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Phase equilibrium in confined Ising antiferromagnets was studied as a function of the couwpliagd(a
magnetic field(h) at the surfaces, in the presence of an external field’he ground-state properties were
calculated exactly for symmetric boundary conditions and nearest-neighbor interactions, and a full zero-
temperature phase diagram in the plank was obtained for films with symmetry-preserving surface orien-
tations. The ground-state analysis was extended tditieplane using a cluster-variation free energy. The
study of the finiteT propertieqas a function ot andh) reveals the close interdependence between the surface
and finite-size effects and, together with the ground-state phase diagram, provides an integral picture of the
confinement in anisotropic antiferromagnets with surfaces that preserve the symmetry of the order parameter.

[. INTRODUCTION separating systems, in which the phases coexisting along a
line of first-order transitions have the same symmetry, e.g.,

Confinement effects play an important role in the thermoSferromagnetic thin films. Surface effects in systems with or-
dynamics of several materials such as polymers, liquid crysdering (antiferromagnetic interactions have been investi-
tals, and magnets. For example, capillary condensatiogated mostly within the context of binary alloys undergoing
stands as a well-known example of how phase equilibrium i€ first-order phase transitidf;** with particular emphasis
affected by the confluence of surface and finite-size effect$dn the surface-induced order and surface-induced disorder
In particular, due to the wall-particle interaction, a fluid be- Phenomen&>?° although some investigations have been
tween two plates undergoes a gas-liquid transition at a loweflone in the context of multilayer adsorptiéft* More re-
pressure than it does in the buii¢ These effects of confine- cently, attention has turned to the surface critical behavior of
ment are due to the additional contributions to the thermobinary alloys displaying continuous ordering reactféri§—>°
dynamic potential of the solvation foraéinite-size effect ~ and, in particular, to the dependence of the universality class
and the wall-fluid interfacial tensio(surface effegt® on surface orientatiof’-

A more complicated physical situation arises in the case In this paper we investigate the interplay between finite-
of thin films of polymer mixtures on selective substratég size and surface effects in Ising antiferromagnets in the pres-
AB polymer mixture which undergoes a phase separatiognce of an external field. In particular, we are interested in
below a bulk critical temperatufE. develops, when cast into Systems with surfaces that preserve the symmetry of the or-
a thin film over a substrate, an interface between the tweler parameter. In other words, we shall study thin films
phases which runs parallel to the substrate. This interfac@hich develop antiferromagnetitAFM) ordering in each
appears provided there is a substrate affinity for one of th@lane parallel to the surfaces. Our layered system can be
components—the confinement is established between tHéescribed by the following Hamiltonian:
polymer-air and polymer-substrate boundaries.

A model fluid confined between two parallel walls that H=3, S oio+ D oio,—H S o

exert opposite surface fields, has been often considered in ij Esurf ij Ssurf i SBulk

order to investigate the underlying physics in systems with

competing boundarie’s18In this case, the interplay between —th+H) S o 0
wetting and phase separation is very important, unlike the | S i

case of capillary condensation in which wetting plays a small
role. The competition between surface effects leads to awhere the spin variabler; takes the value of+1 or —1
interesting and unusual behavior: Phase coexistence is rdepending if the spin at siieis pointing up or down, respec-
stricted to temperatures below the wetting temperafiye tively. We have assumed that surface sites, in layers INand
even in the limit of infinite separation between the platesfor anN-layer film, experience a surface fididn addition to
The wetting temperature depends on the surface field and the external magnetic fieléh. On physical grounds, it is
can be far from the bulk critical temperatufeThe afore- natural to expect that the pair interactions at and near the
mentioned scenario, predicted using a mean-fieldsurfaces differ from those in the bulk. We approximate the
approximation’"® has been confirmed subsequently viaposition dependence of the pair couplings, by allowing the
Monte Carlo simulation$~'* and transfer-matrix calcula- nearest-neighbor intralayer surface couplinky)(to differ
tions in two dimension&® However, when the effect of grav- from the bulk one J,). Here we restrict ourselves to case of
ity is considered phase coexistence is restored up to the bulk,>0 (antiferromagnetic but we allowJg to assume any
critical temperaturé®-18 real value. Also, we specialize ourselves in the case of local-
The confinement studies described above deal with phaseed symmetric surface fields, i.e., the field at each surface is
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the same and acts only at the surface sites. In the remainder TABLE I. Energies for the different ground states discussed in
of the paper, the effective pair interactions, the surface fieldthe text. The nomenclature is as follows: struct@r¢ |/T means
and the external magnetic fieldH) shall be expressed in that both surfaces are ferromagnetic and the remaiNir@ inner
terms of the bulk AFM couplingJ,>0). The ratio of sur- layers are antiferromagnetic. Structurei§ a special case in which
face to bulk coupling is then denoted by the surface layers are ferromagnetig (the subsurface layers are
Confinement effects in the order-disorder transitions ford/SC ferromagnetic but in the opposite direction) (and the rest
the particular case of=1 andh>0 have been reported (N—4) are antiferromagnetic(( ). Bulk and surface coordination
previously?‘s In this paper, we give a full description of the number are denoted lwandzg. See the text for further explana-
surface and finite-size effects in terms of the variablesd o7
v. '_I'he ground-state Pproperties of the Hamlltoql@) are Tag Structure Energy
derived in Sec. Il. This zero-temperature analysis is used ta

identify the different sequences of ground states displayed by e Hy=2ze+ (2z+H)(N—2)+2(H+h)
the film as a function of the external fieldk Moreover, itis 5 /1] _ 1

