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Magnetic properties of ferrimagnetic binary-alloy Ising thin films
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Magnetic propertiefphase diagrams, compensation temperatures, and magnetigaifofesrimagnetic
disordered binary alloy Ising films are investigated within the framework of standard mean-field theory. The
obtained results show some outstanding features, such as the decrease of the critical temperature with increas-
ing number of layers or the existence of multicompensation points in the sy$&63-182006)03037-9

[. INTRODUCTION thin films consisting of two kindsA andB) of atoms with
arbitrary spins §, and Sg) is developed. In Sec. I, the
A number of theoretical and experimental works in thenumerical results for the case 8f=1/2 andSz=1 are pre-
area of magnetic thin films have been stimulated by recergented and discussed. Concluding remarks are given in Sec.
technological progresses. In particular, modern high-vacuurhV.
techniques, such as the epitaxial growth techniques, allow
one to fabricate very thin magnetic films of controllable Il. FORMULATION
thicknes$3that may show a number of interesting phenom-
ena not observed in the bulk materials. From the theoretical We consider an Ising binary-alloy-typelayer thin film
point of view, the Ising model has been frequently and sucwith the simple cubids.c) symmetry, as depicted in Fig. 1.
cessfully adopted for the description and understanding of he system consists of two kinds of magnetic atofue-
many characteristic features of thin magnetic films. DuringnotedA andB) with arbitrary spinsS, and Sg that are ran-
the last decade various types of Ising thin films have beeflomly mixed in each layer. The composition of the system is
often investigated by using the standard mean-field tfebry assumed to b& B, ,, wherep is the concentration of the
and the effective-field theofy'° that correctly account for A atoms and (+ p) is the concentration of thB atoms. The
self-spin correlations. A more elaborated metlisd-called Hamiltonian of the system is given by
third-order Matsudaira approximatiphas also been applied
for the case of a diluted ferromagnetic Ising thin ftirMost

— » i Z i Z . Z
of the above-mentioned works have been devoted to the H= 2 Jijl (£jaSiat €iBSip) €iaSia
study of thickness dependences of the critical temperature
and magnetization. Very recently, some attention has been +(&8Sjp+ £aSa) €ieSi] ey

directed to understanding of the transverse ffef? and o . _
crystal field®'’ effects as well as the first-order phasewhere the summation is over all nearest-neighbor pairs, and

transitiort® of the thin ferromagnetic films. A more compli- the spin variable§, andS take 25,+1 and S5+ 1 val-
cated model of the ferromagnetic thin film with binary-alloy- ues that are allowed foA and B atoms, respectively. The
type free surface has been studied as Well.

Here, one should emphasize that the above-mentioned
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theoretical works deal exclusively with the ferromagnetic J; AJASB Jy ~
thin films, although experimental data of ferrimagnetically I 1
ordered thin films have been recently reported in some ex- Jp Jy
perimental work€® As far as we know, however, no at- 2
tempts have been made to study thin films ordered ferrimag- Jup I
netically. In this work, the standard mean-field v v ' D 3
approximation is applied to study a ferrimagnetic Ising thin | : ; :
film with the s.c. symmetry. The film consists ofbinary- n-2

alloy-type layers composed of two kinds of atoms with dif- 1

ferent spins that are randomly distributed in each layer. In n-

fact, recent theoretical studies of ferrimagnetic disordered I

binary alloysA,B; , have revealed a number of unexpected "

and interesting results; 24 such us the existence of multi- O A4 atoms; @ B atoms;

compensation points or new types of temperature depen-

dences of magnetization. Therefore it is also interesting to FIG. 1. Part of two-dimensional cross section through the
investigate whether similar behaviors may also be observeghagnetic binary alloy thin film consisting of two kinds of
in binary alloy thin films. atoms A and B. The exchange parameters are labeled as
The outline of this paper is as follows. In Sec. Il, the J3, J3, Jig, Ja, Jg. andJ,g depending on the position and
general mean-field theory for the description of binary alloytype of atoms.
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exchange interaction parameteks depend on the type of

bond and the position of atoms, and they can take the fol-

lowing values:

(J3>0, forthe A—A bond in the surface layer;
Jao>0, forthe A—A bond otherwise;
5>0, forthe B-B bond in the surface layer;
Jij = Jg>0, forthe B—B bond otherwise;
ap<0, forthe A—B bond in the surface layer;
L Jag<<0, forthe A—B bond otherwise.

