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Spin waves in antiferromagnetic thin films and multilayers:
Surface and interface exchange and entire-cell effective-medium theory
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High-quality, insulating antiferromagnetic thin films and multilayers offer possibilities for new studies of
exchange mechanisms at surfaces and across interfaces between dissimilar magnetic materials. Using a micro-
scopic theory, we study long-wavelength spin waves to answer two quegtlprZan we determine accurate
values for surface and interface exchange from spin-wave frequencie@)jandn we obtain an effective-
medium description which properly reproduadkthe spin-wave excitations of the antiferromagnetic structure.

We find that the frequencies of surface and interface modes are particularly sensitive to interface exchange
values, even when the spin-wave frequencies for the two materials are far apart and little coupling is expected.
We also present a method for calculating the dynamic magnetic response of a superlattice structure that avoids
a serious approximation made in conventional effective-medium theory. Our effective-medium formulation
gives results in excellent agreement with microscopic calculations and will be useful for characterizing thin
antiferromagnetic films as well as large multilayers. Susceptibilities are derived which can be directly applied
to calculations for infrared reflectivity experimenf§0163-182@06)03642-9

[. INTRODUCTION guencies of the two antiferromagnets are far apart. The ques-
tion then arises whether any appreciable effects on the spin-
Up to now, the determination of exchange interactions atvave manifold due to interfilm exchange coupling can be
the interfaces of multilayers constructed from antiferromag-expected at all.
netic materials has only been accomplished by studying criti- Our results indicate that very dramatic effects of interfilm
cal temperatures found from heat-capacity measurem@énts.coupling can in fact be observed someof the spin-wave
Such measurements only provide estimates of the magnitudeodes in an antiferromagnetic multilayer. We also show
of the exchange integrals, with an accuracy no better thahow these effects can be detected by measuring infrared re-
50%2 Information regarding effective interfilm exchange ob- flectivities.
tained from other techniques is therefore of interest. This is Existing work on antiferromagnetic multilayers has pri-
especially relevant in light of the high-quality antiferromag- marily considered long-wavelendth approximations or
netic thin films and multilayers currently availabi® For ~ microscopi¢®!® periodic superlattices. We approach the
example, a recent study of ultrathin NiO films shows a strucproblem for finite structures using a microscopic theory ap-
ture with a well defined number of magnetic planes, and witlplicable in both the long- and short-wavelength regions by
finite-size effects determining thermal phase transitfons.  properly including exchange and dipolar interactiéh$his
A useful approach for determining the magnitude and sigrallows us to critically examine long-wavelength “effective-
of effective interfacial exchange in other systems, such amedium” approximations needed for discussing realistic
metallic Fe/Cr/Fe multilayers, has involved sensitive meadarge structured'~2* Our results show that conventional
surements of shifts in the frequencies of long-wavelengtteffective-medium theories are inadequate to properly de-
spin wave$ 1! In this paper we discuss how the same ideascribe the effects of interfilm exchange. We present an ex-
can be applied to investigate interfilm exchange in insulatingended effective-medium theory that accurately describes in-
multilayered antiferromagnets. Our study is in part motivatederfilm exchange effects. Susceptibilities based on the
by recent advances in the measurement of spin-wave franodified effective-medium theory include contributions
quencies in antiferromagnets using infrared technidéi@d, from standing spin-wave excitations that can have an impor-
and reports of standing spin waves in antiferromagtfets.  tant impact on reflectivities in thin-film structures. This kind
Multilayers constructed from different antiferromagnetic of interesting and informative fine structure is missed by
materials can be expected to show large effects of interfilntonventional effective-medium theory.
coupling on spin-wave frequencies if the magnetic resonance The paper is organized as follows. General theoretical
frequencies of each material are nearly degenéfdfethe  considerations and the microscopic theory with results for
response frequencies are similar, then interfilm coupling althin films are discussed in Sec. Il. The effects of interfilm
lows for hybridization between spin-wave modes with sig-exchange on spin-wave modes in multilayers are investigated
nificant shifts of the frequencies away from their bulk mate-in Sec. Il using the microscopic formalism. Finally, a modi-
rial values. On the other hand, some of the more interestinfied effective-medium theory is presented in Sec. IV and
multilayers are constructed from antiferromagnets with verycompared to results from the microscopic theory. Results for
dissimilar properties. These include RANF, (Ref. 4 and  susceptibilities useful for calculating infrared optical re-
NiO/CoO (Ref. 17 superlattices where the spin-wave fre- sponse are also given. The work is summarized in Sec. V.
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of-plane, and in-plane anisotropies, representetipyK,,
andK,,, respectively. The last term is the long-range dipole
interaction governed by the matriR. The spin operators
(i) are assumed to be localized to each lattice site.