. . . THLTL Ho=—2z4+ (32+H)(N—2)
shown that for antiferromagnetic systems with symmetry- " )
preserving surface orientations and nearest-neighbor interat- T H3225—421+(152+ H)(N=2)—2(H+h)
tions, a zero-temperature phase diagram can be drawn as*a Tl Ha=25—52(N=2)+2(H+h)
function ofv andh, for any value of the number of layel 5 IRARTAR Hs=—2,—52(N—2)
and external fieldH. In Sec. Ill, we use a cluster variation 5’ IAYARNANA) Heg =25+ 29— 22— 32(N—4)—2h
free energy’ to describe the finite-temperature behavior ofe ARVl He=2zs—3z(N—2)—2(H+h)
the system as a functior_l of surface_varighbesh, and the 7 Il Hy=24— 42, + (22— H)(N—2)+2(H +h)
number of layersN. Particular attention is devoted to the g 1UTITL 3 .
analysis of the critical curvéin the H-T plane for each one He= _125+(52_H)(N_2)
of the different regions of the zero-temperature phase dia? i Ho=2zs+ (52— H)(N—=2)—2(H+h)
gram. We close with a summary of the important results

(Sec. V. . o
ruled out. A possible set of ground states for Hamiltor(iBn

was then constructed by combining all possible surface and
bulk ground states. For the sake of definiteness, let us con-
In the absence of surface and finite-size contributions, thagider a body-centered-cubic film with surfaces in tti¢0)

is in the bulk, the Hamiltoniaril) reduces to direction. The bulk ground states consist of two ferromag-
netic structuregwith opposite magnetizationplus an or-
dered CsCl-type AFM structure. TH&10) surfaces consti-

Hpuk= 2 oioj—H, . (2)  tute face-centered-rectangular lattices, for which the possible

! ' ground states are a checkerboard AFM structure and two

For a two-sublattice antiferromagnet such as body-centereff/fomagnetic states of opposite magnetization. The nine
or simple cubic, the Hamiltoniari2) has three different ground-state structures obtained by combining the surface

ground states as a function of the external fidlderromag- and bulk ground states are_liste_d in Table I._These structures
netic (1) for H<—H,, antiferromagnetic (|) for —H, &% ground states of Hamiltonigid) in the limit of weak
<H<H,, and again ferromagneticl) for H>H,. The coupling betyveen the surface and the subsurface layers. For
critical field H., equal to the coordination numbefrecall strong couplmg between the surfaces and the bl.Jlk’ we found
that all quantities in Eq(1) as well as in Eq(2) are normal- only one additional ground-state structure—GSii» Table

38
ized to J,,], determines the point where the critical curve "
T.(H) meets the field axis.

For the AFM thin films studied hergsee Hamiltonian
()], the possible ground-stat&S) structures are listed in
Table | along with their corresponding energy. We consi
ered only the casé>0 since the results fon<0 can ob-
tained straightforwardly from the symmetry properties of
Hamiltonian(1). The nomenclature in Table | is as follows: where the intralayer and interlayer coordination are denoted
structure number 4 corresponds|td | /], which means that by z; andz,, respectively. Recall that all quantities in Ed)
both surfaces are ferromagnetig)(and that the remaining are given in terms of, and thereforez in Eq. (3) actually
(N—2) inner layers are antiferromagnetically ordered. Strucaccounts for the surface energy. For a K&d0 film, z,
ture 5, a special case to be discussed later in the paper, has4 andz;=2, and the bulk coordination number zs-z,
both surfaces in a ferromagnetic statg),(the subsurface +2z;.
layers are ferromagnetic but with magnetization in the oppo- Even in the absence of an applied surface fieldhe
site direction (), and the remainingN—4) layers are anti- surfaces are under the influence of a “missing neighbors”
ferromagnetic. field h,,(v) that arises from the disruption of the translational

We arrived at the set of GS in Table | as follows. Sincesymmetry perpendicular to the surfaces. This missing neigh-
only nearest-neighbor interactions are included in the Hamilbors field produces an inhomogeneous magnetization profile.
tonian and theuniform) surface field acts locally at surface Thus, with increasing external field, the surfaces may turn
sites, the presence of long-period superstructures can lhieto a ferromagnetic state before the bulk does. Application

Il. GROUND-STATE PROPERTIES

The Hamiltonian in Eq(1) distinguishes between the pair
interactions in the surface layers from the rest, thus allowing
us to define the surface coordination numhbeas a function
d_of the surface coupling parameter

z(v)=2zpv+24, (3
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of a surface fielch=—h,(v) can restore the magnetization
profile to the homogeneous condition. Note that the missing (a)
neighbors field depends an sinceh,, is a measure of the ® ®
difference between the environment at the surfaces and in the
bulk [see Eq(3)]. The missing neighbors field can be written
as

z+2(N-2)/2

- —
- - -

hn=2zs—2=2pv — (29t 21). (4)

paper, by considering the stability of the different GS struc-
tures as a function of andh.

A direct comparison between the energiégv,h,H,N) -2z -h
for each structure gives the ground state for every set of
values of the thermodynamic variablesee Table ). How- zg+z(N-2)/2
ever, it is more useful and less tedious to consider a physical @ (b) ®
sequence of GS structuréas a function of the applied field
and examine its domain of stability as we vary the surface
variablesv andh.

