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Theoretical studies of the magnetic multivalued recording in coupled multilayers
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In this paper, we discuss the possibilities of realizing the magnetic multivalMédV ) recording in a
magnetic coupled multilayer. The hysteresis loop of a double-layer system is studied analytically, and the
conditions for achieving the MMV recording are given. The conditions are studied from different respects, and
the phase diagrams for the anisotropic parameters are given in thES&i63-182807)04906-0

[. INTRODUCTION discussed in Sec. lll, and Sec. IV is devoted to the conditions
for realizing the MMV recording. Finally, we compare the
Many efforts have been devoted to the studies of magguantum method with the classical one in Sec. V, and sum-
netic multilayers because there have been lots of fascinatingiarize the main results in the last section.
behaviors displayed in such systeti$One of the important
applications of magnetic multilayers in technology is that Il. MODEL HAMILTONIAN AND THE METHOD
they can be used as recording media for memory devices. In
such materials, the hysteresis loop of one domain should be In this paper, a double-layer system will be investigated
rather rectangular in order that two messages can be record@galytically. The Hamiltonian can be given by
in the “spin-up” and “spin-down” states, respectively. Re-
cently, much attention has been paid to increase the density 1
of the recording media. One of the proposals is to diminish H=- 52 2 I (RR)SH(R)- Sy (R")

the sizes of the domains. However, the recording density will mm’ RR’
eventually come to a limit following this way, so that one )
must try to find new approaches. A simple idea is that if —hmER an(R)—% ; D[ SW(R)T?, 1)

more (than twg messages can be recorded in one domain,
the recording density will be highly improved even though . ,
the domain’s size remains the same. This is just the idea of"€"€ the subscripts, m" are the number of the layers, and
the magnetic multivaluedMMV) recording which is be- TR’ are the vectors of lattices on the-y plane.
lieved to be the next strategy of high density recording andmm (R,R") are the exchange parameters and only the near-
has attracted much attention from both experimental an§St N€ighbor interaction is considered. The single-ion anisot-
theoretical sides. The MMV recording requires that more/©PY iS the “easy axis” casel{,>0), and the “easy-axis”
(than two metastable phases which are stable enough 5 perpendicular to th_e film. Thg spins and the amsotr_oples in
record messages must exist in the system: therefore, the hydifferent layers are different. It is supposed t8at- S, with-
teresis loop for such material should contain mghan ong Ot l0sing any generality. .
sharp steps. Experimentally, the MMV recording was first Following Refs. 5 and 8, we will introduce the local co-
confirmed by the field modulation method on disks ofordinates(LC) system{Xy,Ym,Zm}. The spin components
bilayers or island on thin layer$.However, the theoretical in the LC system will have the following relations with
origin is not yet clear. those in the original oneSy = coss,,S™+sing,S™,,=S™,
More recently_, a quantum theqry of the coercive férqe Sﬁj:COSHmﬁ”—SinﬁmS;;m- In order to study the ground state
has been gstabhshec_iBfor magnetic systems on the basis Bloperties and the low-lying spin-wave excitations, one can
some previous workS:® The quantum approach enables Oneapply the usual spin-Bose transformation such as Holstein-

to study the hysteresis behaviors of a magnetic system frorﬁrimakoff (HP) (Ref. 9 or the complete Bose
a micromagnetic view, and some interesting effects Nyansformation® (CBT’s) to the spin operators in the LC
double-film structures had been discussed by this method. Sm m o2 . o
eﬁystem{ .S, S, In a harmonic approximation, the HP
transformation and the CBT's yield the same results. Then,

The present paper is devoted to proposing a theoretic
possibility of achieving the MMV recording in magnetic ) ;

after the LC transformation and the Bose transformation, the
Hamiltonian becomes

multilayers. The main idea is to find more metastable state
in such systems. In the next section, we will briefly outline
the quantum method and the model Hamiltonian studied. The

stabilities of both the aligned and the canted spin states are H=Ug+H;+Hy+---, 2
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H, can be written in the momentutk space for thex-y
plane as follows:

Ho= 2 2 Fonw (K, 0)an(K)am (K)

+ ; G, (K, O)[am(K)a,, (—k)

+am(k)am’(_k)]y (3)

in which the coefficient$, .,y andG,, ,,» are defined by

1)
Fm,m(ka 0)=1 m,mZSm(l_ Vi) — Dm( Sm— E) (szem

—2¢080,) + > Sl mm €O On— Oy
m’

+hcos,,,

(4)

1
Fm,m'(kva): - Elm,m’ VSiSm/[1+cog = Omr) ], (5)

Gmm(k,0)=— %stm(zsm— 1)D Sirt 6, (6)

1
Gmm (K, 0)= ZI mm’ N SmSmr[ 1= €0 Oy — Oy ) ] (7)

Here, y,=(1/2) 2 sexp(k- 6) where the summatiod runs
over theZ nearest neighbors of a given site in thg plane.