I We assume that the films are periodic in-plane and use
translational invariance in order to expand all position de-
pendent variables in Fourier series in the thandz direc-
tions. The wave vectay governs the spatial variation in the
Fourier expansion. A simple cubic structure with lattice
spacinga is assumed for simplicity and throughout the paper
we use the index to identify the atomic layer number. The
calculation of spin-wave frequencies consists of solving lin-
earized equations of motion derived from the above Hamil-
tonian in the long-wavelength limit. These are of the form

FIG. 1. Geometry. The magnetizations lie along thaxis and
an external applied field is in the z direction. The in-plane wave
vector g makes an angle with the z axis. The multilayer is con-
structed from two different antiferromagnetic films | and Il. The
axis of the multilayer is along the direction.

—ihws,=8X{gug[zZHo+HR]+2ZH (n)+yH (n)
+ 4Jn,nsn+Jn,n—lsn—1+‘]n,n+lsn+1}
+ S X {guehn(q) + 2Js;[ coxy,a+ cogy,a]

+Inn-1S-1+tInn+ 1S+t

Il. FINITE-SIZE EFFECTS
AND ANTIFERROMAGNETIC FILMS

A natural starting point for a discussion of collective spin-
wave modes in multilayers is the analysis of spin waves in
single films. Despite existing work on antiferromagnets and 2
antiferromagneticlike multilayer structures, there are aspects _ ) )
of thickness dependence for spin waves in thin antiferromagl "€ notation uses, to represent time-dependent spin opera-
netic films that have not been addressed. We therefore firdp's andS, to represent static spin operators. These are
discuss relevant properties of spin waves in thin, easy-plani€ated as classical vectors in the long-wavelength liRg.
antiferromagnetic films as background for our critique of&ré time-independent demagnetizing fields dndaq) are
effective-medium theory in Sec. IV. time and s_anaIIy varying _demagneﬂzmg fieldg.,,_, is the

We begin by outlining the general theory for spin-wave €xchange interlayer coupling between layemndn—1. For
excitations below, and then discuss calculated results fofonvenience, the equations of motion have been written in
spin-wave propagation in thin, easy-plane antiferromagnetié€rms of effective anisotropy fields. These are definedl as
films. The effects of interfilm coupling are described in Sec.for the in-plane anisotropy anid,, for the out-of-plane an-

Il where we consider spin waves in a system of two coupledSOtropy- The effective anisotropy fields are defined in the

antiferromagnetic films, and in multilayers consisting of sev-usual way; i.e., an effective anisotropy fiells, is
eral antiferromagnetic films. H.ni=2K/M, whereK is an anisotropy energy such ldg or

K, andM is a saturation magnetization for a sublattice.

For future reference, we introduce additional simplifying
notation. First, we define effective exchange fields. The in-
The geometry is shown in Fig. 1. The individual films are terlayer effective exchange field is defined s, and the
composed of either material | or material Il. Each material iscorresponding interfilm field acting across the interfaces in
a two sublattice antiferromagnet with antiparallel sublatticesmultilayers isH,. Both are defined using relations such as
parallel to the plane of the films. The equilibrium direction of H,=2J/M. Finally, the anisotropies and exchange fields are

Equations of motion

the magnetizations are assumed to be in-plane.
The wave vector of a spin excitation is given gyand a
static magnetic field is applied in thedirection. They di-

assumed uniform throughout the films, but are material de-
pendent. We therefore drop explicit reference to layer num-
bern and instead refer to the film material. Since we con-

rection is normal to the films and the multilayer consistdlof sider only two different antiferromagnetic materials in the
pairs of magnetic sublattices. The general Hamiltonian fomultilayer, the associated parameters are identified in the re-
both the microscopic theory and the effective-medium apmainder of the paper by the superscripts | and II, respec-
proximations discussed later in this paper is tively.

H= 2 IS -S) Thickness dependence in thin antiferromagnetic films

(D An understanding of thickness dependence for spin-wave
frequencies in thin films is necessary in order to understand
collective spin-wave excitations in combinations of thin
films. In this section we concentrate on aspects of thickness
dependence for single thin antiferromagnetic films that do
not appear in the existing literature. We illustrate below
some features of spin-wave behavior in antiferromagnetic
The indicesi and | identify lattice sites, and the brackets thin-film geometries using a microscopic theory based on
(i,j) denote a sum over nearest neighbors. The first ternkgs.(1) and(2). As described in the introduction, this same
describes exchange coupling between nearest neighbors withicroscopic theory will also be applied in order to judge the
magnitudel. The second set of terms are applied field, out-effective-medium theory presented later in this paper.

—Ei [gmeHoS,(1) +Ka(i)Sy(i)2+Ky(1)S,(i)?]

