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Exchange coupling between two magnetic films separated
by an antiferromagnetic spacer

Mark Rubinstein®
Naval Research Laboratory, Washington, DC 20375

An expression for the interaction strength between two magnetic films separated by an insulating
antiferromagnet spacer has been derived as a function of temperature and thickness. We consider the
mechanism wherein the magnetic interaction between the ferromagnetic layers is mediated by the
intervening antiferromagnetic insulator via the Suhl-Nakan{&d) interaction. The interaction
energy per unit areaggy, is derived asogy= %(J%/JAF)(&a)exp(— t/6). Here, Joe is the
magnetic coupling constant between nearest-neighbor antiferromagnetic spins in the kpaer,

the effective coupling constafivhich is greatly reduced from the Heisenberg exchange comstant
between the spins in the ferromagnetic film and the nearest-neighbor spins in the antiferromagnetic
spacerf is the separation of the two ferromagnetic plates, &rsdthe width of an antiferromagnetic
domain wall. This mechanism is the antiferromagnetic analog of the Ruderman—Kittel oscillatory
coupling between two magnetic films separated by a normal mé¢&0021-897¢09)67608-3

The interaction between two ferromagnetic layers sepaposing ferromagnetic layers from the SN formula, we need
rated by an interveningietallic nonmagnetic layer has been only integrate the interaction described by E&). over the
found to be oscillatory in nature, both decaying and alternatspins in the opposing ferromagnetic monolayers.
ing in sign with increasing separation. This has its origin in  Slonczewskl has previously proposed a quite different
the oscillatory Ruderman—Kitteinteraction, which couples mechanism involving a helical spin interaction which
two spins embedded in a metallic matrix. Integrating thiscouples the two opposing films through an intervening anti-
interaction over all spins in the ferromagnetic layers yieldsterromagnet domain wall. In the current article we describe a
an oscillatory coupling between the layers. The resultingyrther possible explanation which is based on quantum as-
quasiperiodic dependence on layer separation of the intrgsects of the distortion induced in the antiferromagnetic spin
layer coupling has been observed many times. ~ system by its exchange coupling to the two ferromagnetic

In an analogous fashion, we will derive the interactionjjms ynder certain conditions, the quantum interaction can
between two magnetic layers separated byrsalatingan- e coupling coefficients which are comparable to the he-
tlferromagnet utilizing the mo.notomcf':llly d_ecaymg, lical interaction.
ggrri]t?ggItlr?;oxusp:mg_l\tl)zlt(\z;nef&t?v,;‘) S'gti;agggg Wg'n(;?):(i In the following derivation1 we shall treat the ground

’ 1! state of the ferromagnet as the Nete, a state in which the

ded in anantiferromagneticmatrix. These spins are ex- . . : :

; two magnetic sublattices are oppositely directed. Only sub-
change coupled to the matrix, and separated from each other -
by a distanc®R Sequently, shall we indicate that the actual ground state con-

figuration contains antiferromagnetic domain walls. The

2 a i question now is how the presence of these static walls alters
Hij = (Jc/32mIar)| 5 |€XH — R/a(Ha/He) ?] the SN interaction. Wintérhas already provided an answer
to this question by calculating the spin-spin coupling within
X(S'§ +S/S). (1) a wall, using the excitation spectrum of the wall. He finds

Here, Jc is the effective coupling constant describing thethat the new interaction is of the SN form, but is larger by a

interaction between the embedded spins and the spins Whigﬂcmr (K/K")*2, where K/K') is _the rattio of the bulk an-
comprise the antiferromagnetic sublattices. When considetSOUOPY to the apparent wall anisotropy. In the theory, be-
ing interfacial ferromagnetic spinsl is greatly reduced low, we shall utilize the s!mple bullk amsptropy. The user
from the nearest-neighbor Heisenberg exchange constant dl2?Y replaced the bulk anisotropy field witl,, the wall

to the relatively strong coupling between otfieromagnetic amsotropy fn_ald, if necessary. The calculationtdf; is dis-
spins, and to the existence of roughness and/or interfaci&ussed in Winter's article. . _
antiferromagnetic walls at the interfat&The remaining pa- The easy axis of the antiferromagnet is assumed aligned
rameters of the theorydae, He, Ha, and a, are, respec- along thezaxis. The interactioi;; between a spi§; which
tively, the antiferromagnetic exchange constant, the antifertesides on the surface of a ferromagnetic layer and an adja-
romagnetic exchange field, the antiferromagnetic anisotropgent spins; which is part of the antiferromagnetic matrix, is
field, and the lattice constant of the antiferromagnet. In ordegiven by

