nhously withc up to a value almost equal to 1 fop andc,
temperaturé* Note that the study is restricted to the domainwhen ¢ reaches the bulk solubility limitAHg"P""" being
of the bulk solid-solution C{Ag), i.e. the Ag bulk concen- greater(in absolute valugthan AH!"P""Y (see Table ), ¢,
tration remains smaller than the solubility linait,, which is  is greater tharc; whateverc. At T=900 K [see Fig. 8v)],
given by the following equatioiisee Table X Co increases almost monotonocally, whereasctheurve is a

van der Waals loop, indicating a first-order layering transi-
tion on this plané”* This transition is responsible for the

“ H ” 11 5,53 H
1—2¢ (T 7.\ small “companion” transitiof>>3 observed in the upper part
Ca(T) —ex ( ol ))ER: RTR of the ¢y isotherm. For a higher bulk concentration, another
1-c,(T) KT : (68 first-order phase transition affects just before the bulk

solubility limit c,, .
When decreasing the temperature, the isotherms on the
When the solubility limit is very low, as in the present case, djfferent planes are shifted toward lower bulk concentrations.
this expression can be approximated by The surface critical temperatufg?, below which a first-
order phase transition is observed on the surface plane, must
be slightly less than 600 K in view of thg, curve in Figs.

2 ZrVR 3(c) and 3d). The same consideration for tleg curve leads
c(T)=exg R 6b) to an estimation oﬁ around 1500 Ksee Fig. 83)]. In Sec.
kgT ' V we discuss the origin of such variations of the critical
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FIG. 5. Segregation isotherms for the="5 (310) [001] tilt grain boundaryx, vs ¢, for the grain boundary plang &0 and 0) and for
the first adjacent plangs<5, atT=1600 K (a), 900 K (b), 600 K (c), and 300 K(d). Note that the value of the vibrational segregation
entropy atT=1600 K is taken equal to its value at 900 K. This leads to underestimate its effegt on

temperature for the first-layer transitions. We note that thalifferent planes near the surface and the lower value of the
width of the van der Waals loops is larg@m a logarithmic  critical temperature on the surface relative to the first under-
scalg¢ when the temperature decreases. As a consequendayer plane.

the lower part of the, isotherm goes beyond the bulk solu-

bility limit at T=300 K without reaching the spinodal limit B. (310 surface

Cspi» given by(see Table X The segregation isotherms for this open surface are shown

in Figs. 4a)—4(d) for T=1500, 900, 600, and 300 K. The
main characteristic of these isotherms is the presence of a
kgT=— 2cspi(1—cspi)2 ZrVR. (7) multilayer phase transition of first order affecting planes 2, 3,
R and 4. It differs strongly from th€001) surface, for which
successive monolayephase transitions are observed on

However, this remark concerns only the metastable part dplanes 0, 1, and 2. A numerical estimation of the critical
the isotherms, with the phase transition on these planes otemperatureT*?, above which the isotherms are mono-
curring beforec,, . tonic, can be obtained from Fig(&. At T=1500 K, all the
Note that only the first layering transition has been idendsotherms are distinct and monotonic. However, the slope of
tified clearly from an experimental point of vietv.Other  the curvescy(c) is almost infinite nearc,=0.5 for 2<p
studies for thé111) face in CYAg) alloys$*5*lead to similar <4, indicating thatT*'? is slightly below 1500 K. Below
results, indicating kindred behaviors for these two closeT!? the discontinuous increase ofx,Cs,C4) at Cyans iS
packed surfaces. We discuss the properties of these isotherqeceded at lower bulk concentrations by a continuous in-
in Secs. V and VI to explain their main characteristics, i.e.,crease ofc, andc;. At ¢, these two concentrations un-
the existence of successive first-order phase transitions atergo a small companion transition in the upper part of the
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FIG. 6. Two-dimensional phase diagram for the 0 sites of the @ ¥
GB plane. This phase diagram includes a classical 2D symmetrical 1.0 E I
miscibility gap withT,=58 K and an asymmetrical miscibility gap ) e
with T,=1600 K due to the multilayer phase transition. i ¢,
0.8
isotherms, very similar to the one observed fgy at T i .
=900 K for the(001) surface. 0.6 - % 0l 23
Let us compare the relative positions of the isotherms ©® [ A
between th¢001) and(310) surfacesc{®'? is very similar to 04 |
¢, consistent with the already mentioned analysis of the -
(310 surface as a vicinal surface witl®01) terraces. The 02 J
same analysis leads to a comparisoncgf? with c{°Y. L €, /
The positions of these isotherms on the bulk concentration ¢4 L .= =
scale are similar. Moreover, as can be predicted from the T T
segregation enthalpy in the infinitely dilute liMigee Tables 10° 10° 107 10°
| and 11), the c§ curve is shifted toward a lower bulk  (®) c
concentration when compared to &% curve. This arises T

