PHYSICAL REVIEW B 69, 064415 (2004

Phase diagrams of the spin-1 Blume-Capel film with an alternating crystal field

Hamid Ez-Zahraouy* and Ahmed Kassou-Ou-Ali
IFacultedes Sciences, artement de Physique, Laboratoire de Matigrae et Physique des Hautes Energies,
B.P. 1014, Rabat, Morocco
2Facultedes Sciences, artement de Physique, Laboratoire de PhysiquécTigee, B.P. 1014, Rabat, Morocco
(Received 26 September 2003; published 18 February)2004

The spin-1 ferromagnetic Blume-Capel film with an alternating crystal fletdA; on the odd layers and
A=A, on the even ones is considered in the mean-field approximation. The ground-state phase diagrams in the
(d;,d,) plane @;=A,/J andd,=A,/J) are determined analytically; the number of their phases depends on
the parity of the number of layers of the film. At finite temperature, 15 types of topology, depending on the
range of variation ofl;, are found in thet,d,) plane for an even number of layers, but only 14 for an odd
number of layerst(=kgT/J is the reduced temperatyrdhe phase diagrams exhibit a variety of multicritical
points. In particular, a tricritical poin€ appears in the paramagnetic-ferromagnetic line of transition, but only
for values ofd, larger than a threshold valu? which is but the tricritical crystal fieldin the mean-field
approximation of the spin-1 Blume-Capel model on a square lattice. Moreover, lines of transition presenting
the reentrant and double reentrant behaviors may also take place.
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[. INTRODUCTION of the phase diagrams is finite and depends only on the parity
of the number of layers of the film. The phase diagrams

The Blume-CapelBC) model is a spin-1 Ising model present many multicritical points and may have transition
with single-ion anisotropy. It has been originally introducedlines exhibiting the reentrant and double-reentrant behaviors;
to study first-order magnetic phase transitiohand then ap-  this kind of behavior has been previously found in the
plied to multicomponent fluid$ Later, it was generalized to Paramagnetic-Ferromagnetic transition line of the ordinary
the Blume-Emery-Griffiths modélto study the H&He* Blume-Capel model with a random crystal fiElcr with
mixtures and a variety of other physical systems. random nearest-neighbor interactidfis.

The BC model has been investigated in detail using many The paper is organized as follows. In Sec. Il we present
approxima[e methods, name|y, mean-field approximd‘tﬂ)n, the model and give the mean-field equations of the different
h|gh temperature series expansf’onconstant_couming order parameters. In Sec. Il we present the results, then we
approximatiorf Monte-Carld and renormalization-grodp end in Sec. IV by a conclusion.
techniques. All of these approximate schemes suggest the
existence of a tricritical point at which the system changes II. MODEL AND METHOD
from the second-order phase transition to the first-order one, o )
when the transition temperature is plotted as a function of the The system we consider is the spin-1 Blume-Capel model
parameter of anisotropy. of a S|mple-cub|c Iat'Flc_e, |nf_|n|te and_ symm_etrlc_ in ﬂ_oand

On the other hand the BC model has been investigated 0y.]dlrecuons and of f|n_|te thickness in tl"zed|re.ct|on, ie., a
semiinfinite lattices with modified surface coupling. Severalfilm of N ferromagnetically coupled layers with an alternat-
approximate methods have been dsddnd references N9 crystal field. The Hamiltonian of this system is given by
therein. All of them show the possibility to have a phase
with ordered surface and disordered bulk, and show the ex- _ . <2
istence of the so-called “extraordinary,” “surface” and “or- " JaED Sis]+2 AS @
dinary” transitions, and of multicritical points called special ) )
points® More recently, with the development of the molecu- WhereS;==1,0; the first sum runs over all pairs of nearest
lar beam epitaxy technique and its application to the growtHeighbors and; is the crystal field which takes the validg
of thin metallic films, renewed interest in thin film magne- on the odd layers and, on the even ones. The mean-field
tism has been stimulated, and much experimental and thegguations of state are straightforwardly obtained and are
retical efforts have been devoted to the subjécthe BC ~ given by
model with a rationally decreasing crystal field has recently

been extended to a layered structure and analyzed in the 2 sinhgh,
mean-field approximatiot? The model exhibits a constant my=(S) = m’ @
tricritical point and a reentrant phenomenon for a certain k
number of layers.
Our aim in this work is to study, using mean-field theory, 2 coshBhy 3