The occupation numbers;,=0,1 (@=A,B) depending
whether thdth site is occupied by an atom of tyjeor not,
and they satisfy the relations

Eatéip=1 and (&)t (éip)c=1, 2

where (- - - ). denotes the random configurational average.

Thus, theA andB atoms are randomly distributed in the thin
film with the concentratio &ia).=p and{&;g).=1—p, re-
spectively.

Now, let us define the magnetization per site in kil
layer as

©)

wheremy = <§,S/,> /(& 4)c, and(---) means the ther-

M= pMa+ (1—p)mgy,
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Ear=p(4J3Ma1+IaMaz) +(1—p)(4J3eMe1+ IasMs2),
(6)

Eg1=p(4J3gMa1+ IagMar)
+(1—p)(4J3mg; +JgMg,),
Epo=pJIa(Mar+4mpay+Mys)
+(1—p)Jag(Mgy +4mgy+mg3),

Ego=pJag(Ma1+4myo+myg)

+(1—p)Jg(mg; +4mg,+mg3),

Eak=PIa(May—1+4ma+ My )
+(1=p)Ias(Mpy—1+4Mg+ Mgy 1),

Egk=PIas(Mak-—1+4Ma+Mayi1)

+(1—p)Jg(Mgy_1+4mg,+ Mgy 1),

Ean=P(4J3Man+JaMan_1)

+(1-p)(433Ment IagMan-1),

mal average. When we use the standard mean-field approxi-

mation, then for the ferrimagnetic thin film consisting rof

layers one obtains the following set of equations for the mag-

netizationsm,,:
Ma1=SaFA(BEA1SA), Mg1=SgFe(BER:1Se),

Mao=SpFA(BEA2SA),  Mgo=SgFe(BER:Ss),

(4)

Mak=SaFA(BEASA),  Mgy=SeFe(BEsSs),

Man=SaFA(BEAnSA), Mgn=SgFe(BER:Se).

Here, B=1/(kgT), F, denotes the familiar Brillouin func-

tion
F _25,+1 2S,+1 1 1
L(X)= 7S, cot 7S, X _28a°0t Z—Sax ,
a=A or B, 5

and the mean effective fields,; are given by

Egn=p(4J3gMant JagMan—1)

+(1-p)(43gmgy+JgMgn_1).

In order to obtain the transition temperatdrg, it is nec-
essary to solve the coupled equatigis For this purpose,
we expand the right-hand sides of these equations and con-
sider only terms linear irm, . Then, for then-layer thin
film we obtain the following matrix equation:

Maz

(7)

where the form of the matri¥d depends only on the thick-
ness of the film and can be easily found from the linearized
Egs. (4). The critical temperature of the system is then de-
termined from the condition

det4=0. (8

The compensation temperatufg is a temperature at which
the resultant(or tota) magnetization vanishes below the
critical point. For our system, the total magnetization is
given by

M=> m, (9)
k=1
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FIG. 2. Concentration dependences of the critical temperature FIG. 4. Concentration dependences of the critical temperature
T. (dashed curvgsand the compensation temperatufg (solid T. (dashed curvgsand the compensation temperatufg (solid
curves for ferrimagnetic binary alloy thin films of different thick- curves for ferrimagnetic binary alloy thin films of different thick-
nessesi{=2,3,10), wherla,|=a,=a;=|b;|=b,=1.0. nesses 1{=2,3,10), when a;=-0.9, a,=0.1, az3=1.0,

b,=-0.5, and b,=0.1.

wherem, means the magnetization in th¢h layer defined

by (3). Consequently, the compensation temperature of our E,S;‘_S | exp( 8D ,1?)sinh(1 Bx)
system is determined from the equation FoX)=—s— > , (12
e exp(BD 1) coskl Bx)
n n whereD , denotes the crystal-field parameter.
P2, Maict(1-p) 2 Me=0, (10)
- - IIl. NUMERICAL RESULTS
in which the magnetizations,, are solutions of4). Fur- In this section, we present numerical results for the phase

thermore, it is useful to note the possibility of the compen-diagrams T), compensation temperaturek, and magne-
sation atT=0. In the limit of T—0 we obtain from Eqs(4) tizations of then-layer ferrimagnetic thin film selecting
solutions mp,=—S, and mg,=Sg,Vk (or my =S, and Spx=1/2 andSg=1. For this aim, it is convenient to intro-
mg=— Sg,VK). Substituting these solutions into E.0), duce the following dimensionless parameters:

one finds that folT=0 and nonzero exchange interactions,
the compensation always appears in our system at a certain
concentration, which is exactly given by

a1=JZB/JA, azstB/JA, angZ/\]A,

bl:JAB/JAv bZZJB/JA. (13)