from the larger number of missing bonds for the atom 0 on
the (310 surface, which can be considered as a step edge
atom of this vicinal surface.

In Sec. V we analyze the origin of the multilayer phase
transition observed for this open surface, which differs from 0.6 -
the succession of monolayer phase transitions obtained for o |

.
B ¢ R N,
\

the (001 surface. 04 c i
+1,42,43,44 |t
C. 3=5 (310 [001] GB 02 Y
The segregation isotherms for this symmetrical tilt grain i L
boundary are shown in Figs(&-5(d) for T=1600, 900, 00 F 77" | il s i
600, and 300 K. Note that we impose a symmetrical concen- R R a y
tration profile by assuming_,=c,. Similar to the(310 © 10 10 c 10 10

surface, the main characteristic of these isotherms is the pres-

ence of amultilayer phase transition affecting the first four FIG. 7. Segregation isotherms for the main planes ofdke5

adjacent planeg, on each side of the GB planp=+1 to (310 [001] tilt grain boundary,c, vs ¢, at T=300 K. Only the

+4. most stable states are shown(&), whereas the hysteresis cycle is
Concerning the GB plane itself, the situation is intricate.indicated in(b) and(c). The isotherms obtained by increasingre

For the O sites, the influence of the temperature leads to $hown in(b), and correspond to only one multilayer phase transi-

remarkable phenomenon. Actually, the vibrational segregalion. whereas the isotherms obtained by decreasisjown in(c),

tion entropy, which can be neglected at the surfdeggnifi-  Present two phase transitions.

cantly reduces the Gibbs free energy of segregation on the

site 0 in the GB plane wheT increasegsee Table IV. This  tion as revealed by the large jump of at Ci4n4(T); S€e

is at the origin of the strong evolution of the segregationFigs. 5b) and Hc). Conversely, at lower temperatufd

isotherm for the O sites with temperature. At 900 and 600 K,=300 K; see Fig. &)], the isotherm of the 0 sites is shifted

the O sites clearly contribute to the multilayer phase transistrongly toward a lower bulk concentration relativectg, s
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7(a)]. Conversely, the metastable states are important when

0 studying the kinetics of segregation or depletidr® The
complexity of the equilibrium isotherms dt=300 K must
_-10 lead to an unexpected kinetic behavior. More precisely, the
> hysteresis cycle, which can be derived from these kinetics
E -20 | using the local equilibrium concept?’ has the peculiarity to
present one transition whenincreaseskinetics of segrega-
-30 L tion, see Fig. )] and two transitions whewr decreases
[kinetics of depletion, see Fig(d].
—a0 L Similar to the case of th€310) surface, we numerically

. ! ! . . ! determine the critical temperature of the GB multilayer
-40 =35 =30 =25 =20 ~-15 ~-10 phase transition. Figure& shows thaff °® is about 1600 K

@ w/|v| and is slightly higher thaif®*9=1500 K, whereas the criti-
cal bulk concentratiow,, s is much higher for the GB than
for the (310 surface at all temperaturésompare Figs. 4 and
5). This last point is related to the higher absolute value of
the segregation enthalpies for tf®&l0) surface, at least for
the first three planegee Tables Il and I)I

V. SIMPLE ANALYTICAL MODELS

In this section we attempt to elucidate the main factors at
the origin of the differences observed between the isotherms

-80 L ! ! ! ! ! for the (001) and (310 surfaces and th& =5 (310 [001]
- 40 -35 - 30 -25 -20 GB. For the(001) surface, layering transitions affecting suc-
(b) u/|v| cessively the first surface planes are obtained, whereas a

multilayer phase transition is found for the other two inter-
faces. We first present a ground-state analysi¥=ad K.