As a starting point, consider the following case: Upon the
application of an external fielll (in either direction, a film
with v~1 andh~0 will pass from an AFM state in all !
layers(small|H|) to a state with ferromagnetic surfaces and :
an AFM bulk and, finally, for largeH|, to a ferromagnetic i o i
state in all planes. This case is represented by the sequence \ i ® N i |
1-4-5-6-9 of GS structurds schematic view is presented in . | ty | !
Fig. 1(b). See also Table | for the nomenclatur&he char- -z —(zg+h) z-h z
acteristic value of the external field at the transition between
different GS structures is indicated in Fig. 1. In general, the z.42(N-2)/2
transition between GS structurésand B occurs atHug, S (c)
which is determined by equating the corresponding energies. ® ®

Ground-state sequence 1-4-5-GHereafter referred to as -zg+z(N-2)/2
) in Fig. 1(b), provides some useful insight on confinement L
versus finite-size effects. At the beginning of this section we :
considered the ground states of an infinite antiferromagnet, i t
which in the nomenclature of Table | correspond to GS se- Ly
quence 1-5-9 in the limit oN—oc. Thus ground-state struc- : t 4

i
|
|

| |
| |
We derive this value for the missing neighbors field later in : t : H
| |
| |
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tures 4 and 6 are due the confinement effects. When either i . o
GS 4 or GS 6 become unstable in favor of GS 5, surface PG oty
effects are lost and the film is subject only to the finite-size : ! :
effects. ' ' '
, : . —(zq+h) -z Z z.-h

An external surface field will produce an asymmetry in ( s ) s
the GS sequence since the Hamiltonian is not invariant under Magnetic field (H)
the transformatioro;— — o, H— —H. Applying a surface
field h>0 reduces the surface ferromagnetism (n GS 4 FIG. 1. Schematic ground-state sequences(gll | (b), and II
and enhances it in GS ). The domain of stability of GS 4 (). The successiota)—(c) represents the evolution in the ground-
shrinks to zero wheag+ h becomes. This particular value —state sequence as we increase the surface pair interactions for neu-
of h defines the missing-neighbors fidlEq. (4)]. tral boundary conditions. The domain of stability of each structure
eliminate surface effects in AFM thin films. A homogeneous©Ccurs ab=uv,s=—2, /2, for which GS 5 in(b) has shrunk to zero
condition can also be attained in the film by setting neutrafVidth. The range of stability of GS 5 expands as we increasét
boundary conditionsi=0) and increasing the pair interac- ¥ =Vm=(Z%21)/z, a transition between | iffb) and Il in (c) oc-
. . ... . curs. As a reference, the value of the exchange energy for selected
tions at the surfaces to a given valuig. The characteristic GS is indicated in the plots. See Fig. 2 for the evolution of se-

yalue Qf the surface poupllng th?t compensates for the mlssduences I and Il withh. Also see the text for further explanations.
ing neighbors effect is given by:

Um:Z°+Zl_ (5) For values of the surface coupling larger thap, keep-

%o ing the neutrality at the boundaries, ordering becomes stron-
For this value of the surface coupling GS 4 and GS 6 becomger at the surfaces than in the inner layers. This situation is

unstable simultaneousfiEq. (5) is equivalent to the condi- represented in Fig.(&). It is worth noting that the GS se-
tion z;=1z]. quence 1-2-5-8-9, hereafter referred as I, is stable not only
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in the case oh=0 but for a range of values of>v,, andh. 2.42(N=-2)/2
We will return to this point later in the paper. - > (a)
Reducing the surface coupling make surface ordering less (o ® N ®
stable, untilv reaches the characteristic value 2 | ~Z5+2(N-2)/2
) L ®
z; S —z(N-2)2 | ¢
Ups= 5 ®) Dy gy | WTNEELG
0 _C:U } : } ® i t
for which GS 5 becomes unstabje s in Eq. (6) corre- Q| P H t :
sponds to the condition;=0]. The remaining ground-state L ! L ® H Y
sequence 1-4-6-thereafter VI) is depicted in Fig. (a). Se- i g 4 t :
quence VII remains unaltered far<v,s regardless the ~(zgth) -z zo-h  z

strength ofv: The phase coexistence between spin up and
spin down is regulated by the surface fibld_arge, negative

values ofv increase the critical-point temperature. In the

alloy terminology, sequence VIl represents the situation of a - (b)

binary-alloy thin film with an ordered bulk coexisting with a o @ z+z(N-2)/2-4z, ®

surface mispibility gap. .T'his will become apparent in Sec. II! 2 I ®

where we discuss the finite-temperature properties of Hamil- @ @ i t

tonian (1). S+ it + t
Sequences |, Il, and VIFig. 1) were obtained by analyz- S t LN * ? ® | : 1

ing the stability of the corresponding GS sequences upon 5 | :* i 1 :

variations of the surface coupling for neutral boundary m . : : toi

conditions. As expected, a similar variation of GS sequences i i ® it

will appear as we increase the surface field. Consider, for ! ! ! ! t :

example, sequence Il in Fig(d: Setting higher values for —(zS;h) H;3 —z _io 7

the surface field eventually overcome the ordering tendencies Magnetic field (H)

at the surfaces. Ground-state structure 8 then becomes un-

stable and sequence Il turns into the new 1-2-5-6-9 GS se- (g, 2. Sequence Il in Fig.(t) becomes sequence Ill i) as
quence(lll) depicted in Fig. £a). The asymmetry of se- the surface field is increased. The transitiors Ill occurs ath,
quence Il is interesting. For very negative values lf =z, —(z,+2,) when GS 8 becomes unstalfese Table N A
sequence |l looks like sequenceith the same range @),  further increase of the surface figicestablishes 1-2-3/56-9 in (b)
with long-range order dictated by the surfaces. On the othesis the stable GS sequen@d¥). Observe the appearance of GS 5
hand, for large positive values &f, sequence Il looks like and the disordered gap between GS 3 and GS Be characteristic
sequence |, for which the bulk is responsible for the AFMfield between GS 2 and GS 3li$,3=2z;—2z,—h. See the text.
ordering. This similarity is due to the fact that sequence |

eVOlVeS intO ”I When the Surface f|e|d increases beybnd Of GS 5, except near the endS’ |H7V_Z and HN_ZO’

