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Equilibrium configuration of magnetic trilayers
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We use a simple and realistic theoretical model to investigate the equilibrium configuration of
ferromagnetic-nonmagnetic-ferromagnetic trilayer systems. We assume the ferromagnetic films have a crys-
talline anisotropy and interact via bilinear and biquadratic coupling. We consider the system is always in the
configuration that gives the absolute minimum to the energy to construct field-dependent phase diagrams for
the case that the external dc field ) is applied parallel to the surface of the films. We show that for a given
value of the dc field, the equilibrium configuration has a peculiar dependence on the parameters that describe
the anisotropy ), bilinear (H,), and biquadraticKl,) coupling. We present general results for different
values ofH,/H, andH,/H, and we specialize our numerical calculation to display theoretical results for
physical properties of systems that have valued of H,, andH,, suitable to fit the experimental parameters
of Fe/Cr/Fe magnetic trilayers. We predict interesting behavior of the magnetization with the strength of the dc
field when it is not applied parallel to an easy a%x80163-18208)00601-9

Very often in the last decade, the experimental results of Recently Azevedcet al® presented a series of experi-

physical properties of systems consisting of two magnetienental results obtained by MOKE, FMR, and BLS for a
layers separated by a nonmagnetic spacer suggested physi€al40 A)/Cr(15 A)/Fe40 A) sample, grown by magnetron
behavior that challenged our basic knowledge of such simplsputter deposition in a UHV chamber onto M@01). From
systems. The oscillatory dependence of the coupling betweetheir results one can appreciate the rich variety of magnetic
magnetic films on the thickness of the nonmagnetic spater, phases of this system. They use a simple model to interpret
the alignment of the magnetic moments at 90° with respectheir experimental data and, with the same set of parameters,
to each other observed in different metallic trilaygfs, they successful fitted the data obtained in all experiments
among others, have motivated several authors to look fofentioned above. In their model they assume that, besides
explanation for these intriguing physical properie¥ On the crystqllme anisotropy and interfilm e_xchange |_nteract|0n
the experimental side, the techniques frequently used fo?f the Heisenberg forriH,(n;-n,)], the films also interact

. . . 2 .
characterization of these systems are magneto-optical Kefprough a biquadratic couplingp(n;-nz), Hp,=0. The bi-
effect (MOKE), ferromagnetic resonand&MR), and Bril- quadratic coupling was observed some years ago tyiRy

louin light scattering(BLS). It should be remarked that, etal’ ar)d,'shortly after, SlonczewsRi prqpo_sed intrinsig
while MOKE gives information on the equilibrium configu- and extrinsic mechanisms that lead to this kind of coupling.

ration of the system, FMR and BLS supplement this infor-}Nheg thf) blqur?dranc I((:oupllng Wgs flrﬁt %lplgerved, |thwas

mation with details of the dynamical behavior of the system ound to be rat. er weak, compared 1o the bilinear exchange
. ) : " . "H,. However, it has been found that the Fe&&lr) struc-

In other words, MOKE gives information on the “magnetic

. . ures might have the ratib,=H,/H, quite large. This fact
phase” of the system and through the data obtained by FM uggests that one may synthesize samples for wiyjctan

and/or BLS the dynamical behavior of the system can bge "5 jsted to have the value appropriate for any particular
analyzed. purpose.

The first step to understand the dynamical behavior of the ' \ye should mention that the system studied here is equiva-
system is to learn how the equilibrium configuration is af-jent to an infinite magnetic superlattice with similar param-
fected by of the environment; in other words, how the equi-eters. The aim of this work is to present a theoretical study of
librium configuration is modified by changes of the temperathe influence of the combined effects of the biquadratic cou-
ture, applied field, etc. It is known that, if the temperature Ofpling and crystalline anisotropy on the phase diagram of
a magnetic multilayer system is modified, the magnetic coutrilayer system. We will also show that the magnetic phases
pling changes and the experimental data obtained by BLS avf these systems can be completely characterized by mea-
FMR must give information on the modifications of the in- surement of the magnetization and/or resonances of the sys-
trinsic parameter§-21t is also well known that, even if the tem. This paper can be seen as an extension of Ref. 14,
temperature remains constant, an external dc magnetic fieldhere the influence of the biquadratic exchange on the phase
can modify the behavior of the system, and may give it endiagram of magnetic finite and infinite superlattice was stud-
tirely different physical properties. For a convenient choiceied. In that paper the authors considered that the magnetic
of the parameterg&hickness of the films and spagea small  multilayer systems had an uniaxial anisotropy and they pre-
variation of the direction and/or strength of an externallydicted striking field-dependent magnetic phase diagrams.
applied field may modify significantly the response of theHowever, some of these systems have a very weak uniaxial
system to an external input. This might be of the interest iranisotropy® or it does not appear at &ft.On the other hand,
the development of devices like magnetic sensors. it has been observed that in Fe/Cr/Fe structures grown onto
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GaAgq100) or onto MgQ100), a crystalline anisotropy is al- h,