/2
the phase diagrams of a ferromagnetic spin-1 Blume-Capel Ac=(S0 = ef2k+2 coshgh,’
film with an alternating crystal fieldA=A, on the odd lay-

ers andA=A, on the even ones. The number of topologieswith
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hlzJ(ZrT]l+m2), ¢ @
he=J(m_1+zm+mg,,) for 2<ksN-1, (4 °] o
4 (00)"
hy=J(my-1+zmy). 1o
d, 3
In these equationsn, (qy) is the reduced magnetization ziw_—
(quadrupolar momejbof thekth layer; andzis the interlayer 24
coordination numberz=4 for the case of the square layers . ot .
considered heje The reduced total magnetization i 14 a o
=(1/N)EE:1mk. The reduced free energy of the film is
given by 2 T :
N 3-1/L d1
1 —BA 8
f=-3 gl In[1+2e~#*kcoshBh,] "
7_
1 N1 1 6+ (10)"1 (00)0
+ 5 D (Mg +ZMyeF My )M+ 5 my(4my +my)
2 & 2 5
1 d, *
+§mN(mel+4mN)- ) .
@11 —= ]
2 anh
IIl. RESULTS AND DISCUSSIONS 1 o1(11)'0 ©on'o
The study of the phase diagrams in ttig,) plane ex- T T T T T T !

hibits the existence of different topologies depending on the
range of variation ofd; (d;=A;/J, d,=A,/J, andt
=kgT/J are the values of the reduced crystal fields and tem- FIG. 1. The ground-state phase diagrams in tig,d,) plane
perature respectivelyWe note from the beginning that these for an arbitrary number N of layer¢a) N=2L, (b) N=2L+1.
topologies are limited in number and do not depend on the
number of layers itself but only on its parity. In the following (i) From the state (11)to the state (11)"'10 atd,=3 and
we will discuss in detail the case of an even number of layershen to the state (08)atd,=4. (ii) From the state (11)to
and comment at the end on the odd number case. To undete state (11 '10 atd,=3 and then to the state (0Ot
stand the origin of the different topologies, we first determineld,= (6L —4)— (L—1)d,. (iii) From the state (1})to the
analytically the ground-state phase diagram in tte,d>) state (00) at d,=(6—1/L)—d;. (iv) From the state
plane by looking for the lowest-energy configurations. For aro1(11)} ~* to the state (0d) at (L —1)d,=(6L—4)—Ld,.
arbitrary even number of layefd=2L, we distinguish six  (v) From the state (01)to the state (0d)atd,=2, respec-
regions of this plang¢Fig. 1(a)] (but only five for an odd tively.
number of layergFig. 1(b))]. (a) d;<3, d,<3, andd,; It is worth to note here that, contrary to the two- or three-
+d,<6—1/L; the stable configuratiofsee Ref. 15for the  dimensional Blume-Capel casés the case of a film with a
notations is (11)-, where the spins of the sites of all the homogenous crystal fieldthe ground-state of certain layers
layers are all equal to 1(b) 3<d;<4, d,<d; and (L may be magnetic even for relatively large values of the crys-
—1)d;+Ld,<6L—4; the stable configuration is tal field in these layers. For example, fdf<2, the even
01(11) 1, where the spins of the first layer are all equal tolayers (except the final oneare in the magnetic states,,
0 while those of the other layers are all equal to(d. d; =1 even with a crystal field, in these layers, reaching the
>4 andd,<2; the stable configuration is (01where the valued,=4 [which is larger than the critical crystal field for
spins of the odd layers are all equal to 0 while those of thea square ¢{*’=2) or three dimensional cubid{®)=3) lat-
even ones are all equal to {d) 3<d,<4, d;<d,, and ticeg.
Ld;+(L—1)d,<6L—4; the stable configuration is  For finite temperatures the transition lines are determined
(11)-7110 . (e) d;<2 andd,>4; the stable configuration is by solving numerically Eq(2) which may have more than
(10)-. (f) d;>2, d,>2, d;+d,>6—1/L, (L—1)d;+Ld,  one solution; the one which minimizes the free endigy.
>6L—4 andLd;+(L—1)d,>6L —4; the stable configura- (5)] corresponds to the stable phase. Transitions of the sec-
tion is the nonmagnetic state (60) ond order are characterized by a continuous vanishing of the
From Fig. Xa) it is clear that for fixed values ai;, the  magnetizations while those of the first order exhibit discon-
system exhibits various transitions by varyidg. For the tinuities at the transition points.
following ranges of variation ofd;: (i) 0<d;<2, (i) 2 In order to describe the different entities in the phase dia-
<d;<3—-1L, (i) 3—1/L<d;<3, (iv) 3<d;<4, and(v) grams, the Griffiths notatiohswill be adopted: the critical
d,>4, the system presents the following phase transitionsend-pointB™A" denotes the intersection oflines of second
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FIG. 2. The phase diagrams in tlied,) plane for a generic even value df (N=6) and generic values af;. (a) d;=1, (b)d;
=1.85, (c) d;=1.855, (d) d,=1.9, (¢) d,=1.99, (f) d,;=2.01, (g) d,=2.1, (h) d;=2.25, (i) d;=2.75, (j) d;=3.5, (k) d;=3.8, (I) d;
=3.9,(m)d;=4.01,(n) d;=4.1, (0) d;=5. The solid lines are of second order, the doted ones are of first order. Filled circles are tricritical
points while empty circles are the other multicritical points and end points.