+ 2, D(i,))S()- (). (1)
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(a) FIG. 3. Thickness dependence of spin-wave frequencies in an
easy plane antiferromagnet. The applied fieltljgM =0.5 and the
150 parameters arél/M =100, H,/M =2, H,/M =1, andq=0. The
frequencies for the highest and lowest two spin-wave modes are
shown for different film thicknesses. The two lowest frequency
100 spin-wave modes are localized to the surfaces as the film thickness
Z is increased.
3
50 These are a generalization of results presented in Ref. 23 to
include two orthogonal uniaxial anisotropies.
We note thatw, is the usual antiferromagnetic resonance

frequency including a shape anisotropyzM, due to the
(b) easy-plane configuration with sheets of parallel spins. Spin-
wave excitations have frequencies that lie abaexewith

FIG. 2. Spin-wave frequencies as a function of wave vegtor energ'es determlneq .by the wave vector ‘?f the mo‘?'e- _In a
for a thin antiferromagnetic film ofa) 8 and(b) 48 atomic layers. thin-film geometry, finite-size effects result in a quantization
The frequencies were calculated using the microscopic theory def the wave-vector component normal to the film plane. The
scribed in the text. There is no applied field and propagation idowest frequency mode in Fig. 2 is the resonance mode at
perpendicular to the magnetization. The film is easy plane with né]=0 and a surface mode for finiteand propagation perpen-
in-plane anisotropyH,=0), H,/M =1 andH,/M=100. The spin- dicular to the magnetization. The next highest frequency
wave modes fall into two bands. At=0 the lower limit frequen- mode is also a surface mode at finite wave vectors.
cies arewy and w; and the upper limit frequency is,. Here o is The highest possible frequency@t0 includes large ex-
zero since we have taketh,=0. change energy contributions corresponding to a rapidly os-

cillating standing wave in thg direction. The frequency,

Because this theory includes both dipolar and exchang@hich we callw,, is
interactions in a microscopic model, it provides a useful way
to demonstrate finite-size effects and the effects of interfilm ®;=y[(HetHa)(Het Hat Hy+4aM) Y2 (5)
exchange on spin-wave frequencies. These are topics whichhis frequency is also shown in Fig. 2 q¢=0.
have not been completely dealt with in previous studies. The The effects of finite film thickness can be seen by com-
essence of the microscopic theory is described in Refs. 2@aring Figs. 2a) and 2b). Additional modes appear as the
and 23, and involves directly solving E®) using explicit  film is made thicker, thus forming a continuum of modes

sums for the dipole interaction terrfis. between the band limits. Note that the frequency of the
Results from this theory are given in Fig. 2 where themodes at the top of the bands increase with film thickness.
dependence of the frequencies on in-plane wave vecfor The thickness dependence of the highest and two lowest

a single, thin, easy-plane antiferromagnetic film is shownfrequency modes is shown in Fig. 3. The parameters are
The frequencies were calculated for an eight-layer easyH /M =100,H,/M=2, H /M =1, andq=0. The frequency
plane antiferromagnetic film ite) and a 48-layer film inb).  shifts of all the modes are substantial. Even the lowest fre-
The parameters arel /M=1, H,/M=0, andH,/M=100.  quency spin wave, which is the mode least affected by film
H,=0 and propagation is perpendicular to the magnetizatiomhickness, changes by about 10% for the thicknesses consid-
direction. Results are shown in unitless frequeneiégM  ered. The next highest and highest frequency modes show an
wherey=gug/h. Here and in the remainder of the paper, for even stronger dependence on film thickness.
simplicity M is the same for all sublattices and materials. The reason for these strong thickness dependences is the
The limits w, andw, correspond to lower bulk band limits  reduced coordination number for spins at the surfaces. This
in an easy-plane antiferromagnet. These bands are nondegeneans that the effective average exchange field experienced
erate even in the absence of an applied field.gAt0 the by a spin at the surface is very different from that acting on

limits are given by a spin in the bulk. For thin films, this means that the surface
exchange fields play a significant role in the frequencies of
0o=Y[Ha(2H o+ H,+H +47M) ]2 3) all modes. This is a result of an effective pinning condition

introduced by the surface exchange field. As the film be-
comes thicker, the surface becomes a small perturbation to
w1=Y[(2Ho+Hy) (H+Hy+47M) Y2 (4)  the spin wave’s energy. Similar behavior will be shown to
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films. This means that the spin-wave frequencies are very
300 HigHHIHIH i different for the two materials and hybridization effects due
----------------------- to interfilm exchange are small for most modes.
As we see in Fig. 4, however, some individual modes are
200 ¢ I nevertheless very sensitive to the interfilm exchange. The
reason is that the coupling acts to control the degree to which
spins at the interfaces are dynamically “pinned.” The pin-
ning strongly modifies the component of the wave vector
normal to the films and occurs because spins at the interfaces
are driven at a frequency away from their natural resonance
H/M, frequency. This off-resonance driving is controlled by the
interfilm exchange.