ways present. Therefore, to have a better comprehension of  Sin(f1+ 62) +hpSIN2(6, + 65)] = = sin(46,)

these system, the contribution of the crystalline anisotropy

for the internal energy must be included in the energy func- —hgsin(6,— 6)=0 (2a)
tional of Ref. 14. In order to investigate the effects of this
anisotropy on the magnetic phase diagram, we replace tH'
term of the uniaxial anisotropy in E@2.1) of Ref. 14, by

h
Sin( 6+ 6,) +hysin(2( 6, + 6,)]— f sin(46,)
H .
73 {(N*n¥)2+ (nn?)2+ (n¥n?)?}. —hosin(,+ 6,4) =0. (2b)
i=1.2
In Egs.(2), h,=Hy/H,, hy=H,/H,, andhg=Hg/H,.
The system of equations is solved by using the same ap-

The presence of this anisotropy gives to the system a tma“%roach used in Ref. 14 and here we will just mention the

different symmetry(and consequently a quite different be- = . : . .
havion and it is responsible for the main characteristics of &N steps. First we introduce the variabls cos@y + 0,)

the physical properties reported in this paper. and 7= h,/2 sin(46,) +hesin(f,— 6,y) to rewrite Eq.(2a) as
The system under investigation is constituted by two in- _ g2 242y 2

finitely extended thin ferromagnetic film&@ few atomic (1= E9(A+Ahot+ 40 ") =77 @

monolayerg with static magnetization in-plane, separatedFor a givend; one can find values fof,(6,) by solving Eq.

by a nonmagnetic spacer. We defmeas a unit vector in the (3) for £ Solutions for the problem are found when the val-

direction of the magnetization of thi¢h film (i=1,2), and ues of#; and#,, obtained from Eq(3), are also the solution

then we write the energy functional as for Eq. (2b). The next step is to find out which solutions are
the stable minimum. To do that we construct the matrix
M;; =(92E/(90i¢901 , (i=1,2) and we search, among the solu-

E(N1,0p) =HyNy-Ap+Hp(Ag- )= Hohy- (A + 1)) tions, what are the angles that satisfy E2). and also give
H positive values for both eigenvalues of the matkix We
+ 75‘ > [(NH3(nY)2+(n¥)3(n?)2 notice that, for finite values dfi,, in general, there is more
i=1,2