order andn of first order; the multicritical poinC denotes polar moment of each layer are both different from zero.
the intersection ofm lines of second order; the tricritical (FF)-"!FO0 is a phase where all the layers are in the ferro-
point, which is the intersection of a line of second order andnagnetic state except the last one which is in the nonmag-
a line of first order, is denoted in particular & The tric-  netic state(denoted by Dand is characterized by vanishing
ritical points will (as is commonbe represented in the fig- magnetization and quadrupolar momerR.R)" is a phase
ures by filled circles while the end points and the multicriti- where all the layers are in the paramagnetic state, i.e., the
cal points will be represented by empty ones. In addition, thenagnetization of each layer is equal to zero but not the qua-
following notations of the different phases will be adopted:drupolar moment.

(FF)t is, for example, a state where all the layers are in the For an even number of layerdlE&2L), 15 types of to-
ferromagnetic state, i.e., the magnetization and the quadryology of the phase diagram in ttied,) plane are found.
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FIG. 2. (Continued.

They may be gathered into six groups, each one is characterespectively. The topology described here is characterized,

ized by a certain range of variation df. contrary to the ordinary Blume-Capel model, by the absence
(1) For O<dl<d§r2(;) [e.g., Fig. 2a)], there is a critical line  of a tricritical point in the P-F) transition line . The value

separating the paramagnetic phageP]" from the ferro- Of d; over which this point appears is found to Ik
magnetic onesKF)", (FF)-"1F0, and F0)-. These fer- =1.848. Thisis equal to 8 In2/3 which is the analytic mean-
romagnetic phases are separated by two transition lines dild theory expression of the tri-critical crystal field of the
first order at low temperatures which meet two critical linesspin-1 Blume-Capel square lattice.

at two tricritical points(totally inside the ordered phages, (2) For d{?<d,<2, four types of topology are found
andC,, respectively. The first-order lines reach theaxis at ~ with increasingd,, all of them present a tricritical point in
the fixed valuegindependent of ).d,=3 andd,=4 respec- the P-F transition line and present the same features of the
tively. The critical lines present both a reentrant behavioitype-1 topology with some differences. Faby in the vicinity
near the paramagnetic-ferromagnetie-f) transition line  of d{?) the lines of transition k-F lines) separating the fer-
and meet this last at two multicritical point8{); and %),  romagnetic phases€)", (FF)-1F0, and F0)" still ex-
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FIG. 2. (Continued.

hibit the reentrant phenomenon near g transition line
and meet this one at the multicritical poinB%); and B3),
[e.g., Fig. Zb)]. With increasingd;, the F-F lines meet the

PHYSICAL REVIEW B 69, 064415 (2004

the number of layersI2. t{¥)(d,) is but the critical tempera-
ture of the ordinary two-dimensional spin-1 Blume-Capel
model corresponding td;. This may easily be understood
even beyond the mean-field approximation. In fact at low
temperatures and for large valuesief the odd layers are all
nonmagnetic i, ;= 0) and the system of equations of the
magnetizationam,,, of the even layers is decoupled to L
equivalent two-dimensional equations with a crystal fiJd

the magnetizationsn,, (and then the total magnetization
vanish at the same temperature whicht(fQ(dl). For d;

>2 the ferromagnetic phase is unstable for large values of
d,, as will be seen, in accordance with the ground-state
phase diagram.

(3) For 2<d;<3—1/L, three types of topology exist. For
these topologies the ferromagnetic staF0)"- disappears
from the ordered phases. The ferromagnetic phab&sy
and FF)""F0 are, as above, separated by a transition line
of first order, at low temperatures, which reachesahaxis
atd,=3 and meets the second order line at a tricritical point
C,. This last line meets th@-F line at a critical end-point
BAZ. Ford, in the close vicinity of 2, thé®-F line of tran-
sition exhibits a reentrant and double-reentrant behaviors
[e.g., Fig. 2f)]; with increasingd,, only the double reentrant
still exist [e.g., Fig. 2g)] and then it disappears for higher
values ofd; [e.g., Fig. Zh)]. Note that theP-F transition
line reaches, for d,;<3—-1/L, thed, axis atd, given by
(L—1)d,=(6L—4)—Ld;: the surface of theRF)- 1F0
phase then decreases with increasiigand it collapses at
d;=3-1/L.

(4) For 3—1/L<d;<3, the phase diagram is of the same
type as that of the ordinary spin-1 Blume-Capel mdee.,

Fig. 2i)]; the first-order line reaches thg axis atd, given
by d,=(6—1/L)—d;.