This allows us to discriminate the influence of the various
energetic quantities and the crystallographic parameters on
the monolayer-multilayer character of the interfacial phase
transition>®°8 Then we present a very simple bilayer model
to show how the critical temperature is affected by the
) .. multilayer nature of the phase transition. A more detailed
(300 K), and becomes almost monotonic. Actually, this iS0-comparison of these simple analytical models with the nu-

therm is no longer affected by the multilayer phase transiyerical results obtained in the previous section is presented
tion, except by the presence of a small companion transitiok, gec. .

of very weak amplitude neazy=1. However, at very low

temperature, the isotherm for the O sites recovers the same

behavior as the one observed for @91 surface: forT A. Ground-state properties of interfacial segregation

<Te~60 K, there is a monolayer phase transition affecting To give more insight into the domain of existence of the

this isotherm.Thus the two-dimensiong2D) phase dia- multilayer phase transition, we use a simple Hamiltonian, for

gram for theO sites, obtained by drawing th2D solubility ~ which only the EPI's between nearest and next-nearest

limit as a function of Tpresents a multireentrant phase tran- neighbors are considered. Moreover, in view of the small

sition shown in Fig. 6 This arises from the existence of a difference betweerv,; andV, (see Tables V-VIIi and in

first miscibility gap due to the monolayer phase transition fororder to reduce the number of parameters, the EPI's are alll

T<60 K and a second miscibility gap issued from theassumed to have the same value as in the big%=V5

multilayer phase transition foF<1600 K. =V, V p, g. For the segregation enthalpy in the dilute limit,
If we examine closely the GB phase transition Bt AH """, we adopt the expression derived from a simple

=300 K[Fig. &d)], we note that the multilayer phase tran- proken-bond mode,

sition occurring at higher temperature splits up into three

phase transitions. The first transition affects mainly; and S

c-3. When these concentrations are located in the high part AH'pm”””‘y= > ZPYATHV), (8a

of the isotherm, a second transition affects andc.., (near 9>2p

c=2.2x10 %) followed by a third one affecting,, (near o . .

c=3%10"8). However, if we consider only the most stable whereZP 9 denotes the c_oord|nat|on number including near-

state for each bulk concentration, there is a unique transitiofSt and next-nearest neighbors, and

atc=23.810 8, affecting the GB planésites 0) and the first

four adjacent planes on each side of the GB plaee Fig. A7=(Vgg—Van)/2. (8b)

FIG. 8. The normalized ground-state internal ener§ig4V| vs
the difference in normalized chemical potential§V| within the
broken-bond modelsee Eqs(8) and (9)], with A7/V=4 for the
(001) surface(a) and the (310 surface(b). Solid (broken lines
represent stablémetastable states and the number éflayers in
each state is marked in the figure.
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by a sequence of layering transitions—1, 1—2, 2—3
[Fig. 8@], whereas a multilayer transition-46 is observed

for the (310 surfacd Fig. 8b)]. This demonstrates that, for a
given set of energetic parameterd V), the change in
intra-layer and interlayer coordination numbers between the
(001 and the(310) surfaces is sufficient to explain the oc-
currence of a multilayer transition for the open surface.