FIG. 4. Spin-wave frequencies as a function of interfilm ex- ~Of all the spin waves, the surface modes are the most
changeH, for two coupled films. Each film has eight atomic layers. Sensitive to pinning effects because they have the largest
The exchange and out of plane anisotropies are the same in eaéinplitude at the interfaces. This has an interesting conse-
film (with H¢/M =100 andH /M =1) but H}/M =200 andH}/M quence for conventional effective-medium theories.
=2. The applied field ifH,/M =0.5 andqa=0.002. The surface Effective-medium theory generally assumes long-
modes are sensitive td, even though the bands corresponding to wavelength excitations with amplitudes that vary slowly
the two different films are well separated in frequency. across the multilayer. Consequently there is no possibility for

. ) _ i . pinning of long-wavelength excitations in thin antiferromag-
occur in multilayers where the interfilm coupling controls the hets. |t is therefore not possible to accurately predict inter-
impact of the interface exchange fields on spin-wave frefj, exchange caused frequency shifts using conventional
quencies. Explicit examples of effective pinning in gffective-medium theory. In Sec. IV we describe how to con-
multilayer geometries are discussed in the next section.  gryct an effective-medium theory capable of overcoming

oYM

100 -

this limitation.
. INTERFILM EXCHANGE INDUCED Additional insight into the effect of interfilm coupling can
FREQUENCY SHIFTS be obtained by studying the eigenvectors of the modes as a

In order to understand spin waves in multilayers, we firsffunction of position in the multilayer. In our structure, it is

examine the simplest possible multilayer: two coupled antiSensible to separate the results for the two sublattices. We

ferromagnetic films. Spin-wave frequencies for two ex.therefore define spin-wave amplitudasfor one sublattice

change coupled films are shown in Fig. 4 as a function of th&nd amplituded; for the second sublattice within the film.

coupling between the films. The frequencies were found us! € indexi runs from 1 toN and labels pairs of adjacent

ing the microscopic theory described above. Each film igublattices:
eight atomic layers thick and the films are different antifer- e 6)
romagnets. Film | hasi}/M=200 and film Il hasH!/M &=%i-1
=2. For both filmsH,/M=1 andH/M =100. The applied b =5 @
field is H,/M =0.5 andqa=0.002. b
Two sets of modes are apparent, with limits correspondin Fig. 5a) we present the eigenvectors corresponding to the
ing to the different magnetic parameters of each film. Notedowest frequency spin-wave modes of in Fig. 4 with no in-
that the lowest frequency modes associated with film Il argerfacial coupling between the two filmi#l,=0). Both a,
surface modes and lie well beloww, for this film  (solid lineg andb, (dotted lineg are shown. It is immedi-
(w/M =287). A surface mode in each set increases in fre-ately apparent that these mode profiles are very complicated.
quency with increasingd, and crosses through the band of The modes contain both bulk and surface mode characteris-
higher frequency modes. The result are a number of weakcs and it is difficult to extract the key features of the pro-
mode repulsions within each band that depend on the magdies. Furthermore there is no obvious symmetry about the
nitude ofH, and the anisotropies. midplane of the individual films as one might expect in the
We comment briefly on our range of values for the inter-absence of interfacial coupling. This figure, however, does
facial exchange fields, . Comparisons of theory and experi- indicate that it might not be appropriate to use a long-
ment on high-quality antiferromagnetic multilayers seem towavelength approximation to solve for the spin motion. This
indicate thatH, can be quite large, the same order of mag-will be of importance in the next section where we discuss
nitude as the exchange field within an individual film. effective-medium theories.
Clearly one could also construct antiferromagnetic superlat- A simpler version of the mode profiles may be con-
tices with additional spacer layers between antiferromagnetstructed which demonstrates the symmetry of the mode pro-
so as to reduce this coupling. Thus the range we have chdiles with respect to the midplane of each individual film. As
sen, H,=0 to H,=H,, seems to appropriately cover this discussed in Ref. 26, the symmetry of the mode amplitudes
range. with respect to the midplane of the film are only well defined
In our example we have chosen antiferromagnets wherg terms of the sum of the amplitudes on each sublattice.
there is a large gap between resonance frequencies for thitherefore an average amplitude is defined for each pair of
two materials. This is not atypical. For example, a multilayermagnetic sublattices according to
of alternating Fefand Mnk films will have a gap of ap-
proximately 280 kG between the resonance modes of the (s)=(a+b)/2. (8
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FIG. 6. Spin-wave frequencies as a function of interfilm ex-
/ changeH, for 12 coupled films. Each film has eight atomic layers.
i ““"\\1/ The parametersl /M =100,H /M =1, andqa=0.002 are the same
5 X for each film. As in Fig. 4H./M =200 andH)/M=2. The exter-
nal field isH,/M =0.5. The features are similar to the bilayer case
() oyM=23.1 47.4 63.9 72.3 of Fig. 4 with the difference that the interfilm coupling creates
bands of nearly degenerate collective modes.
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magnets. [The strong localization for this film is due to the
largeH, (Ref. 19]. When interfacial exchange is turned on
@M=251.2 289.7 294.0 294.9 [as for Fig. %c)] we see a significant change in the mode

profile with a corresponding increase in frequency.
/ This sensitivity toH, can be understood in terms of the

interface exchange fields. When interfilm exchange coupling
exists between two dissimilar materials, the outermost spins
of one film at a resonance drive the outermost spins of the