to obtain a formula for the interaction between the two op-
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whereJ. is the effective coupling constant between spins onwall formation is offset many times by the loss of interfacial
the ferromagnetic film and spins on the antiferromagnetiexchange energy. This results in a reduction of the effective
layer which lies directly beneath. From E@.) the interac- exchange energy by nearly 2 orders of magnitude, yielding
tion between two spins coupled to the antiferromagnetic latd:~Ja/100. In a simple bilayer, when the applied magnetic
tice and separated by a distanReis governed by the SN field is reversed, the antiferromagnet retains its configura-
range functionF(R), which is given(for large R) by the tion, giving rise to a shifted hysteresis loop. In a trilayer, two

expression coupled, shifted loops can be anticipated. However, this as-
a R sumption of a completely frozen antiferromagnet cannot be
F(R)= = exp{ - _), ©) strictly true, since many exchange-bias materials show

R g evidencé of mobile antiferromagnetic walls, even at very

wheres=a(Hg/H,) Y2 To obtain the Suhl-Nakamura cou- low temperatures. When the interface is rough, domain walls
pling energy between the two ferromagnetic layers as a fundorm laterally® with a residual nonzero interfacial spin den-
tion of the antiferromagnetic spacer thicknesse must sum  Sity, which again produces a ferromagnetic but greatly re-
over the spins by integrating E¢fL) over the surface area of duced interfacial exchange interaction at both interfaces.
the ferromagnetic layers, and dividing by the spin density per  Recently, Suhl and Schulfe(SS have calculated the

unit area,a?. This yields exchange-bias fieldil.,, (which we designate adl3) in-
duced by the emission and reabsorption of magnetic excita-
1 Jé o el A vy tions by a single, thin magnetic layer in contact with an
71273 ; a & 5 |(o102T 010%). @) antiferromagnet. The present article, on the other hand, uti-

oy "y ) lizes similar techniques to calculate the enedyy, coupling

Here, 07” and o3 are the components of the spin density tyq thin magnetic films separated by an antiferromagnetic
(per unit aregin the plane of the film 1 and 2, respectively. jayer. The two calculations are alike: our article utilizes vir-
The parameters, is actually the width of a domain wall in - t,3] magnons which propagate across the antiferromagnet,
an antiferromagnet and is seen to determine the range of thgnile SS utilize virtual magnons which couple ferromagnetic
magnon-mediated interactionis the thickness of the anti-  gpins on the same side of the antiferromagnetic spacer. Suhl
ferromagnetic spacer. and Schuller obtain for the exchange-anisotropy fieitf

The coupling energys;, between two ferromagnets —232/(J,-Mct;). Expressing the coupling energy between
(separated by an antiferromagnetic spageconventionally  the two ferromagnetic layers, EqS) and(6), as an effective

expressed as magnetic field between the two layersi;,, and re-
T15=Jsn0 1+ 02, (5)  expressing it in terms ofi3?, we obtain
where we have definedgy to be the Suhl-Nakamura ex- H,,=HSJ 8/16a)exp —t/6). @

change coupling parameter between the two ferromagneti . . . -

sheets;oy and o, are the vector spidensitiesof the ferro- &ssrt:mmg,b_then%_ t::jat both the dc%uplu;]g f'e.ld Iand the
magnetic layergwhich are constrained to lie within their XC ange-lolz_is leld are caused by the virtual magnon
respective planes Combining Eqgs.(4) and (5), we obtain |n_teract|0n, it shoulq prove possible to observe the former
the following expression for the magnon-mediated exchang(\é‘”th reasonable ratios offd by, e.g., ferromagnetic reso-

parameter of two magnetic layers embedded in an antiferrd?ance- . . . .
magnet and spaced apart a distahce The coupling coefficient depends primarily on two pa-
rameters: the width of the domain wali=am(Hg/H )Y

1( J(Z: ) S ;{ —t) and the AF+ interfacial exchange paramet#s. The mag-

Isn=gl 7|3 5 (6)  nitude of 5 andJc, will be discussed using a generic anti-

Jar ferromagnet, typical of several used in exchange-biased bi-

Equation(6) is the primary conclusion of this article. layers(such as NiO, CoO, or MggFe;). Some values for the