In Fig. 9 we compare the global ground-state phase dia-
grams for the(001) and (310 surfaces, i.e., the normalized
chemical potential £/|V|) at all possible transition points as
a function of the parametexr/V. For A 7/V>1, which cor-
responds to the wetting regime in terms of multilayer
adsorptiorr? the (001) surface is characterized by a succes-
sion of layering transitiongFig. 9a)], whereas thg310
surface presents a multilayer transition:=4 [Fig. 9b)].
This indicates that the distinction between layering transi-
tions for relative close-packed surfaces as (0@l surface
and multilayer transitions for open surfaces as (@) sur-
face does not depend on the energetic quantitles {/) in
this very simple model, but is due only to the crystallo-
graphic parameters. Remember, however, that the multilayer
phase transition 4+6, which is predicted for th¢310) sur-
face, differs from the 2-5 transition obtained for the same
surface with the SMA-TBIM HamiltoniahEgs.(2)—(5)], see
Sec. IVB. In Sec. VIA we discuss the origin of such dis-
crepancy, and we show in particular the influence of the
variation of the EPI's near the surface.

FIG. 9. The global ground-state phase diagram for the simple

broken-bond modelsee Egs.(8) and (9)] for the (001) (a) and

(310 surfaces(b). This represents the location of layering or
multilayer transition(in w/|V|) as a function of the energetic pa-
rameterA 7/V. The numbers in the figure mark regions correspond-

ing to states with different numbers éflayers.

This leads to a model with two energetic quantitieand

B. Critical temperature within the monolayer
and the bilayer model

In this section, we analyze the respective role of the in-
tralayer and interlayer couplings on the critical temperature.
First of all, when the ground state clearly indicates a se-
quence of layering transitions-91, 1—2, 2—3, as for the

A . In order to determine the relative influence of the ener{001) surface, we can estimate the critical temperature for the
getic and crystallographic parameters on the occurrence of grplane transition by considering that all the concentrations,
multilayer transition, we consider the ground-state propertiegxceptc,, remain constant close to the transittnT his

of the model for the(001) and (310 surfaces. Toward this
goal, we compare the internal energies of systems with

layers,E,, for various values oh as a function of the dif-
ference in chemical potentiajg=u,— ug. E, is obtained

as

Eo(u)=0, (9a)
Ea(p)=AHg 4+ Z0V -y, (9b)
n—-1 n—-1
En(p)= 2 AHPP Y4 3 ZPPy
p=0 p=0
n—-1
+2, > ZPPTO—nu. (90

p=0 O<p—qg=<p-1

Figure 8 shows the line&,(u)/|V| for the two surfaces

leads to the so-called monolayer model, and EGs-(5)
become

Chb, C _Ap+Bppcp
1-c, 1-c\ keT | (10
with

Ag=AHIMmPUrity (113

p—1

Ap=AHime””‘y+2; > ZEPVRP, p>0

p'=0
(11b
Bpp=2; ZRPVEP  for p=0. (110

Equations(10) and (11) have been obtained employing the

for a given value ofA 7/V. We note that the main character- following additional assumptionga) due to the low solubil-

istics of the various isothermémonolayer or multilayer

ity, the bulk concentration remains always very small and has

phase transitionsare already present in the interfacial been neglected in front oA, in the exponential argument;
ground states. In particular, t{@01) surface is characterized (b) without loss of generality, the constant values dgmwith
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g+ p have been chosen ag~1 for q<p andc,~0 for q monolayer model, which assumes that the concentratigns
>p; and (c) the vibrational part of the segregation entropy with g # p remain constant near the transition affecting the
has been neglected, as this is justified for@@l) surface’’  pth plane, is unjustified for a multilayer phase transition.
Equations (10) and (11) are simply the well-known To explain the large increase of the critical temperature
Fowler-Guggenheim equation, which leads to the existenceelative to the prediction of the monolayer model, we present
of a first-order phase transition on tp¢h plane®® Below a  a simple bilayer model, which captures the essential features
critical temperatureT? the pth plane isotherm presents a of the multilayer phase transition. Let us assume that the
symmetrical van der Waals lodgee Figs. ®)—3(d)]. The transition affects the plangsandgq=p+1. As an extension
critical bulk concentratiore! ., at which the transition oc- of the monolayer approach, we assume in the bilayer model
curs on thepth plane, is given b that all concentrations, excepg andcy, 1, remain constant
near the phase transition. Moreover, we retain the additional
hypothesis used in the monolayer model, in particagar

=1 for p'<p andc, =0 for p'>q. This leads to the two

. ] __nonlinear coupled equations
which can be also expressed as a function of the solubility