FIG. 5. Eigenvector solutions for the spin-wave modes as @djacent film away from their resonance. This pins the spins
function of position for two coupled films. The parameters are the@t the interfaces and increases the magnitude of the normal
same as in Fig. 4 wittd /M =0 for (a) and (b). The eigenvectors Wave-vector component in a spin-wave mode. This in turn
are labeled according to frequency.(l, the solid lines are tha, increases the exchange energy in the mode, driving it up-
and the dotted lines are thg for the low frequency modes in the wards in frequency. The greatest frequency increase occurs
bilayer. In (b), {(s,)=(ay+by)/2 is shown by the solid line. The for surface modes with amplitudes localized to the interface
dotted line in(b) is (sy). The (s,) and(s,) for H/M=100 are = between the two films. Pinning drives these modes up in
shown in(c). The surface modes have the largest amplitude at thérequency whereas the other surface modes, with amplitudes
interface and are therefore strongly affected by pinning due to théocalized to the free surfaces, are not affected. This is what
interfilm coupling. happens for thes/yM =251.2 surface mode of film 1. The

corresponding mode amplitude in Figbb show that this
Note that the right and left eigenvectors are not equivalenmode is strongly localized to the free surface where there is
because of the dipole terms in the equation of motion matrixno exchange coupling. As a result, the mode frequency for
In our discussions of mode profiles, we present results for théhis surface mode remains approximately unaffected.
right eigenvectors unless otherwise stated. Similar behavior is seen in Figs() and Fc) for the

Transverse amplitudeés,) and (s,) are shown in Fig. surface modes of film | where large changes in mode profiles
5(b) as a function of position for the same two film near the interface are associated with significant changes in
multilayer of Fig. %a). Comparison of(s,) (shown by the the frequency of the modes. The behavior of a multilayer
solid line and a, and b, in (a) clearly demonstrate how with more than two films is essentially the same. The fre-
symmetry about the midplane of each film is only well de-quencies as a function &f, are shown in Fig. 6 for a 12-film
fined for the magnetization averaged over sublattice pairs. multilayer with six films of type | and six films of type I

Mode profiles withH,/M =100 are shown in(c). The using parameters given above. Each film has eight atomic
other parameters are the same aganand (b). The solid layers and an external field is applied in thdirection with
lines in (c) are for(s,) and the dotted lines are fqs,).  magnitudeH /M =0.5.

Comparison of(b) and (c) show how the interfilm coupling The structure is the same as that for the two-film example
H, affects the mode profiles, and consequently, the modef Fig. 4 except that bands of modes form with increasing
frequencies. The main point we wish to emphasize is that ndtl,. The interfilm coupling lifts the degeneracy of spin-wave
all modes are affected equally By,. This can be seen in modes from like films. The effect is not large, and thus nar-
Fig. 4 and understood by reference to the profiles in Figstow bands of “collective” excitations are created. The sur-
5(b) and Fc). The modes most sensitive kb are identified face modes are again the most sensitive to interfilm exchange
as surface modes. This is particularly evident for tigM induced pinning. Note the complicated structure as a band of
=252.2 mode shown inb) where H,=0. This mode is surface modes increase in frequency and pass through the
strongly localized to the interface between the two antiferro-other modes.
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IV. ENTIRE-CELL EFFECTIVE-MEDIUM THEORY Results for the components of the susceptibility are given in
Ref. 23.

The above theory is useful for finite multilayers provided The susceptibilities defined this way work well for thick

the total number of atomic layers is not too large. Fpr SUPETH s but are clearly unable to describe the effects of sur-

) Y Saces. One way to include surface effects is to use thickness
computational demands become too large and alternative agileraged effective fields in the equations of motion. This

proaches need to be found. One of the most useful a eans. for exam . Lo
. , ple, that the exchange fields appearing in
g;f%i%r\]/?r::gilz%jl:ﬁg;ge complexity of the problem has bee@qs.(Q)—(lZ) are multiplied by thickness-dependent weight-

Effective-medium theorv provides a method for Construct_ing factors. The justification for this is the assumption of
: . 1eary pr . long-wavelength excitations. In this case, one might expect
ing magnetic-susceptibilities in a multilayer geometry that

satisfy the Maxwell electromagnetic boundary conditions a{[hat all spins on a given sublattice essentially move together