In a first-order approximation, the spin configuration
{6} can be obtained by minimizing the ground state energ
Ug: 8Uq/66,=0, which yields the following equations:

> m S SIN O — 01 ) + hsind+ D (25,
m/

—1)sinf,,co99,,=0. (8)

. . N
The equations above are just the same as the condition o?
H,=0. The harmonic part of Hamiltonian can be exactlytio

diagonalized by a generalized Bogolyubov transformation:

a$<k>=§ um,n<k)a:(k>+; Vinn(K)an(—k), (9)

am<—k)=; um,n<k)an<—k>+§ Vin(K)ag (k),
(10

so that we finally get
H=Ug+ > en(Kap(Kank)+---, (11
K

where the magnon excitation energy(k) in Eq. (11) and
the coefficients U, ,,Vm,n) In Egs. (9) and (10) can be

obtained from the eigenvalues and the eigenvectors of the

following matrix:
12G(k)
— F(k)

F(K)

ﬂ(k): iZQ(k) (12
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FIG. 1. Aligned spin configurations in a double-layer magnetic
system.

The elements of the sub-matricggk) and G(k) in matrix
H(K) areFp, n(8,k) andGp, v (6,K) defined in Eqs(4)—
(7), respectively’.

Following Ref. 5, the minimum value of the magnon ex-
citation energy en(k) is defined as the gap
A(h)=min[e,(k)].

Equation(8) may have many solutions corresponding to
various possible spin configurations. For every solution of
Eq. (8), one can calculate the magnon excitation ggj)
following the method described above. According to Ref. 5,
if the gapA(h) is positive, the state described by such a

%olution is a metastable one since a variation from this state

must cost energy. However, when the gap comes to zero or is
even negative at a fieltl,, such a state will no longer be
metastable and a transition from this state to another meta-
stable one will take place. Thus, in the case that there are
many metastable states existing in the system, the MMV
cording is possible to take place.
Equation(8) has two kinds of solutions: the trivial solu-
ns (i.e., 6,=0 or, 7, m=1,2) which correspond to the
aligned spin states; the nontrivial solutiofi%., ,,#0 or,
7, m=1,2) to the canted spin states. Subsequently, we will
discuss both the aligned spin states and the canted spin
states, and discuss which state the system will transit to if the
current state is unstable.

The following notations will Qe usedl, n(R,R")=1J,
Imm (R,R)=1 andD (2S,—1)=Dy,. The exchange inter-
action within a layer should be the ferromagnetic type
(J>0). However, both the ferromagnetic and the antiferro-
magnetic types of interlayer exchange coupling will be dis-
cussedi.e., | >0 or1<0).

Ill. METASTABLE STATES
A. The aligned spin states

In such a system, four aligned states are possible. They
are illustrated in Fig. 1. For configuratioA, we have
#,=0,0,=0. From Eqgs(4)—(7), we obtain
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1S,+ Dy +h+3ZS(1— w0 ~15,S,
Fk)= ~1S:S, 1S+ Do+ h+3ZS(1— 70 |- (13
|
and which can be rewritten as
G(k)=0. (14) -D,-1S, IS, 0, 01

According to Eqs(11) and(12), we find that the excitation 1S, —D,—1S, || 62 hig,|- (23
energy e(k) are just the eigenvalues of the matdxk).
Thus we obtain The matrix on the left side of the above equation can be