A,+Byy/2

o L

Chans(T)=c(c,=0.5= exp{

limit ¢, [see Eq. ®)]: C,k, C oxd — Ap+BypCpt BpgCy (154
1-c, 1-c keT '
A,+B,,/2— ZrV
& (T)=c.ex ot Bod/ ER: RER 13 g ¢ Aq+BgpCpt ByeCq 156
trans o kBT . 1_Cq = —l_cex - kBT ) ( )

Equation(13) gives the conditiorA,+B,,/2—ZgZgVg<0,  with

which must be fulfilled to obtain the transition for a bulk _ _

concentration inside the domain of the solid solution. The Ag=AHg"PUY, (163

critical temperature for theth plane transition corresponds b1

to the one of a 2D system characterized by coordination imourit - _

numbers equal t@&", and EPI's equal t&/%P (Ref. 34: Ap=AHG™ y+2; p;o ZR PVRP with p=>0,
(16b

TP=—B,/4kg=— >, ZRPVRPI2ks. (14)
® Bpq=Bop=2, ZRVE? with p=0 and g=0.
A succession of layering transitions is obtained in this (160
monolayer model as long as the equilibrium equatib)
for the pth plane differs from the generic bulk one, either by ~ The critical temperature is given by the equations.
the presence of thAH'pmpurlty term or by a variation of the

EPI's Vﬂ'p'. To summarize the main characteristics of the (ﬁ) :(&_C) -0 and

monolayer model, note that the critical temperature depends Cp oot 9Cq/ corit

only on theintralayer EPI's, VR and on thentralayer co-

ordination number<Z{P, whereas the position of the iso- 92c J2c

therms, characterized bycl,,s, depends mainly on ( ) :(E) =0. 17
C’cjrit q Cgrit

AHipmpurity and on theinterlayer EPI's andinterlayer coor-
An analytical expression of2"'@¥®" can be obtained if we

dination numbers.
Let us now consider the case of ti@10 surface, for ) o . : .

which the ground-state analysis and the isotherms indicat8SSUme, in addition, tha,'i;”t=cg”t=(_).5. Itis easy to \;,how

the existence of a multilayer transition. An important crystal-that this corresponds to the upper limit'Bf, which is'

lographic property of th€310) planes is its intralayer coor-

dination number: there is no nearest neighbor and only two Thilayer_ _ (BpptBgq) — \/(Bpp_ qu)2+4Brzsq

next-nearest neighbors within the plane, see Table VI. As the ¢ 8kg

critical temperature depends only on th&alayer EPI's and

coordination numbers within the simple monolayer model,

very low values of T? are expected from Eqd4). Thus,

using the values of the intralayer EPI's given in Table VI, the Max(—B

minimum value ofT? is equal to 70 K and is obtained for L

p=1, whereas the maximum value is equal to 270 K gor

=3. All these values are much lower than the numericawhich is equivalent to Eq.14).

estimation of the critical temperature for the multilayer phase The main value of Eq(18) is to show that thenterlayer

transition given in Sec. IV B, which is about 1500 K; see Fig.coupling termB,,, increaseghe critical temperature relative

4(a). However, it is obvious that the main hypothesis of theto the value given by the monolayer model. This result is in

c
q

2
Jc?

. (18

We recover the result of the monolayer model wtgp,
=0. In this case, Eq(18) becomes