S Of course, the behavior of our thin-film system will depend
(11)  on the values o&; ,b; as well as the thickness of the film. In
fact, many numerical calculations have been done selecting
representative sets of the parametgrandb;, however, it is

Finally, one should note that the formulation presented irfléarly impossible to present all the results. Therefore, most
this section is very easily extendable to more complicated)f the results that are qualitatively similar as those of bulk
systems. For example, if the crystal-field term is included®pB1-p binary alloy’® have been excluded from the present
into Hamiltonian(1) all equations in our formulation remain analysis. Before discussing the results, it is also worth notic-
unchanged, but the Brillouin function must be replaced bying that in the real rare-eartfiRE)/transition metalTM) fer-

another functionF,(x) defined as follows: rimagnetic alloys the exchange interactiods, Jag, and
Jg correspond to TM-TM, RE-TM, and RE-RE interactions,

respectively. The magnitudes of interaction usually satisfy

Po=g5 T 5

4 | T ' the relationJg<|Jag|<Ja. Accordingly, in the following,
SN let us study the systems satisfying the inequality and exam-
:: 3t ;;}::;;{\ . ine whether some interesting phenomena can be observed in
= TSy them.

& 5L a=-10 TSrgal i At first, Figs. 2 and 3 show the concentration dependences
= 4= 10 N . ) of critical and compensation temperatures for thin films of
S w1 n=2 1;:5“‘% different thicknessesn=2, 3, and 10 for two sets of pa-
by =-001 rameters. In Fig. 2, we have selectdd,|=a,=a;z
by= 1.0 =|b;4|=b,=1.0. In the figure, both the critical and compen-
Yo 02 o4 o8 o8 1o sation temperature exhibit behaviors very similar to those of

P usualApB;_, disordered binary alloy® In particular, one
should notice that the compensation temperaiiyenay in-

FIG. 3. The same as in Fig. 2 but ftay|=a,=a;=b,=1.0  crease with the increase of the thickness in the thin film,
andb;=—0.01. when the concentration is fixed, for instancepat0.7. Such
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FIG. 5. Concentration dependences of the critical temperature FIG. 7. The same as in Fig. 6 but foa;=-0.5,
T. (dashed curvgsand the compensation temperaturg (solid a,=0.01, a;=1.0, b;=-0.05, and b,=0.01.
curves for ferrimagnetic binary alloy thin films of different thick-
nesses 1§=2,3,5,10), when a;=-0.9, a,=0.1, a;=1.0, values of the parametéy, are selected. From the figures, one
b,;=-0.2, andb,=0.1. The inset shows in detail the dependencecan see that the critical temperature decreases with increas-
of the compensation temperature for the five-layer thin-film systemng thickness of the thin film in a wide concentration region
(n=5) near the critical boundary line. because botli,g andJg are weak. In particular, two or three
compensation points can be observed in the system when the
a behavior may be observed experimentally in a ferrimagparameteb, takes a small value, such as in Fig. 5. The inset
netic thin film when the film thickness increases. On theof Fig. 5 shows in detail the case when three compensation
other hand, some characteristic results are found by selectingpints are possible. Generally speaking, one can find the fol-
the small values of the parametey, as illustrated in Fig. 3 lowing important fact: As illustrated in Figs. 6 and 7, the
for the system withb; = —0.01. Namely, in a certain range multicompensation points can be rather easily found for
of concentratiorfroughly estimated 0.45p<<0.92) the criti-  n=4, when the exchange parametbys takes very small
cal temperature decreases with increasing thickness of thealues. Then, notice that the conditifl} 5| =|Jag| S€€MS tO
thin film. The behavior may appear in the system when onge of principal importance for the appearance of the multi-
of the exchange parametelgg or Jg becomes weaki.e.,  compensation points in ferrimagnetic thin films. Although it
|b;|<1 orb,<1) and the region in which this phenomenon js impossible to prove this condition analytically, we could
can be observed depends on the values of other exchanggt find multicompensation points when this condition has
parameters. In Fig. 3, an interesting behavior is observed fafot been valid. Thus, the results presented in this section
the concentration variations of the compensation temperandicate that multicompensation points can be easily found in
ture: the possibility of two compensation points appears inthe ferrimagnetic films of rather great thicknedsr ex-
the system when the thickness of the film becomes thiclample,n=10). From this fact, one can expect that similar
enough. As far as we know, these phenomena have not be@ahaviors may be found for the bulk disorderggB; _, al-
reported in the literature of thin magnetic films. loy with a free surface. Further, one can see from the figures
Let us now investigate whether such a characteristic bethat the compensation temperature reduces independently of
havior can be observed in the system which satisfies the iy to zero atp,=2/3 in agreement with Eq11).
equality Js<<|Jag| <Ja. The case is illustrated in Figs. 4-6  Finally, to prove whether the predictions of the phase dia-
for the system with the values of exchange parameters fixegrams obtained in Figs. 2—7 are correct or not, it is necessary
as a;=—0.9, a,=b,=0.1, a3=1.0, when some typical to study the temperature dependence of the total magnetiza-
tion (9). The temperature variations of the total and layer
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FIG. 6. Concentration dependences of the critical temperature
T. (dashed curvgsand the compensation temperatufg (solid
curves for ferrimagnetic binary alloy thin films of different thick-