We now address the frequently asked question, “WhatNed temperaturel, the exchange field ¢, and the anisot-
happens when the ferromagnets couple to opposite sublatepy fieldH 5 of these materials have been published by Lax
tices?” The simple answer is that this situation will simply and Buttoi! and by Chikazumt? Here, we will follow
not occur when materials are chosen with good exchangeMalozemoff's direction, and choose a typical ratio of
bias properties. In that case, the antiferromagnet sublatticexchange-to-anisotropy to be(Hg/H )2~ 100. It follows
immediately adjacent to each ferromagnetic film is forced tathat 5= 100a.
align along the magnetization of the contiguous ferromagnet  With M(T) as the temperature dependence of the sublat-
as the sample is cooled through the Nemperature. This tice magnetization, the mean field approximation combined
happens at both interfaces, and the bulk antiferromagnet agvith the single-ion approximation yield the following tem-
commodates itself, if necessary, by the formation of a doperature dependenciebtzcM(T) and Hax[M(T)]2. For
main wall. Following the usual argument, we can assumehe temperature dependenceMfwe choose as an approxi-
that this antiferromagnetic spin configuration, with the end-mation,M(T)(1—T/Ty)*? [rather than the more accurate
spins aligned parallel to the ferromagnetic spins and the bulkunction M (T)«<Bg(T/Ty), whereBg is the Brillouin func-
of the antiferromagnet accommodating by a magnetizatiotion and Ty is the Neétemperaturg Using these approxi-
reversal(a domain wall remains frozen at lower tempera- mations, the temperature-dependent domain wall width for
tures. As shown by Mautt al.* the gain in energy due to NiO is given by

X
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8(T)= 1007Ta/(1—T/TN)1’4. (8) magnets. For the width of the ferromagnetic spacer we have
chosen, the two mechanisms are predicted to be comparable
in magnitude. For thinner antiferromagnetic spacers, the
Blonczewski domain-wall mechanism will dominate.

The domain wall is of the order of several hundred lattice
constants and is nearly temperature independent, exce
quite near the Ndd¢emperature.

We can now estimate the strength of this interaction
strength, and compare it with the domain wall coupling IM. A. Ruderman and C. Kittel, Phys. Re96, 99 (1954,
theory of Slonczewski.As an example, we choose to con- 2y suni, phys. Rev109, 606 (1958; H. Suhl, J. Phys. Radiurg0, 333
sider a slab of antiferromagnet whose thickness is 100 lattice (1959; T. Nakamura, Prog. Theor. Phy&Kyoto) 20, 542 (1958.
constants placed between two layers of a ferromagneticaAl-gF;- Malozemoff, Phys. Rev. BS, 3679(1987; Appl. Phys.81, 4996
metal (e.g., permalloy' AS prev,ioush_/ EXplainea”L‘ the 4(D. Ma.uri, H. C. Siegmann, P. S. Bagus, and E. Kay, J. Appl. P&%s.
roughness of thé&—AF interface is believed to be respon- 3047(1987.
sible for a drastic reduction of the coupling constant betweerJ. C. Slonczewski, J. Magn. Magn. Maté60, 13 (1995.
the ferromagnetic film and the antiferromagnetic spacer by’ M. Winter, Phys. Revi24 452 (1961.

bout t d f itude f th tif ti In his review, the referee has stated that the interfacial coupling has to be
about two orders or magnitude from the antrerromagnetiC ., weaker than the domain wall energies in the antiferromagnet, oth-

exchange constant. If we choodg=Jae/100 as a represen-  erwise domain walls will change in the antiferromagnet, negating the ap-
tative number, and use the values for our generic antiferro- plicability of the calculation. The referee’s caveat is true whenever a mea-
magnet, we obtain as an estimate of the Suhl—NakamuraSurement of the coupling involves a large magnetization change, e.g.,
. ! fici hysteresis loops. But other types of measurements, such as ferromagnetic
Interaction coetficient resonance, may involve only infinitesimal magnetization changes, and

. need not necessarily alter the antiferromagnetic domain configuration dur-

Jsn~Jar/(250). © ing a measurement.
. . . . 8 :

The domain wall coupling mechanism of Slonczewski pre- ﬁ'agrfh:\iggéi;' gdliiggg J. C. Scott, and J. K. Howard, J. Magn.
dicts a couplmg constanlDW~JAF/(2_N), where N_|s the o "Suniand 1. K. Schuller, Phys. Rev. 8, 258 (1998.
number of lattice constants in the antiferromagnetic slab. Folmalozemoff's model(Ref. 3 which postulates that random interfacial

our example, we obtain roughness creates small, slightly uncompensated antiferromagnetic do-
mains near the interface, predictsle,=2(HeHA) Y% (Mete). His
Jow~Jae/(200). (10 exchange-anisotropy field is the same order of magnitude as that of SS.

. . . . 1B, Lax and K. J. Button,Microwave Ferrites and Ferromagnets
(In truth, Jpyy is considerably smaller than this estimate OW-  (ycGraw—Hill, New York, 1962

ing to the very weak coupling of the end spins to the ferro-'2s. ChikazumiPhysics of Magnetisrwiley, New York, 1964.