pp: aq
T 19
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0 TABLE XI. Critical temperatureT? (in K) and critical bulk
concentratiorel,,,«(T) at T=300, 600, and 900 K fop<2 for the
(001) surface, obtained with the monolayer model and with the
complete calculationévalues in parentheses
= -=0.25
l'-rgl: Tg Ctprans Ctprans Ctprans
T=300 K T=600 K T=900 K
-=0.5
p=0  580(580) 1.x10 % - —
(1.8x1071Y - -
. L . . p=1 1160(1500) 5810 % 7.7x10°® 3.9x10°4
@ -0.7 -0.6 V) 0.5 -0.4 (6.1x10°1)  (7.9x10°%) (4.1x10°%)
H(eV) p=2 998(1100) 7.&10° 8 2.7x107%  4.2x10°8
0 F= T~ (7.3x10°8)  (2.8x107%) (4.1x109)
5
=0.4 }
6 present work? Moreover, is it possible to extend the bilayer
3 - 0.8 | model to reproduce the properties of the multilayer phase
o 8 transitions for the open interfaces? These two points are dis-
-2 F o cussed hereafter.
-1.6} 10
A. Application of the ground-state analysis
| 1 | 1
-0.7 -0.6 -0.5 -0.4 The simple Hamiltonian presented in Sec[sée Eq(8)]
(b) p(eV) contains only two energetic parameteks: andV. It predicts
monolayer phase transitions for tH@01) surface and a
0 0 multilayer phase transition:-46 for the (310 surface, that
1 does not depend on the energetic parameters. However, the
-0.25 | isotherms shown in Sec. IV lead to the sequeneeX2for
= the (310) surface. To analyze this discrepancy we determine
< 0.5k the ground state of the Hamiltonian given by E®—(5),
= 6 that contains much more energetic parameters:
-0.75 L AH'pmp“”tyandV”R*p*p' for all the pertinent values g and
p’. To this end, we calculate the internal energy of the sys-
| | | . f[em With_nAg-fiIIed. layersk, as a fu.nction of the.diﬁerence
-0.7 -0.6 -0.5 -0.4 in ch_em|cal potentialge= uag— pcy in @ way similar to the
© u(eV) one in Eq.(9).

Figure 10 shows the ground states obtained from the lines
FIG. 10. The ground-state internal energigseV) vs the dif-  E,(«) when the bulk is in the Ag-dilute solid solutionu(
ference in chemical potential eV) for the (001) surface(d), the  <u.=2rZgrVr=—372 meV) for the three interfaces. We
(310 surface(b), and the(310) GB (c). Only the stable states are recover the sequence of monolayer phase transitions for the
represented, and the number of Ag layers in each state is marked {001) surface[see Fig. 1()], in good agreement with the
the figure. isotherms shown in Fig. 3 and the ground-state analysis of
the simple Hamiltonian shown Fig(®. For the(310) sur-
agreement with the relative values of the critical temperaturéace, we find the sequence-01, 1—2, 2—5, 5—6 [see
for the multilayer phase transition for tH810) surface T Fig. 1ab)]. The multilayer phase transition-25 is in com-
=1500 K) and the maximum critical temperature obtainedplete agreement with the results obtained at finite tempera-
within the monolayer modglR70 K). tures; see the isotherms shown Fig. 4. Moreover, the differ-
ences between the ground-states of the simple Hamiltonian
[Eq. (8)] and the complete HamiltonidrEgs. (2)—(5)] indi-
cate that the details of the multilayer phase transition, in
If the simple analytical models presented above captur@articular the determination of the planes that participate in
the main characteristics of the multilayer phase transitiorthe transition, depend on the energetic parameters of the
observed for the open interfacfthe (310 surface and the Hamiltonian. This contrasts with the multilayer character of
(310 [001] tilt GB], we can wonder how they compare with the transition itself, that depends only on the crystallographic
the results of Sec. IV obtained from the numerical resolutiorparameters within the simple model developed in Sec. V A.
of Egs. (1)—(5). In particular, is the ground-state analysis However, the subtle coupling between energetic and crystal-
able to predict the precise sequence of monolayer-multilaydographic parameters is illustrated by the following result: if
phase transitions for the three interfaces considered in thiéne simple broken-bond modgEqgs.(8) and (9)] is limited

VI. DISCUSSION
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FIG. 12. Segregation isotherms for the=5 (310 [001] tilt

FIG. 11. Segregation isotherms for %810 surface obtained in grain boundary obtained in a bilayer model wity=Cco=c.,

a bilayer model Witmp=92=93, Cq=Cy4 at T_: QOO K (a), 600 K —C.3, Cq=C.1=C.4 at T=900 K (a), 600 K (b), and 300 K(c).
(b), and 300 K(c). In this simple model, it is assumed the§ In this simple model, it is assumed thag =0 andc, =0 for p’
=c;=1 andc, =0 for p’>4. ~4

to nearest-neighbor interactiongnstead of next-nearest c.,, c.3, c.,. Once more, this is in excellent agreement
neighbor interactions a sequence of monolayer phase tran-with the isotherms shown in Fig. 5, demonstrating the effi-
sitions (instead of the multilayer phase transitios found  ciency of the ground-state analysis.
for the (310 surface.