than one pair §,6,) that satisfy this requirement. To con-
2, 7.2 Al AlND struct the field-dependent phase diagram we choose the so-
(M)A T+ 2Mmd ()" +(72)°]. - (1) lution that gives, for the fixed values of the parameters, the
absolute minimum foE(n,,n,). The borders of the phase
In Eq. (1) the energy is given in units of magnetic field and are, in general, obtained numerically. However there are
the first term is the regular bilinear exchange which gives tcsome special cases that analytical expressions can be found.
the system a antiferromagnetiferromagnetiy character if ~ For example, ifH, is applied parallel to an easy axis, the
H, is positive(negativé. The second term is the biquadratic antiferromagnetic phase is stable K3<2H ,(H,—2Hy)
exchange that has been found always posithg>*0). The + Hg, while the ferromagnetic phase is stable Fbg=2H,
third term is the Zeeman energy where we are assuming that 4H,—H,. The boundaries of the region where the spin-
the external dc magnetic field is applied parallehtp. The  flop configuration is stable can be obtained from the calcu-
fourth term is the crystalline anisotropy that definesxhg, lation of the maximum and minimum valuesldf,, that give
andz directions as the easy axis of the system. Finally, theeal solutions forg in the equation 2f,— 4h,)cos(6)—(h,
last term is the surface anisotropy. In this tenmg denotes  —4h,+2)cos@)+hy=0, and also give &(,—4hy)cos(6)
the saturation magnetization of the layer amalf;") is the — —4(1—2h,+8hy)cog(6)+hcos@)+h,—4h,>0.
component of the magnetization perpendicular to the surface In Figs. Xa)—1(d) we show, for different values offi,
of the layeri. The approach used here can be used for anyH,/H,, the magnetic phase diagram for the case where the
particular values oH,, Hy,, andH, but in our numerical external dc field is applied parallel to tieaxis (one of the
calculations we will always consider all of them positive. easy axis It should be said that the characteristic value of
We assume the demagnetization field generated by tipH , for Fe films is 0.55 kG. The external dc fietty,, as well
ping the magnetization out of plane is strong enough to supas the biquadratic exchange figtt},, are given in units of
press any tendency of the equilibrium magnetization to tiltthe bilinear exchange parametdr,. In these figures is ob-
out of plane. Thereforen the equilibrium the magnetization served that, for small values oh,=H,/H, and h,
of both films lie in the plane parallel to the surface and we=H,/H,, the system has the magnetic moments aligned
define the direction perpendicular to the film as yhdirec-  symmetrically with respect to the easy axis. This configura-
tion to write the unit vectord; =X cos@,)+zsin(6,), n, tion characterizes the spin-flop phase. In this region of the
=X cos(@,)—zsin(@,), [i =0 (i=1,2)], andny=X cos@,) hy-h, diagram, the spin-flop angles are betweeft and
+zsin(6y). Here thex and z directions are parallel to the /2; i.e., the moments align between the hard axis and the
surface of the films and the angles are measured fronx the easy axis perpendicular to the external figtdaxis). In the
axis. diagrams we name this phase as SF1. For small but finite
To obtain the equilibrium configuration, first we require values ofhy,, whenhy is increased the system goes from the
that the energy functional be an extremum. Therefore, wepin-flop configuration to the nonsymmetric ph&a&) with
must find solutions for the nonlinear set of equations one of the magnetic moment aligned between the hard axis
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FIG. 2. hg-hy, magnetic phase diagram of a trilayer system for
h,=4, and the angle betweéty, and thex axis equal tqa) 20°, (b)
45°. The labels are defined in the text.

ration in which both magnetic moments point in the same
direction is reached after another first-order phase transition
at higher value ofhg. It should be remarked that, in this
phase, the angle between the magnetic moments and the ex-
ternal field is finite and decreases when the strength of the
5 external field is increased. This angle goes to zero for a very

SF1 [ © SFING | @ high value ofh,. A singular behavior is observed in the
0.0 0.0 L : s .
00 05 10 15 00 05 10 15 phase diagram when the external field is applied parallel to
H,/ H, Hy/ H, the hard axis. We depict it in Fig.(®). In this arrangement,

for small values ohy andh,, the system is in the SF1 phase

FIG. 1. hy-h, magnetic phase diagram of a trilayer system for but this phase is degenerated; the configuratiéys 6,= ¢
H, parallel to thex axis and@ h,=1, (b) h,=2, (c) h,=3,and(d) and 6,=u/2+6, 6,=—m/2+6 have the same energy.
h,=4. The labels SF1, SF2, FM, and AS are defined in the text. When hq is increased the system goes, after a first-order
phase transition, to a configuration where the angles between

and the external field, while the other remains in a directionthe external field and the magnetic moments are equal

between the hard ardaxis. The transition from SF1 to AS (N ny=n,-ny). We name this phase as SF3. The configu-

: ration that has the moments aligned parallel to the field is
was always found to be of the first order. Hey>3 and ; I
h,<0.75, whenh, is increased, both moments becomereached at high value d&f, and the phase transition is of the

aligned parallel to the external field after another first-orders'ecOnd order. .
There are several ways to observe the phase diagrams

phase transition from the nonsymmett&S) to a ferromag- g : :
. ; shown in Figs. 1 and 2. Probably the simplest experiments
netic phas€FM). We emphasize that there are valuespf . o
would be the direct measurement of the magnetization

g)f[evrvrgcfri]r;?-%rsd)/eitigngs?t?c?ntobaerf]g:gerrezr():lr?i-rflg‘;?[hpe“ferro’mag-(throth MOKE and the measurement of the resonance fre-
netic phase. This spin-flop configurati¢8F2 is similar to quency(FMR). The magnetization of the sample can easily