(5) For 3<d;<4, three types of topology are found.
These are characterized by the appearance of the ferromag-
netic phase B(FF)-~* at low temperatures. The ferromag-
netic phasesRF)" and OF(FF)- "1 are separated by a criti-
cal line of approximately constant temperature which meets
the P-F transition line at a critical end-poifBA?. The P-F
line reaches thel, axis atd, given byLd,=(6L—4)—(L
—1)d,. Ford, far from 4, a typical phase diagram is given
in Fig. 2(j). With increasingd,, the P-F transition line de-
velops a double-reentrant behavipe.g., Fig. 2Zk)], and
when d; approaches 4 this line presents a reentrant and
double-reentrant behaviofs.g., Fig. 2)].

(6) Ford,>4, three types of topology are fond; these are
characterized by the appearance, in addition to the state
OF(FF)-~1, of the state (&) at low temperatures. The

P-F line at the multicritical poinB® and at the critical end- ferromagnetic phasesFf)-, OF(FF)-~! and (CF)- are
point BA? respectively, and still present the reentrant behavseparated by two critical lines of approximately constant

ior [e.g., Fig. Zc)]; for higher values ofl;, the former lines
lose the reentrant behavior and meet thdé- line at two
distinct critical end pointsBA?), and BA?), as is depicted
in Fig. 2(d). Finally, ford; close to 2 theP-F first-order line

develops a reentrant topolofg.g., Fig. 2e)].

Note that ford,<2 the ferromagnetic phasé=Q)" is
stable for an infinitely large value of, at temperatures
lower than a temperaturé?(d,) which is independent of

temperatures which meet tiRe F transition line at two criti-
cal end points BA?), and BA?),, respectively. TheP-F
line reaches thd, axis atd,=2. For values otl, very close
to 4 theP-F line presents a reentrance and a double reen-
trance[e.g., Fig. 2m)]; the reentrance disappears with in-
creasingd; [e.g., Fig. 2n)] and then the double reentrance
disappears for high values df [e.g., Fig. 20)].

For an odd numbelN=2L+1, of layers, the ground-
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state[Fig. 1(b)] has only five different phasdmstead of six
for N even; in fact, for small values ofl, (d;<2) only two
phases now exist: (1%) (for d,<4) and (10¥1 (for d,

>4).

For finite temperatures, 14 types of topology exist in this

case.
(i) For 0<d;<d{? the topology is like the type-1 above
(in the case of an even number of layesit with only two
ferromagnetic phasesFF)“F and (FO0)'F separated by a
unique line having a tricritical poin€; at low temperatures.

(i) For d{?<d,;<2 there are four types of topology

which are like those of the group 2 above, but with the modi-

fication mentioned in)i
(iii) For 2<d,<3, there are no topologies like those of

the group 3 above. The topologies, in the number of three,
are all of the ordinary Blume-Capel type, but for the two first

ones (I, close to 2 the P-F transition line develops a reen-
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FIG. 3. The phase diagram in tlfed,) plane for a generic odd
value of N (N=7) and generic values df, in the range 2.d,

trance ford, very close to 2, and a reentrance and double-<3: The number accompanying each curve is the valu ofrhe

reentrance for higher values df (Fig. 3).
(iv) For 3<d;<4, there are three types of topology

solid lines are of second order, the doted ones are of first order.

which are like those of the group 5 above, but with the fer-t€ [d1,d2) plane @,=A;/J andd,=A,/J) are determined

romagnetic phasef{FF)-~10 at low temperaturenstead
of OF(FF)L~1 for N even.

(v) For d;>4, there are three topologies which are like

analytically; the number of their phases depends on the par-
ity of the number of layers of the film. At finite temperatures,
fifteen types of topology, depending on the range of variation

those of the group 6 above, but with the ferromagnetic®’ d1 » are found in thet,dz) plane for an even number of

phases (6)'0 and GF(FF)-"10 at low temperaturefin-
stead of ()" and GF(FF)-~ 1! for N evenl.

IV. CONCLUSION

layers, but only fourteen for an odd number of layers. The
phase diagrams exhibit many multicritical points. In particu-
lar, a tricritical point C appears in the paramagnetic-
ferromagnetic line of transition, but only for values of
larger than a threshold valu?) which is but the mean-field

We have studied, using mean-field theory, the phase didricritical crystal field of the spin-1 Blume-Capel model on a
grams of a ferromagnetic spin-1 Blume-Capel film with ansquare lattice. Moreover, lines of transition presenting the

alternating crystal fieldA=A; on the odd layers and
=A, on the even ones. The ground-state phase diagrams

reentrant and double-reentrant behaviors also appear in the
pphase diagrams.
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