. 1-23 > X : as if they are “rigidly coupled.” Such an approximation has
?;?,: é?fé‘;iﬁ%e_m': dﬁ% trﬁgg;reg]%];t'?h;hgnﬁﬂ\lﬁgtgfnﬂe been successfully employed in understanding the spin waves
. . . y > amp in Fe/Cr-type multilayers where ferromagnetic films which
spin fluctuations associated with the excitation be constan‘,fre weakly coupled through some spacer material
across a unit cell of the multilayer. This is _reasonably well We can obtain the weighting factors by a simple argu-
approximated by the surface mode on multilayers compose%

of thin ferromagnetic films. As we have seen, this is not the ent. Consider a film with ® planes of spins. Each plane of
nag oY ' spins is exchanged coupled to two planes, one above and one
case for antiferromagnetic thin films and multilayers.

In order to fully understand the nature of the various ap_below, and therefore contributes) 2xcept for the one sur-

roximations involved, we now compare results for sin Ieface plane of sublattica which is only coupled on one side.
proxi ; ) ’ P L r SINgCrphis plane therefore contributes judt The total exchange
thin films using different degrees of approximation within an

effective-medium description. The first and simplest form((a;ﬁrg{)%f t.?ﬁesgl\?jr:ne ngéﬁgfbe'Sfig?gsfm%%ﬁg?&aelism
considers a single microscopic unit cell of the antiferromag-,[hen sim .I o ortior?al t0 (8- f)J/N For example. E
net. The equations of motion then couple spins from eactag) becorzgsp P ' pie. £

sublattice according to

(io/y)ay,—[Ho+Ha+Hy+Hela,+Heby= Sl"(j‘, 9 (ioly)ay,—[Ho+Ha+Hy+ (f/2)Helay + (f12)Heby= S(I"@,
18)
[Ho+Hat+Hela,+iw/ yay+Heby=—SH, (10
where f=(2N—1)/N. This procedure can be established
(iw/y)by—[Ho+Ha+Hy+Helby+ Heay:_sre, more rigorously as well. _
(1D Since the surface anisotropy may be different from that of
the bulk, one may also obtain thickness-dependent anisot-
[Ho+Ha+ Helby+ (il y)by+ Heax=SHj. (12) ropy terms in a similar manner. This approach is simple and
improves the calculated values for the long-wavelength
These equations of motion differ from E(R) in that the  modes in thin films. Nonetheless, there is still considerable
dipolar fieldsh are left unspecified. Note also that transla- error in thin films as we shall see. The reason is that the
tional invariance in all directions has been assumed so thagng-wavelength assumption that all the spins on a given
the amplitudesa and b are independent of position in the sublattice move rigidly together does not properly represent

film. the dynamics of a thin-film antiferromagnet.
The effective-medium approximation in this case consists This can be seen by examining the eigenvectors calcu-
of defining average fields according to lated from the microscopic theory. Examination of the eigen-
vectors for the uncoupled films in Fig. 5 suggest that the
(m)=(a+b)/2 (13 approximation of a constant spin-wave amplitude does not
and apply to thin antiferromagnetic films. The small variation in

mode amplitude across the film can involve a significant ex-
(hy=(h2+hP)/2 (14) change energy. The frequencies of the resonance modes, for
the multilayer of Fig. 5 for example, are only approximated
with the requirement that the fields satisfy Maxwell's elec-to within 10% by the previous thickness weighted effective-
tromagnetic boundary conditions everywhere. This meangmedium theory. The error is reduced for multilayers con-

that tangentiah and normalB fields are continuous: structed from thicker films because the frequencies move to-
A b ward the bulk limits.
hy=hy (15 This result is somewhat counterintuitive in that effective-

medium theory for surface modes on ferromagnetic multilay-

ers is best for multilayer constructed from thin ferromagnetic

films. The difference from the antiferromagnetic multilayer
(16 . ; .

is that the surface mode amplitude is very nearly constant
These conditions together with Eq®)—(12) allow one to  across a thin ferromagnetic film, and becomes more constant
define an effective susceptibility according to as the film is made thinner. From Fig. 5, we see that varia-

tions in the amplitude of the resonance mode in even a thin
(m)=x<h). (170 eight-layer antiferromagnetic film can be significant.

and

h3+4ma,=hd+4mb, .
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Variations of a component of the mode amplitude across hiax=hibx=Cx (27)

the individual magnetic films does not mean that an ’ ’

effective-medium approximation cannot be applied. In ordeiand

to use effective-medium theory in this situation it is instead

necessary to relax the assumption that the surface mode can h?,+4ma; ,=hP +4mb; ,=C, . (28)

be described by position independent magnetic fields.