=2-124(v) (missing neighbors fie)dfor 0<v<v,. where GS 5 is pinned by the onset of stability of GS 3 and
The homogeneous antiferromagnetic thin filBS 5,  the presence of GS 6. Traces of the ground-state degeneracy
with constant energy for given and N, becomes rapidly petween GS 5 and GS %re observable at low temperatures.
unstable with increasing. For sufficiently largeh, GS 5 is  For the other structures listed in Table I, a transition similar
replaced by another zero-magnetization structure, G#5 o 5,5’ does not occur, mainly due to the symmetry in the

Table I, with energy given by boundary conditions.
. Ground-state sequence lll evolves into 1-2-3669 se-
Hsr=2s+20—22,— 3 Z(N—4)—2h. () quence(IV hereaftej at h=h,,, . The situation is shown

schematically in Fig. @) for h>h;,,, . Observe that the
appearance of GS 3 has established a disorder gap between
GS 2(AFM surfaceg and GS 3 (AFM bulk). This behavior
is unigue in the sense that in all previous cases the ordered
(8) domain was a compact interval iH. This characteristic
brings some interesting features into tHeT phase diagram,
structures 5 and 'Shave the same energy. A unique featuresuch as the splitting of the film’s critical,(H) curve into
of GS 5 and GS 5is that they remain degenerate over atwo distinct critical curves®
finite range of the external field. From Eq.(8) and Fig. 2a) Increasing the surface field does not change sequence IV
we can see that the ground state for an AFM film at a surfacito another GS sequence. However, for a large valuke, of
field value given by Eq(8) is amixtureof GS 5 and GS 5  antiferromagnetic order at the surfaces becomes unstable
for He (—z,—zy). On average, a scan i will show a  upon reduction of the surface coupling, and IV changes into
layer magnetization of- 3 at the surfaces together with sub- sequence V composed of GS sequence 1-8-85 for v <0
surface magnetization of 3 and AFM bulk (zero magneti- [Fig. 3(a)]. Observe in Fig. @) that GS 1 is now adjacent to
zation. Thermal excitations destroy this degeneracy betweeiS 3. The difference between GS 1 and GS 3 resides at the
GS 5 and GS 5in most of the interval  z,—z) in favor  surfaces, which have opposite magnetization. This situation

For a given value of the number of laydxsand the coordi-
nation at the surface®{s is constant whilé<{s, depends only
on h. When the surface field reaches the value of

Ny =2Zov + (291 29),
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TABLE II. Characteristic values df andv defined by the tran-

z+2(N-2)/2 (a) sitions between different ground-state sequences. These character-
§ @ 2g+2(N-2)/2-42, ® istic values define the domain of stability of regions | to VIl in the
qC, r " ® 1 phase diagram of Fig. 4. See the text for additional details.
g 4 : 4 I 1 Surface field/coupling
St iy t t
S|4t l ® i t i = =P = =20 +(20+21)
&) : t i N =Ny =2gv + (20 +27)
Ll>j I : : ® : :‘ : hyvi=29+2;
; i N hvivi = 2o
: i i ! Vi =vm=(20+21)/20
—(z,+h) -z —Z, Z Vv =Vps= — 21129
Magnetic field (H)
between the surface variables, 1) at the different transi-
zg+z(N-2)/2 (b) tions between GS sequenceage Table I, defines the do-
~ANO) ® main of stability of each sequence, from | to VII, in the plane
EJ v-h. The corresponding ground-state phase diagram is
@ 1 shown in Fig. 4. The phase diagram is symmetric with re-
8) 4 4 ze-2(N-2)/2 1 _spect t.Oh: 0, ywth the negativé: region obtqlneq by replac-
= Vo tH |t ing spin up with spin down an#il with —H in Fig. 4. The
< ¢ : @ : ® : t zero-temperature phase diagram provides a good reference
21 . 1‘ ff i frame to interpret some of the features reported in previous
w ! : i ® i f‘ i work on binary-alloy thin films with ordering
e ! ! interactions’®3°~*1The ground-state phase diagram is also a
' ' ' ' valuable guide for the investigation of the finite-temperature
-z z,-2h -z, z

properties of Hamiltoniar{1) to be carried out in the next
section.