Finally, the study of the ground-states for #8410 [001] B. Application of the monolayer-bilayer model
GB leads to the sequence—0l, 1—6 [see Fig. 1Q)], In this section, we analyze the ability of the monolayer
where transition +6 accounts for the jump ofy, €+, and bilayer models to recover the main features of the inter-
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FIG. 13. Segregation isotherms for the=5 (310 [001] tilt
grain boundary atfT=300 K obtained by considering simulta-
neously two bilayer model®,; (for c.., andc..3) andB,, (for ..,
and c.,) and two monolayer modeldv, (for cy) and My, (for
Cor), See the text.

facial phase transitions. First we consider t081) surface.
In Table XI the values off? andc},,, ., obtained with the

monolayer model, are compared with the results issued fro

the complete calculatiofsee Sec. IY. The agreement is ex-

PHYSICAL REVIEW B5 195413

Fig. 5(b). This must be taken into account in a simple bilayer
model. In view of the isotherms shown Figbh, we adopt
the generalized bilayer model,=cy=C.,=C.3, Cq
=C.+1=C.4 andcy =C-, =0 for p’>4. This leads to the
isotherms shown Fig. 12 and to a critical temperature equal
to 1650 K;[see EQ.(18)], in surprisingly good agreement
with the numerical estimation given by the complete calcu-
lation, TCGB~ 1600 K (see Sec. IVE This must be com-
pared to the critical temperatures given by the monolayer
model: from 58 K for the 0 sites to 400 K for the2 sites.
This shows that the multilayer phase transition for {B&0)

GB has characteristics similar to the ones affecting(&i®)
surface. In both cases, theterlayer coupling is stronger
than theintralayer one, contrary to the more studied case of
the close-packed interfaces, such as (@@l surface.

An extension of the bilayer model can also be used to
analyze the GB phase transition at low temperature. In Sec.
IV C, we indicated that the GB phase transition is split into
three phase transitions @it= 300 K, the first one affecting
the planesp==*=2 andp=*3, the second one the planes
p==*=1 andp==*4, and the last one the sites 6f the GB

rRlane; see Fig. (@). This suggests the simultaneous use of

two bilayer modelsB,; andB, and two monolayer models

cellent and justifies fully the use of the monolayer model forMo @ndMo: . Bz3is defined to study the phase transition for

the rather close-packe@01) surface. In particular the se-
quencesT <T2<T! and 2, .<cl.,.<c2,. are recov-
ered. Note that the high value @t is due to the large en-
hancement oV} (in absolute valugrelative to the bulk
value (see Table V.

Then, for the(310) surface, we solve the bilayer model

with the assumptions.c,=c,=cC3,cq=C4 and cy=C;

the planest2 and*3 (i.e., c,=C., andcy=C.3 with ¢,
=1, ¢py=C+1=0, c,,=0 for p’>3), whereasB,, is de-
voted to the transition affecting the planed and=*4 (i.e.,
Cp=Cxq @ndCcy=C.4 With cp=C.,=C.3=1, c;»=0, and
Cpr=0 for p’>4). The monolayer model$4, andM, are
used to study the behavior of the sitesd)< c,,c, =0 for
p’>0) and 0’ €,=Cq’,Cp=C+2=C+3=C+1=C4+,=1 and

=1¢,=0 for p'>4, which are justified when considering Cp' =0 for p’>4) of the GB plane, respectively.