An accurate effective-medium theory can be constructe
in the following way. The complete equations of motion are
written for a single unit cell consisting dfi-type | layers
andN,-type Il layers. The total thickness of the unit cell is
N,+N, . The limit of g=0 is taken so that there is no con- Cx and Cy. o
tribution from exchange interactions due to propagation in With _N'+N'.':N' the average magnetizati¢m) and av-
the plane of the film. erage dipole fieldh) are

In material I, the equations of motion foi <N, have

Jhe amplitudesC, and C, are constant. This condition to-
gether with the equations of motidiEgs. (19)—(26)] and

Egs.(27) and(28) form a set of 8N,+N,;)+1 coupled equa-
tions with unknown amplitudes,b and arbitrary constants

' 1
the form: (my= N > (a+h), (29)
I
(iw/y)a; x—[Ho+Hh+Hy+2H Ja; ,+ Heb; y+Hibi gy
_al 1
=sh?, (19 (=5 §I) (h2+hp). (30)

[H0+ HL+2HL]ai'X+(iw/y)ai'y+ HLbi’X‘F Hlebi,]_,X
a The susceptibilitieg,z can be determined numerically as
=—-Shi,, (200 follows. The sets of Eq919)—(28) and (30) are solved at a
_ | | | | | given frequencyw to find a, b and¢h) as a function ofC,
(io/y)bi x=[HotHat Hy+2H]bj y+ Heai y+ Hedi v 1y andC, . The(m) are constructed according to Eg9) above
1) and values for they,, are found by fromy,z=(m,)/(hg).
For example,x,, is found this way by calculating them,)
as in Eq.(29) with C,=0 andCy=1. x, is then found by
repeating the calculation wit,=1, allowing one to write
=gh?,. (22

=({my)— hy)/{hy). 31
Similar sets of equations are written for the spins in material Xoo= (M) = X1y} () S

. . . ) From the computed valueg we may obtain the perme-
Periodic boundary conditions are used for the first 'ayerability tensor given byu=1+4my. For our geometry, this

so thatbo=by, anday, ,=a;. The equations of motion for ansor takes the usual form for an anisotropic and gyrotropic

=— s'hﬁy,

[Ho+HL+2HLIb;  + (10l y)b; g+ Hidi x+ Hedi s 1

i=1 andi=N, are therefore material
H | | | |
(|(1)/'y)a.lyx_[H0+ Ha+ Hu+2He]a1’y+ Hebl,y+HIbN||,y My Mxy 0 Iy |M2 0
=g 4 (23 p=| Hyx myy O|=| —ipz w3z 0]. (32
Y 0 0 1 0 0 1

I | : . I
[HotHat2He]ay, ot (iw/y)ay, +Hibj o+ Heby, x In the absence of damping,, and u,, are purely real and

My IS pure imaginary. We have included a small damping
term in our calculations which makes all the permeabilities
and complex, but we continue to focus on the real parts.Qf

. | | | | and and the imaginary part of,, . The behavior of the

(To/y)by x=[HotHat Hyt+2He by y+Heay indi\ﬁélyjal components of the pern%/eability as a function of
frequency are shown in Fig. 7 for uncoupled antiferromag-
netic films and in Fig. 8 for strongly coupled films. The
examples are made using parameters from earlier examples
(H/M=H!/M=1, HY/M=200, HIYM=2, HYM

=-5hi,, (24)

+H|aNI+1’y: _Slht’\)ll,y’ (25)

[Ho+Hyt2Helby, x+ (iw/ )by, y+ Hean t Hian,, x

=s'hﬁ,l,x. (26)

Analogous equations apply for the spins\gt ; andN, ., .
The effective susceptibilitfdefined in Eq.(17)] for a

multilayer is constructed by forming average response funcexcitations. Note that tha,, and

=H!/M=100, andH,/M=0.5. The films are thin with
N,=N; =4. The example in Fig. 7 has,/M =0 and the ex-
ample in Fig. 8 ha$i,/M =100.

Structure in the susceptibilities corresponds to different
y measure the response

tions from Eqgs.(19)—(26). The averages are constructed in of the superlattice to driving fields applied in different direc-
accordance with macroscopic electromagnetic theory as bd&ions and therefore differ in their behavior. Both show a large
fore by requiring the tangential components of the dipolarresponse near the bottom of the spin-wave bands. dhe
field h and normal components of the magnetic induct®on component is nonzero in these examples because of the small
to be continuous across interfaces. Instead of Ef®.and  applied field and has poles at frequencies where ejihgor