SF1 but in this case both moments point in directions be_be calculated from the equilibrium configuration. The reso-

tween the dc field and the hard axis. Fg smaller tharH,,. Eg::ce frequencies can be obtained from the equations of mo-
this SF2 phase should be observed at a relatively low exter-

nal dc field in samples for which,<3. The phase transition

from SF2 to FM(when it does exist is always of the second ﬂ —vm X H ()
order. In the figures, dashed lines represent the frontier be- dr 7S et

tween phases that the phase transition is of the second order.

It should be noted that, in all diagrams showed, there arevith

tricritical points at particular values df,. We notice that

these systems have interesting physical behavior around p4i _ RS P X[ (YY) 2 2275

these points but it will not be discussed in this paper. Her= = [Hx 2Hp(N1- ) In; =~ Hal i (n) "+ () "Ix

The phase diagrams have a quite different form when the +nY[(n92+(nH)2]y+nA (n’)%+(nY)?]Z}
external dc field is applied in an oblique direction with re- .
spect to an easy axis. We illustrate this fact by showing in +4IImgn; +Ho, )

Fig. 2(@ the phase diagram for the case where the angle .

betweenH, and thex axis is 20°. In Fig. 2a) as well as in  wheren; is the unit vector parallel to the magnetization of
Fig. 2(b) we usedH ,/H,=4. In this geometry the system is the film i and A" is the unit vector perpendicular to the

also in the SF1 phase for small valueshgfandh, . When  surface of the layer. A laborious but straightforward calcula-
the external field is increased the system goes from SF1 ttion gives the following expression for the resonance fre-
the AS phase after a first-order phase transition. The configuguencies Ky=HX):
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Q§=77 {[A{B1+ AB,+2CD] = [(AB,+A,B,+ 2CD)? 12
2
1)
—4(AsA;— C?)(B,B,~ D]V, ©® Os"é,
where _: g
s 2
A;=H,cog 6;+ 6,) + 2H,coS( 0, + 6,) = 04 5
H q :
__@ 2 — — z
> [1+cos(26,)]-Hycog ;) —4llmg, (79 g
0.0
0.0 1.0 2.0 3.0
Bi:_chos 01+ 02)—2Hb00$2( 01+ 02)] 'HO/HX
+Haco446;)] +Hocog 6)), (7b) FIG. 3. For the cask,=2, h,=0.55, we show the variation of
the differenceAQ r between the frequencies of the acoustical and
C=—Hy,—2H,co80;+ 6,), (70) optical modes with the external field, applied parallel to the
and axis (full line andy axis) and the behavior of the magnetization

with hy under the same conditions.

D=H,cod 01+ 62) + 2Hpco4 2(0,+ 62)]. - (70 by considering that the system is always in the configuration

We should notice that the frequencies given by E).  that gives the absolute minimum for the energy. In a labora-

in phase(acoustical modeand in opposite phasgoptical ~ the transition is of the first order. _ .
mode. We chooseh,=2, h,=0.55 to show, in Fig. 3, the We have shown that the magnetic-nonmagnetic-magnetic

behavior of the component of the magnetization parallel tg3yStem with crystalline anisotropy and biquadratic exchange,
Ho (dashed line, right-hanyl axis) and the absolute values N @ddition to the bilinear coupling, exhibits a rich variety of
of the difference between the frequencies of the acousticionfigurations induced by the external field. This kind of
and optical modesAQg) (full line, left-handy axi9 with ~ Systém has been grown, with very high quality, elsewhere
the external field. From this picture one can see that, wheA"d We hope the present calculation stimulate a detailed
the strength of the dc field approaches the values that mak&udy of the remarkable capability of this system to display
the system change the phase, the magnetization as well 4§férent physical properties.

AQg exhibit singular behavior. In particular, when the sys-

tem exhibits a first-order phase transition, a discontinuity is The authors thank Dr. A. S. CaracDr. A. Azevedo, and
observed in both quantities. Once again we should remaric. Chesman for helpful discussions. This research was par-
that the transition fields shown in the pictures were obtainedially supported by the Brazilian Agency CNPg.
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