1 - diagonalized with the following two eigenvalues:
)\125[_ IS:L_ ISZ_ Dl_ DZ

—VJ(1S,—1S,;+D;—D,)%+412S,S,]. (15

From the discussions above, it follows that the system in
configurationA will be stable only in the case that 1 ~ o~
g y )\2:_[_|Sl_ISZ_D1_D2

h=h?, (16) 2
where —J(1S,—1S,+D;—D,)%+412S,S,]. (25

Thus, ifh=\, or A,, the linearized equation®21) and(22)
or Eq.(23) has nonzero solutions. If we put this solution as a
“guessed solution” into the nonlinear equatiof®, we can
+(1S,—1S;+D;-D,)%+41%S;S,].  (17)  finally get a nontrivial solution step by step. The nontrivial
o ] ) ) solutions bifurcated from other trivial solutions can be stud-
It is similar for configurationB. The stable region for jgqg similarly.
configurationB is Noting A ;>\, it is easy to understand that the nontrivial
hgg h< hé, (18 solution cannot exist whelm> \ ;. It is interesting to find that
)\1=h8. Thus the canted spin state can appear only in the
case that the aligned spin state is not stable.

. 1 ~ ~ In order to study whether the canted spin state can be
hc:§[|52_|51+D2_D1 stable or not, one should study the magnon excitation gap
A(h) in the vicinity of the critical poimhg for the nontrivial

+\(D;+D,—1S,-1S,)2—412S,S,], (19)  solution. Since the angles , 6, are very small in this case, it
1 is reasonable to adopt a first-order approximation when cal-
h§:§[|52_|51+ D,-D; culating the magnon excitation gap. From EGH—(7), the
elements of the matriH(hg ,K) k=0 in a first order approxi-

—\(D,+D,—15,-1S,)2—412S,S,].  (20) mation can be given as

+V(1S,—1S,+D;—D,)%+41%S,S,], (24

h°=1[—IS -1S,-D,—D
c 2 1 2 1 2

where

Fom=F e+ OF mm, (26)
Considering the symmetry between stafeB and states 0'
C,D, it is very easy to understand that the stable region of Gmm =G m + Gmm, (27
statesC and D are[—hZ,—h?] and (—%,—h?], respec- L
tively. [—he c] (oo, el P Wherngm,,GOm'm, have been defined in Eg&l3) and(14)

by settingk=0. 6F, ,,» are found to be

B. The canted spin states SE. = 1 15,81~ 6,)2 (1 Ho 35 )02 28
For every trivial solution, nontrivial solutions can be bi- Lo TR T 2 ¢ 27T
furcated from them at some fields. Around the bifurcation 1
points, the variations of the angles from the trivial solution OF == 51S:(6;— 02)2—(
should be very small. Thus, it is reasonable to linearize the 2

1

3~
5 h+ —Dl) 63, (29

2

nonlinear equation$8) to study the behaviors of the non- 1

trivial solutions around the bifurcation point. Taking con- oF = 5F2,1=—Z\/I28182( 6,— 0,)>. (30

figurationA as an example, we have §jf~-6,,. Then around

the bifurcation point, Eq98) will be linearized as Sinced,, 0, can be substituted by the solution of the linear-
1S,(6,— 02)+h01+5101=0, (21) ized equationg21) and (22) in the critical pointhg in a

_ first-order approximation, they must have the following rela-
IS]_( 02_ 01)+h02+ D202:O, (22) tion:



3696 LEI ZHOU, NING XIE, SHENGYU JIN, AND RUIBAO TAO 55

01_ ISZ . ISZ (31) T T ' ' i
02 |82+51+h8 Fg,l. 1oy |

Thus all the terms in Eq928)—(30) can be obtained after
extracting a common parametei through use of Eq(31).

For example, 2t ]
a)
1 1S\ [he 3~ \[1S,\?]
ol - —|=+= — . =
5F1’1 |: 2 |82< 1 Fg’l < 2 2 Dl Fg’l 02 —cu
So, based on the perturbation theory, the magnon excitation ol |
gapA(h?) of the canted spin state at the critical pdintin
the first-order approximation can be presented as
0 1 0 -14 : ‘ : :
A(hg)=06Fq,+ 5F2,2_m[(5’:1,1_ oF,2)(F11 3.6 18 0.0 18 3.6

D
~F9,)+4175,5,5F 1 5. (33 /D2
A(hg)/a% must now be a definite value determined by the FIG. 2. Critical fieldshg, h:‘: and hg as functions of the inter-
parameters. The nontrivial spin state which is bifurcatedayer coupling constant for the double-layer system.
from configurationB can be studied similarly, and the mag-
non excitation gaph(h?) for such a canted spin state can
also be derived following the same procedure.