Magnetic field (H)

FIG. 3. Ground-state sequences for intense surface fields and
negativev. Sequence V ina) is obtained from IV in Fig. ), [ll. FINITE-TEMPERATURE PROPERTIES

when the surface AFM phase in GS 2 becomes unstable upon the The finite-t t " f Hamiltonidi
reduction the pair interaction at surfaces. A coexistence between € finite-lempeérature properties o namiltontdi were

spin-up(GS 3 and spin-down(GS 1) magnetizations is established cal_culated using the cILé?ter-varlatlon meti’(@.‘_i/M) n the
at the surfacekcf. Fig. 1(a)]. For sufficient negative values ofand pair apprOX|ma_1t|or(PA_). F_or the two-sublatthe antiferro-
large h, a line of first-order transitions, ending at a critical point, M@gnets considered in this paper, the physical aspects of

occurs outside the antiferromagnetic critical curve. Sequence | iPhase equiliggiglm under confinement are well captured by
Fig. 1(c) turns into sequence VI irib) in the same way as Il the PA-CVM>"For bce(110) films with neutral boundary

becomes IMFig. 2), that is, replacing GS 5 by GS 5A difference  conditions, a comparison between the PA and the tetrahedron
arises, however, since in this case GS 4 is adjacent to‘Gans a aPPVOXimc':}tiOn(TA) ha_S shown that only the quantitativ_g as-
coexistence line will appeansidethe AFM region. See the text for pects are improved with the latt€For a general exposition
detalils.

is reminiscent to the one found in sequence MAig. 1(a)] I 1-4-6-6-9
where the surface field regulates the surface phase coexis= v v Il 1-2-5-8-9
ence between up and down magnetizations. In sequence \g H: 1-2-5-6-9
however, the line of first-order transitions is located outside § z+z, T i IV: 1-2-3-5-6-9
of the well defined AFM region composed by GS&nd GS %’ z, V: 1-3-5-6-9
6. @ | VI 1-4-5-6-9
Ground-state sequence V is stable for langend negative 0 Vi I VII: 1-4-6-9
v. Previously, we found that VIl is the stable GS sequence -zfz, 0 (zg+z)iz,
for v<v,s and lowh. A transition between V and VII cer- Surface coupling (v)

tainly occurs, although it is mediated by the GS sequence

, X ;
1-4-5'-6-9 (V1) [see Fig. 8)]. Finally, sequences | _and V1 thin films. Table I contains the characteristic values of the surface
are separated by the GS 5 to G_StEansmon, which in this field that describe the boundary between the different regions. Re-
case occurs at lower values lofsincev <0. gions I-lll define compact antiferromagnetic domains, while for

~ We have discussed the several GS sequences that appe&ion Iv a disorderedferromagnetit gap intervenes between the

in confined antiferromagnets along particular paths, namelyagm order at the surfaces and the ordered bulk. For large negative
we fix h=0 and varied the surface couplirtgig. 1) or al-  values of the surface coupling, a line first-order transition ending in
ternatively, we fixed>v, and increased (Fig. 2). In gen-  a critical point appears in regions V-VII. The intra- and interlayer
eral, however, the transition from one GS sequence to arcoordination numbers are denoted hyand z;, respectively. See
other does not occur at constamtor h. The relationship the text for further explanations.

FIG. 4. Ground-state phase diagrarh for antiferromagnetic
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8.0 and 4. Thermal excitations can promote spin flip at the sur-
faces, resulting in a lower degree of ordering at surfaces
ol VS # relative to the bulk. In contrast, region Il is characterized by
a strong AFM ordering at the surfaces coupled with the AFM
bulk [see Fig. 1c)], thus preventing the formation of(aepa-
40} rate surface critical curve. Instead, th&T phase diagram
shows an increase in the transition temperature and a broad-
20 | ening in the external field region for which the stable phase
is antiferromagnetic. A relative small asymmetry in the criti-
cal curve is observed, due to the fact that the surface field
00,55 30 00 50 favors the stability of GS 2 over GS[&ig. 5a]. Thus the
Magnetic field (H) distortion in the phase diagrams associated with region Il
7.0 : : stems from the relative stability of two ground-state configu-
6ol rations with the same symmetry, i.e., GS 2 and GS 8.
) A higher asymmetry in the phase diagrams is expected in
50 f region lll, since the critical-curve shape is dictated by the
a0 [ surface ordering foH~ —(zs+h), and by an AFM bulk
v (with low surface orderingfor H~z. The difference in sym-
30 ¢ metry of the AFM structures at each AFM:FM boundaries
20 | ‘ [see the GS sequence in Figad, allows the surfaces to
10 | : | drive the phase transition for fields close to tmegative
T e i z critical field value. One can see that the surfaces are devel-
00, ! : A oping their own critical curve, which unfolds as a *“shoul-
220.0 -10.0 0.0 10.0 . . . T :
Magnetic field (H) der” in the phase diagram for negative applied figdde Fig.
5(b)]. Characteristics such as the maximum temperature of
FIG. 5. (a) Typical critical curves for regions(symbols and Il the shoulder or its extension H, are controlled by the sur-

(solid line,v=2.41 andh=3.14). The various symbols correspond face variables andh. The critical field between GS 1 and
to different values of the surface variables,if) as shown in the GS 2[H,=— (z,+h)] makes apparent that the extension of
inset. Note that in region | the shape of the critical curve is virtuallythe shoulder depends on the surface field. The maximum
independent ot and h. (b) Phase diagram for region Ilisolid  temperature in the shoulder is abotlt,;, whereT,is the
line), showing the development of a “shoulder” as a signature of Nge| temperature of the corresponding surface antiferromag-
the incipient surface critical curve. The values for the surface varinat Here. as in the rest of the paper, the relevant thermody-
ables arev=1.5 andh=11. The antiferromagnetic domain is a namic var,iables are expressed in unit's of (hesitive AFM
compact region. The phase diagram for a square lattice is shown ?:%)upling. Thus in the PA a square lattice has a maximum
reference(dot-dashed lineand to illustrate the process of separa- critical temperaturdT....= 4/In 4~2 88
tion between the bulk and surface critical curgeb Fig. 6). Both As Ointzd out r(-:‘SVuirgusl re i(.)n iV is characterized b
in (@) and(b) antiferromagnetic bc€110) films with N=14 were the f P f f p disord Ys d 9 bet wo. diff yt
considered and solved in the pair approximation of CVM. € formation of a disordered gap between two dilteren
ground statefsee Fig. 20)]. At finite temperatures and deep
of the cluster-variation method, we refer the interested readdpside reﬁ;mn IV, ﬂ:jef surfar(]:esb C:Evequp their own cr|t|c_al
to the excellent reviews available in the literat(fe’® curveF\_/ve sep:ratg rrc])m the Iu anti irromigr}etlc rtfa_lglon
The order-disorder transitions are described in the usuiﬁee ig. &) showing the critical curves for a 14-layer film