nesses 1{=2,3,4,5,10),
b,=-0.01, andb,=0.1.

when a;=-0.9, a,=0.1, az=1.0,

kT, /J,

FIG. 8. Temperature variations of the absolute value of the total
magnetization for then-layer ferrimagnetic binary alloy thin film,
whena;=-0.9, a,=0.1, a3=1.0, b;=-0.2, b,=0.1, and the
concentratiorp is changed.
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which can be applied for studying various effects in the sys-

0'25. n=10 tems under consideration. The detailed numerical analysis
0.20 p=05 | has been restricted to the systems with fixed spin values,
015 @=-09 ] namely,S,=1/2 andSg=1, and the most interesting results
Tl a=01 have been presented in Sec. Ill. Our investigation has re-
£ olof 4= 10 . vealed some results that have not been predicted for the thin
00| =02 1 magnetic fllms. In part|cular,_ we have found that in some
e = o concentration regions the critical temperature can decrease
0.00 with increasing thickness of the thin film, when the exchange
W interactionJ,g or Jg takes a small value. Of course, the
00z oa 06 02 10 12 critical temperature of the system under investigation is in-
kT, /J, dependent of the signs 8z andJxg, and hence our results

for the phase boundaries are also valid for ferromagnetic
FIG. 9. Temperature variations of the layer magnetizations corbinary alloy thin films. From the investigation of the com-
responding to the system of Fig. 8 labeledpas0.5. pensation temperature, on the other hand, we can conclude
that multicompensation points can be found in the ferrimag-
o A netic binary alloy thin films when the condition
magnetizations are presented in Figs. 8 and 9 for the systeGPZBIBIJABI is fulfilled. As shown in Figs. 8 and 9, the new

that exhibits two compensation points. The results ar U

i - . ypes of temperature dependences of the total magnetization
equwalem to the pr_ed|ct|ons i "’.deC obtained frof“ the can be observed in the system. At this place, one should
phase diagrantor Fig. 5. In par'ucu_la_r, the magnetization ,nice that the investigation of compensation points becomes
curves labelecp=0.49 and 0.6 exhibit some characteristic jhqrtant in connection with possible technological applica-
features. Thus, the results of Fig. 8 represent the types Qions; since some of ferrimagnetic materials are used as re-
magnetization that have not been predicted in the classicglyding media. We hope that systems similar to those dis-
Neel theory?® However, notice that they are qualitatively cussed in this paper may be prepared experimentally, so that
very similar as those reported in Refs. 21-24 for other systhe experimental search of the multicompensation points will
tems. In Fig. 9, the corresponding layer magnetizations arge possible in the future.
plotted. The layer magnetizations exhibit also their own Finally, the formulation presented in this paper can be
compensation points that are, of course, not directly relatediso extended to include the crystal- or transverse-field ef-
to the compensation point of the total magnetization. fects that may lead to some interesting results. Some of these

problems will be studied in the near future.
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