this canted spin state appear. If the coupling is the ferromag-
netic case, this canted spin state is not able to be metastable.
A(hﬁ) has also been studied for model 1, and it is always
negative. In all, the exchange coupling should not be very
IV. THE CONDITIONS FOR MMV RECORDING strong compared to the anisotropy in order to realize the
We have studied both the aligned spin state and the cantddMV recording. An example has been shown in Fig. 4
one. In order to realize the MMV recording, the four alignedWherel/D,=0.5. The multistep shape of the hysteresis loop

spin states must be overlapping with each other. Thus, it {§&n Pe clearly observed. _ .
required that However, there remains a question. At the fiefdwhere

2 10 1 spin configuratiorA is no longer stable andD spin states
he<hc<hc. (34 are both stable. Why will the system transit to spin configu-
On the other hand, to be used for recording, the hysteresf@tion B instead of configuratiol (Fig. 4? This question
loop should be as sharp as possible. Otherwise, it may cau§@n be answered by studying the magnon excitation spec-
difficulty to distinguish two messages. Thus, the canted spiffum. According to Eqs(9)—(12), one can get the concrete

states should not exist: forms of the Bose operators, (k). We only study the low-
0 ) est mode of spin wave, so thilat= 0. Supposen=1 without
A(he)<0, A(hg)<0. (39 losing generality, thus
Equations(34) and(35) are just the conditions for realizing el(k=0,h8)=A(h2)=0, (39

the MMV recording in a double-layer structure. The condi-
tions are the complicated relations between the single-ion : ‘ ‘
anisotropy parameter®( ,D), the exchange interaction pa- 24 ]
rameter (), and the spinsg;, S,). We will study them from
different respects.

First, we study what the requirement is for the interlayer
exchange parametérif the two magnetic layers are deter-
mined. The following model will be investigated:

model 1: S;=3, S,=1, D,/D,=2.0.

2
2

At /0

The critical fieldsh?,hl,h? have been shown together as
functions ofl/D, in Fig. 2 . One may find that the exchange
parameter should satist{<1<12 for condition (34). If the
exchange coupling is the ferromagnetic case and is very
strong (>1/), the B and C states cannot be stable at all

since the two magnetic layers are unwilling to antiparallel 2.4 ‘ i
with each other(Fig. 2. In Fig. 3, A(hY) is shown with -3.6 1.8 0.0 1.8 3.6
respect td/D, in order to study the stabilities of the canted I1/D2

spin state bifurcated from configuratién One may find that

only when the interlayer coupling is the antiferromagnetic  FIG. 3. A(h%)/62 as the function of the interlayer coupling con-
case and is stronger than a critical valy#*|13|), could  stant for the double-layer system.



55 THEORETICAL STUDIES OF MAGNETIC MULTIVALUBD . .. 3697

6 T T ! 1.0 /v
he
o : 08 | -
he
2 s -
06| .
= of : =
2
0.4 | -
21 |
4 H »‘ | 0.2 | 1
-6 ' : ‘ 0.0 \ ‘ P
-14 -7 0 7 14 3.6 1.8 0.0 1.8 3.6
h/D; I/D;
FIG. 4. Hysteresis loop of a double-layer magnetic system with FIG. 5. The possibilities for the two magnetic layers to turn
a ferromagnetically interlayer coupling constafb,=0.5. flipping (JU14% |U;4?) as functions of the interlayer exchange
parameter.
a1(k)=Ug (k)ay(k)+ Uy Ak)ax(k), (37)
! o ! b ? Finally, we study what kinds of materials can be used for
where MMV recording. SupposeS,=S,=S,D;,=(2S-1)D,/
[l|S, the phase diagrams for tli®;-D, plane are given in a
1VS,S, : . . ; ;
Uy y(k=0)= (39  ferromagnetic caséFig. 6 and in antiferromagnetic case
’ \/(|32+ h2+ D,)?+12%S,S, (Fig. 7), respectively. The two cases are quite different. To
realize the MMV recording, the anisotropies for the two ma-
IS,+h%+D; terials cannot be very clos®(~D3) if the exchange is the
U, Ak=0)= - — . (39  ferromagnetic caséFig. 6), while there is no such restriction
V(IS;+hd+D1)2+1%5;S, for the antiferromagnetic cag€ig. 7). However, a common

_ o _ . . requirement in the two cases is still a weak interlayer ex-
Since the excitation energy of this mode is zero, if therechange interaction.