manner by subdividing the bcc or sc lattice into two inter—With v=1.5, h=14 (circles, andh:_18 (triangleg]. Since
penetrating sublattices: and 8. The long-range order pa- the surfaces are weakly coupled with the bulk, the surface
rameter in thek layer defined as critical curve scales withy, i.e., the zero-temperature width

of the AFM ordering iszgv and the maximum critical tem-
=5 (mk— m';g), (99  perature iy kTsurf.. . .
Between the situation of unconnected ordered domains
where m‘;(B) is the «(B)-sublattice magnetization in the  and the phase diagrams observed in region lll, there is the
layer. case in which the zero-temperature disordered gap trans-
With reference to the GS phase diagram of Fig. 4, region$orms, via thermal excitations, into a disordered region in the
I-IIl display long-range order, either at the surfad€&S 2  H-T plane right inside the compact AFM domain. An incre-
and 8 or in the bulk(GS 4—6. With the exception of se- ment in the surface field translates into an increment in the
quence |, the critical curv&Sobtained in regions Il and Il height of the disordered region. At=h, the AFM region
show a distortion at high temperatures. Our results for theplits into the surface and the bulk critical curjege Fig.
critical curve in these regions, summarized in Fig. 5, can b&(b)]. At finite temperatures, the splitting value of the surface
explained using the ground-state analysis discussed in Sefield hg plays the role ohy,.,, : for h<hg the ordered region
Il. is compact whereas fon>hg there are two unconnected
Phase diagrams in region | are virtually independent oftritical curves.
the parameters and h, as can be seen in Fig(&. This Expressing the free enerdy in terms of the long-range
behavior can be attributed to the fact that the AFM orderingorder parameter®), the conditions determining the locus of
in region | is primarily due to the inner layefsee Figs. )  the splitting point are given by
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0.0 ' : _8'5000 10 20 80 40 50 60
~30.0 -20.0 -10.0 0.0 10.0 : : : T : :
Magnetic field (H) Surface coupling (v)
27 FIG. 7. Splitting fieldH4 as a function of the surface coupling
for AFM bcc (110 films with N=14 andN=100. The minimum of
H, is due to the reentrance at low temperatures of the bulk critical
19| S curve. Inset: Splitting value of surface fighd as a function of the
4 surface coupling, for the case oN=100(circles. A least-squares
= T, [ fit (solid line) gives hy=4.0% +6.36. Compare this withhy,.,
Surface AFM =4y +6 obtained in Sec. Il for the boundary between regions 1l
11y : and IV. See the text for further details.
i
|
' with v [see, for example, Figs(» and &a)] and because of
0346 He 6.4 82 the reentrance of the bulk critical curve, for smalihe point
Magnetic field (H) of contact (splitting) between the two critical curves is

) ] ) shifted to higher values off. As we increase the surface
FIG. 6. For an |ntensg field at the boundariés>(s), the_' sur- coupling, the splitting point movegclockwise along the
faces decouple from the inner laydisulk) and develop their own bulk critical curve, reaching a minimum i and increasing
critical curve. In(a) the critical curves of 14-layer antiferromagnetic again towards the saturation value
thin films are shown forw=1.5, h=14 (circle9 andv=1.5, h We found that within the PA the minimum iH(v) is
S

=18 (triangles. The bulk critical curve showed no difference from "
h=14 toh=18, hence only the former case is depicted. The solidnOt very sensitive to the total number of layers. For bcc
' 110, HJ™ occurs atw ~1.74 while for sc(100) the Hy is

lines represent, in the case of the surface critical curves, the pha§ - . . . .
diagram of a square AFM, appropriately shifted. The solid line inMinimum atv~1.2. Again, this can be explained by consid-
the bulk phase is the one associatedNte- 12 in region I. The  €ring the different Nel temperature values for sc and bcc

splitting between the surfaces and bulk critical curves occiiiat lattices. The ratio between the latter and the former k4
(temperature of splittingand H (field of splitting, when the sur-  (PA), which is comparable to the ratio of the corresponding
face field reaches the value bf. Part(b) shows a detail of the HI" (~1.45). The behavior of the other quantities of inter-
phase diagram of 100-layer AFM film at the very point of splitting. est can be inferred from Fig. 7. The most interesting part,
however, is contained in the inset of Fig. 7, which shdws

9°F
A=def —| =0, (103 70
INKI Ny
6.0 |
2N —0 2N —0 10b 5.0 |
—7=0, —-=0. (10b) ol Bulk AFM
_ 4
Equation(10a defines the critical temperature, at fixed ex- < a0l v H vii

ternal conditions T, H, h, andN), when the second deriva-

tives of the free energy are evaluated in the disordered 20T

state?® Sincex <0 in the ordered state, at the splitting point 1.0

A (T=T, is a concave function of the external field vanish- o6 L . |

ing at the splitting value of the magnetic figtt},. In a simi- ~(z,+h) zy-2h -h 00
lar fashion, one can see thatis a convex function of tem- Magpnetic field (H)

perature, becoming zero at=T, [see Fig. &)]. Thus the
Sp“tt'r.]g point Is d‘?f.'”ed as a saddle pomt?oin the T and each of the regions V-VI for negative values of the surface cou-
H Var_'ables' Qqnd't'onﬁlob) aCCOl%”t for this. L pling. In all cases, the coexistence is between up and down ferro-