sulting isotherms and the exact ones is very impres&@ee

method. They compare remarkably well with the complete

F|g 11). However, if the critical temperature given by the calculation shown in Flg (®l). This allows us to understand
bilayer modelT2'@Y¢’=975 K, is much higher than the one the subtle succession of the three phase transitions. When

given by the monolayer model[M°"°'®Y¢=270 K, it re-
mains lower than the exact ong,= 1400 K. By succes-
sively considering a trilayer modek§,c5,c,) and a four-
layer model €;,c,,C3,C4), we find that the critical
temperature of the trilayer model is very similarp'2e",

whereas the four layer model leads to a better estimation a§maller thanc

increasing the bulk concentration, we first observe the con-
tinuous increase of,. All the other concentrations remain
very small up to the phase transition affecting, andc..

for c=c23, . However, forc.., andc. ; almost equal to 1, a
transition affectingc.,; and c., occurs for a value ot

23 . This unusual situation explains the very

T.: 1100 K. This indicates how dependent on the varioudarge van der Waals loop affecting the., and c..5 iso-
interlayer couplings the critical temperature is. This seems téherms observed in the complete calculation, the transition
exclude a quantitative analytical treatment Bf for the  for c.; andc., being located in the upper and metastable
multilayer phase transition, even if the bilayer model allowspart of this van der Waals loofsee Fig. %d)]. Moreover,

a very good description of the main features of {880
surface segregation isotherms.
A similar analysis can be performed for {810 GB

this calculation confirms that the behavior of thé §ites
can be analyzed with the simple Fowler-Guggenheim
isotherm?® the critical temperature obtained from the mono-

isotherms. As explained in Sec. IV C, these segregation isdayer model348 K), [see Eq(14)], being in good agreement

therms are more complex than for tf&L0) surface, in par-

with the one estimated from the complete calculat{d@0

ticular because of the influence of the vibrational entropy forK).

the O sites. Thus if these sites do not participate in the Thus the bilayer model is a very efficient tool to analyze

multilayer phase transition at low temperaturgee Fig. the complex interfacial multilayer phase transitions, when

5(d)], the lowering of the Gibbs free energy of segregationthe interfacial plane is not a close-packed one. As shown for
(in absolute valuedue toA S;9leads to the incorporation of the (310 surface, the critical temperature is still approximate

the O-site isotherm in this transition at high temperature, seeelative to the complete calculation, but this model allows to
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understand the large increase Df relative to the widely
used Fowler-Guggenheifor monolayey formalism.

diagram is obtained for the GB plane itself, with the predic-
tion of a multireentrant phase transition. An analysis of the
ground-states allows us to define the condition for the exis-
tence of a multilayer phase transition relative to a monolayer
. ] one, as a function of the intra-layer and interlayer coordina-
~ In this work, we have compared the segregation propeftion numbers. Furthermore, the development of a simple bi-
ties for three interfaces: the fle02) surface, the ope(810)  |ayer model shows the influence of the interlayer coupling on
surface and th& =5 (310 [001] GB. Using anN-body po-  the increase of the critical temperature relative to the estima-
tential well suited for the Cu-Ag system, we have obtainedjon given by the well-known monolayer mode@r Fowler-

the energetic parameters of an effective Ising model, WhiC'Buggenheim equation

allows us to compare the segregation driving forces for the \ve hope that this study will motivate experimental works,
three interfaces. Within a mean-field approximation, we havgyarticularly for the segregation properties of vicinal surfaces
calculated the segregation isotherms in the Cu-Ag systemyng GB in systems presenting a bulk miscibility gap, such as
which presents a strong tendency toward phase separation {e Cu-Ag system. From the theoretical point of view, Monte
the bulk An interfacial phase transition Ooccurs belOW a Criti'Car|o Simulations are in progress to study the inﬂuence of

cal temperature in all the studied isotherms. However, if ahe correlations ignored by the present mean-field approach.
succession of monolayer phase transitions is obtained for the

(001) surface when approaching the bulk solubility limit, a
very different behavior is exhibited for the tw@10) inter-
faces. For these interfaces, we observe a multilayer phase It is a great pleasure to thank Guy @tia, Andres Sad,
transition affecting three planes for th{@810 surface and Dome Tanguy, and Jean-Marc Roussel for fruitful discus-
nine planes for thé€310) tilt GB. Moreover, a complex phase sions.

VIl. CONCLUSIONS
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