are any kinds of fluctuations, the bosons at this mode must
be greatly excited without costing energy. The current spin
configuration will be completely destroyed because of the
excitations. Notingx is a linear combination od; ,a,, the Before the quantum method is developed, the classical
quantities|U, /> may be understood as the possibilities of method is popularly used to discuss the magnetic configura-
the bosons in thenth layer to be excited, thus they must be tions and other properties in magnetic layered structtités.
considered as the possibilities of the spins inrith layerto  The method can be briefly described as folldwdreating

turn flipping. In Fig. 5, the two quantitigs) 1,m'|2 are shown the spins as classical vectors, one can write out the energy
together as functions ¢fD, for model 1. One may find that functionU({6,,}) after the LC transformation. The spin con-

in the region where the MMV recording is permitted, figuration {6} is obtained by minimizing the energy
|Uq4?~0 while U, J?~1. Thus, at the field where the function, and a given configuration is metastable only if
configurationA is not able to be stable, the spins in theany fluctuation will raise the corresponding energy:
second layer are most likely to turn flip while those in the U({6n+ 66m})>U({6}). SinceU({6,+ 86,,}) can be ex-

first layer are not likely to do so. So, in this case, the systenpanded to series afé,, at the point{ 4,,.},

will transit to configurationB instead of configuratiorD. 1 72U

One may also find that if the interlayer exchange is the fer-  y{g,,+ 56,,}))=U({6}) + = >, ———— 801,30,
romagnetic case and is very strong>D5,), the two quanti- 25 m 0md Oy

ties will be close. Thus, the two magnetic layers are willing +... (40)

to turn flip together because of the strong interlayer coupling. '
The MMV recording is not able to be realized then. By thej; can pe easily derived that a configuration is stable only
way, if there is no coupling between the two magnetic layersyhen all the eigenvalues of the following matri are posi-

(1=0), we find thajU, /=0 and|U, J?=1. This is €asy tjve The elements of the matrix are defined as
to understand. Because the two layers are not coupled, they

can be treated independently. In this case, one may find that _ Y

h? andh? are just the coercive forces of the two layers. So, Mm'm_g SmSm'm,m €O O = Om) + N SOy
when the external field reachk$, the second layer will turn 5

over while the first layer will not. +DmS;,c0820r,, (41)

V. COMPARISON WITH THE CLASSICAL METHOD
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FIG. 6. Permitted values of the two anisotropies for realizing the FIG. 7. Pgrmi_tted valueg of the two a_nisotrop_ies for realizing the
MMV recording in the ferromagnetic coupling case. One cal MM_V recording in the aptlfgrromagnetlc coupling case. Qne can
achieve the MMV recording in region |, and cannot do so in regionaChIeve the MMV recording in region |, and cannot do so in region

' Il.
II.

_ they are bosongnot fermions. Because ok=0, such an
Mmn,me = =1 m,m COS O ) SeuS- (42) exc)i/tation must cause the spins within one layer to turn over

One can compare the two methods now. For a generdPdether. From these arguments, one may find that the spins

spin system, when it is in an aligned sta@,E0 or 7r), it ~ Within a layer can be reasonably treated as a single vector so

can be easily found that the mate is in fact equivalentto  that a classical method can be applied.

the matrix H(k) [Eq. (12)] when k=0, provided that one

may multiply everyD,,, term with a factor (+ 1/2S;,)) in the VI. CONCLUSION

matrix M. Since the lowest spin-wave excitation is in the

F(1=1/2 rials satisfy some complicated conditions, more metastable
tor of (1—1/2Sy). states will be possible to appear, and the magnetic multival-

hHowever, things are d|ffe]rc|ent for the cantfed Spin Stﬁ‘tesued recording may be realized. The conditions are discussed
When 6,70 or 7, quantum fluctuations are far more than .o, gitferent respects, and the permitted values of the

the factor (1-1/2Sy), and they may give some quantitative 4nisqrropies for realizing the MMV recording are presented.

corrections to the final results. Numerical calculations Sho"‘f:inally we made a comparison between the quantum method
that quantum fluctuations always destroy the spin orde[;seq here with the classical method, and showed that the

beforethe classical fluctuations can do so. quantum fluctuations are nontrivial in the canted spin states.
By the way, we would like to point out that the quantum

theory a_ctually presents a baS|s_for _the classical theory for ACKNOWLEDGMENTS
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