Using conditiong10) we determined the splitting value of \agnetism at the surfaces. In all cases the bulk critical curve is not
the external fieldH as a function of the surface coupling for affected by the presence of the first-order transitions. Since the
thin (N=14) and thick N=100) films. The results are antiferromagnetic domaifshaded regionis symmetric aroundH
shown in Fig. 7 for the case of b¢g10) films. The particu- =0 only the left half is shown. The calculations were done in the
lar shape oHg(v) can be understood as follows: Since the PA-CVM for the following values of the surface variablas=
height of the critical curve associated with the surfaces scales1 andh=2 (VII); h=5 (VI); h=9 (V).

FIG. 8. A line of first-order transitiongthick line) appears in
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as a function of the surface coupling A least-square fit IV. SUMMARY AND CONCLUSIONS

; bcc B R
gives hs :4'0.7v +6.36 which is almo_st paf?‘”?b”d very In this paper we performed an analysis of the confinement
close to hyy in Eq. (8). For sc(100 films S|m|lgr results  effects on antiferromagnets with symmetry-preserving sur-
were obtained and a linear fit fons gives hy'=4.04  face orientations. The ground-state properties of the model,
+5.20. Thus the process of splitting occurs within a narrowan Ising Hamiltonian with nearest-neighbor-pair interactions
interval of h. in the presence of external bulk and surface fields, shows an
Due to the equivalence between théeNpoint and the interesting structure. A zero-temperature phase diagram in
critical point of a ferromagnet in zero field, the finite- the surface variables (surface coupling and h (surface
temperature behavior of AFM thin films, as a function of thefield) was obtained for two-sublattice antiferromagnets. In
surface coupling andH=h=0, is equivalent to the multi- this case there are seven different regions in the ground-state
critical phenomena occurring at the surface of semiinfinitephase diagram. Each region is characterized by a particular
ferromagneté® In our case, negative surface pair interac-sequence of ground states as a function of the external field.
tions give rise to a line of first-order transitions in regionsAn analysis of the ground-state phase diagram explaind
V-VII (see Fig. 8 In all cases the coexistence line separate$OMetimes even anticipajesome of the features found in
surface ferromagnetic phases with opposite magnetizatiod®H-T critical curves. Together with an examination of the
that have the same symmetry. The bulk, however, may havfénlte-temperature _behawor in each of t_he aforementioned re-
different symmetry at each side of the coexistence line, thugdions, our analysis showed that the interplay between the
modifying the shape of the first-order line at finite tempera-Surface variables and h defines the thermodynamics of
tures. This can be observed in Fig. 8, where the surface c&onfinement in ordering systems. For example, the splitting
existence curve is drawn= —1 andh=2 (VIl), h=5 (VI), of the critical curve into surface and bulk contributions re-

h=9 (V). In each case, the coexistence curve ends in a criiSults from the simultaneous application of seemingly com-
(ordering andh>h,,, . At the

cal point which is close, as expected, to the Curie point asPeting contributions)>v,y, _ ,
sociated with thétwo-dimensional2D)] surface lattice, i.e. other extreme, the development of a surface coexistence line

~|u|T.. In all the three regions V—VII, the AFM bulk re- for v<0 andh>0 represents a particular case of magnetic
c* ’ 1
mains unperturbed by the presence of the surface coexistengdface reconstruction.

line. At v=vy and H.:.h:O the criticalrend point reaches ACKNOWLEDGMENTS

the second-order critical curve at the élldemperaturerl

=Ty . The multicritical behavior is thérivial) superposition A.D.-O. gratefully acknowledges the financial support
of two independent critical behaviors which do not interferefrom CONACyT through the Post Doctoral Fellowships Pro-
with each othef? gram and under Grant No. G-25851-E.

IM.E. Fisher and H. Nakanishi, J. Chem. Phys, 5857(19812). Critical Phenomenaedited by C. Domb and J. LebowitAca-
2H. Nakanishi and M.E. Fisher, J. Chem. Phy8, 3279(1983. demic Press, New York, 1988Vol. 12; D. E. Sullivan and M.
SR. Evans, J. Phys.: Condens. Mat£e18989 (1990). M. Telo da Gama, irFluid Interfacial Phenomenaedited by C.
4K. Binder and D.P. Landau, J. Chem. Ph9s, 1444(1992. A. Croxton(Wiley, New York, 1986; M. Schick, in:Liquids at
5R. Evans and U.M.B. Marconi, J. Chem. Phgs, 7138(1987). Interfaces edited by J. Charvolin, J. F. Joanny, and J. Zinn-

6A recent review of phase transitions in polymer blends and block  Justin(North-Holland, Amsterdam, 1990
polymers in thin-film geometries can be found in K. Binder, 203, Moran-Lopez, F. Meja-Lira, and K.H. Bennemann, Phys.

Adv. Polym. Sci.138 1 (1999. Rev. Lett.54, 1936(1985.
"F. Brochard-Wyard and P.G. de Gennes, C. R. Seances Acad*J.M. Sanchez and J.L. Mard_opez, Phys. Rev. B32, 3534
Sci., Ser 2297, 223(1983. (1985.
8A.0. Parry and R. Evans, Phys. Rev. L&, 439(1990. 22F_ Mejia-Lira, K.H. Bennemann, and J.L. Mard.0pez, Phys.
°A.0. Parry and R. Evans, Physical81, 250(1992. Rev. B32, 5925(1985.
OM.R. swift, A.L. Owczarek, and J.O. Indekeu, Europhys. Lett. 2°For a recent review of Monte Carlo studies on surface-induced
14, 475(199). order, see K. Binder, irCohesion and Structure of Surfaces
11K. Binder, D.P. Landau, and A.M. Ferrenberg, Phys. Rev. Lett. (North-Holland, Amsterdam, 1995Also see the contributions
74, 298 (1995. of K. Binder, D. P. Landau, F. Schmid, and W. Schweika, in
12K Binder, D.P. Landau, and A.M. Ferrenberg, Phys. Re®l1E Stability of Materials Vol. 355 of NATO Advance Study of In-
2823(1995. stituteg Series B: Physics edited by A. Gonis, P.E.A. Turchi, and
13K, Binder, R. Evans, D.P. Landau, and A.M. Ferrenberg, Phys. J. Kudrnovsky(Plenum, New York, 1996
Rev. E53, 5023(1996. 24For an experimental review on surface critical phenomena, see H.
A M. Ferrenberg, D.P. Landau, and K. Binder, Phys. Re%8E Dosch,Critical Phenomena at Surfaces and Interfac8pringer
3353(1998. Tracts in Modern Physics Vol. 126Springer-Verlag, Berlin,
5A. Maciolek and J. Stecki, Phys. Rev. B}, 1128(1996. 1992.
163, Rogiers and J.0. Indekeu, Europhys. L2#t. 21 (1993. 25R. Lipowsky, Phys. Rev. Let¥9, 1575(1982.
17E. Carlon and A. Drzewiski, Phys. Rev. Lett79, 1591 (1997). 26R. Lipowsky, Ferroelectricg3, 69 (1987.
18E. carlon and A. Drzewiski, Phys. Rev. B57, 2626(1998. 27C. Ebner, C. Rottman, and M. Wortis, Phys. Rev28 4186

9For reviews on wetting, see S. Dietrich,Mhase Transitions and (1983.



1156

2835.J. Kennedy and J.S. Walker, Phys. Rev3® 1498 (1984.
Binder and LandauRef. 29 performed a Monte Carlo investi-

A. DIAZ-ORTIZ AND J. M. SANCHEZ

PRB 62

4IA. Diaz-Ortiz, J.M. Sanchez, F. Aguilera-Granja, and J.L. Mera
Lopez, Solid State Commui07, 285(1998.

gation in the same model but in the context of magnetic surfacé?F. Ducastelle,Order and Phase Stability of Alloy$North-

reconstruction.

29, Binder and D.P. Landau, Surf. Sdi51, 409 (1985.

30k, schmid, Z. Phys. B: Condens. Mat&t, 77 (1993.

SIA. Drewitz, R. Leidl, T.W. Burkhardt, and H.W. Diehl, Phys.
Rev. Lett.78, 1090(1997.

32R. Leidl and H.W. Diehl, Phys. Rev. B7, 1908(1998.

333, Krimmel, W. Donner, B. Nickel, and H. Dosch, Phys. Rev.
Lett. 78, 3880(1997).

34U. Ritschel and P. Czerner, Phys. Rev. L&f, 3645(1996.

35U. Ritschel, Phys. Rev. B7, 693(1998.

36A. Diaz-Ortiz, J.M. Sanchez, and J.L. Morhopez, Phys. Rev.
Lett. 81, 1146(1998.

S7R. Kikuchi, Phys. Rev81, 998(1951).

38We confirmed these results by evaluating the free enérgthe
pair approximationat low temperatures, as function of the sur-
face variable$ andv for different values of the external field.

We did not find any other ground-state structures additional to

those listed in Table I.

39E.M. Sosa-Hermadez, F. Aguilera-Granja, and J.L. Mora
Lopez, Phys. Rev. B2, 5392(1995.

4OA. Diaz-Ortiz, J.M. Sanchez, and J.L. Maraopez, CompLit.
Mater. Sci.8, 79 (1997).

Holland, Amsterdam, 1991

43D. de Fontaine, Solid State Phya4, 73 (1979; 47, 33 (1994).

44A. Finel, in Statics and Dynamics of Alloy Phase Transforma-
tions edited by P.E.A. Turchi and A. GoniPlenum, New
York, 1994.

“Foundations and Applications of the Cluster Variation and Path
Probability Method edited by T. Morita, M. Suzuki, K. Wada,
and M. Kaburag{Prog. Theor. Phys. Suppl55 (1994].

46Theory and Applications of the Cluster Variation and Path Prob-
ability Methods edited by J.L. Mora-Lopez and J.M. Sanchez
(Plenum, New York, 1996

4Tpat finite temperatures, the antiferromagnetic regipronzero

value of the order parameter in E()] is separated from the

disordered regiorizero long-range ordgby a line of second-
order phase transitions. EquatiohOa defines the loci of the
transition points in terms of a second derivative of free energy of
the system with respect of the order parameters.

48J.M. Sanchez and D. de Fontaine, Phys. Rel7B2926(1978.

“OFor a review of the critical behavior at surfaces, see K. Binder, in
Phase Transitions and Critical Phenomerealited by C. Domb
and J.L. LebowitzAcademic, New York, 1983