(16), for the entire-cell method we require Hyy Show a response.
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4.0 : lifts the degeneracy of modes from like films, as discussed
already in reference to Fig. 6.
.. 20 i We note that the entire-cell effective-medium theory also
5_5 0.0 . provides information on the dipole strength of the standing
& 20 ] waves as well as the long-wavelength resonant mode. For
’ example in Fig. 7 we see a resonanceuy nearo/yM =16
4.0 — which is due to the long-wavelength resonant mode. A simi-
100 200 300 400 . . . .
4.0 : lar resonancéat a slightly different frequengyis seen in the
“rigid coupling” effective-medium theory. However, the
2.0 AR B
-~ strong excitation inu,, near w/yM =37 corresponds to a
Z 00 standing wave and cannot be obtained within conventional
& 20 b ] effective-medium theory. As a result, our entire-cell
effective-medium theory should be more useful than conven-
40 00 200 300 400 tional effective-medium theory in characterizing the infrared
0.1 I behavior for antiferromagnetic thin films and multilayers.
| The permeabilities calculated here can be used directly in
~ ﬂ standard electromagnetic formulations of reflectivity, for ex-
= 0.0+~ ample. Although this will not be discussed further here, we
E 1 do present an example of magnetostatic waves in what fol-
lows.

To further illustrate the differences between the different
effective-medium approaches discussed above, we compare
the frequencies of the magnetostatic spin waves calculated

FIG. 7. Effective-medium susceptibilities for equal thickness using different effective-medium susceptibilities to the fre-
films with N,=N,,=4. The parameters are the same as in Fig. 6 withquencies calculated from the microscopic model. The
H,=0. The three unique components,, u,y, andu,, are shown  effective-medium responses were found by solving the
as functions of frequency. The resonance frequencies of each fillhoundary condition problem for magnetostatic waves in a
are very different, so that the peaks in tpetensor fall in two  thin film. The essence of this calculation involves solving
separate sets. V-B=0 together withVxh=0 and applying boundary con-

) ) o _ditions on continuity of normdB and tangentiah at the film

The poles correspond to standing spin-wave excitations igfaces. The end result is an implicit dispersion equ&tion

the structure. The strongly coupled superlattice responsgy the frequency of long-wavelength magnetostatic spin
shown in Fig. 8 has more structure than the uncoupled sYgaves in a film of thicknesk:

perlattice of Fig. 7. This is because the interfilm coupling

"0 100 200 300 400
o/YM

q2+ 2q Qy(/-Lxx)COt(qu) - Q32/(Myy)2_ qi/"’iy: 0, (33

4.0 T T M T T T
~ 2 H i where
B=§ 0.0 [
2ot
20 ¢ qsz(ﬂxx)(qz—i_q)z()/:“xy- (34)
9 07700 200 300 400 _ _ _ _
40 —r—— — Frequencies that satisfy Eq§33) and (34) are listed in
20 | i Tables | and II.
~ ’ Table | contains the lowest magnetostatic mode frequen-
2 00 B cies for a single film calculated using the entire-cell
T . Ing cact g the ent
T ool _ effective-medium susceptibilities and the earlier rigid cou-
pling effective-medium susceptibilities. The frequencies are
4.0 0 1(')0 200 3(')0 400 shown for different film thicknesses and the parameters are
0.1 ——— : the same as in Fig. 3 with=0. Both sets of susceptibilities
give the same qualitative dependence on film thickness, but
~ the frequencies differ considerably. The unit-cell frequencies
I 00 agree to within 0.01% with the frequencies predicted by mi-
E croscopic theory. Both methods of calculation lead to the
. . l correct bulk limit of 20.7 as the film becomes very thick, but
01 0 100 200 300 400 the rigid coupling approximation clearly fails to correctly
ohM describe finite-size effects for thin films.

The entire-cell method also does quite well in describing

FIG. 8. Effective-medium susceptibilities for equal thicknessthe higher frequency spin-wave excitations, even in a

films. Parameter values are the same as in Fig. 6 extgpt=100.  multilayer. This is illustrated with spin-wave frequencies

Note the appearance of more structure as the degeneracy betwegresented in Table Il calculated using the entire-cell
modes is removed by the interfilm exchange. effective-medium susceptibility in Eq$33) and (34) and
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TABLE |. Comparison of magnetostatic wave frequencies cal- TABLE Il. Comparison of magnetostatic wave frequencies
culated with different effective-medium susceptibilities for a single w/yM calculated with effective-medium susceptibilities and spin-
thin film. The parameters are the same as in Fig. 3. Frequenciesyave frequencies from microscopic theory féy=N, =4. The pa-
w/yM, calculated using the entire film as the unit cell and the rigidrameters are the same as those in Figs. 7 and 8.
coupling approximation are shown in comparison to the bulk anti-

ferromagnetic frequency as functions of the number of atomic lay- H,=0 H,/M =100
ers (N) in the film. For reference, the bulk antiferromagnetic reso- Eff. medium Microscopic Eff. medium Microscopic
nance frequency in these units is 20.7
15.9 15.9 28.3 29.3
N Entire-cell Rigid coupling 37.3 37.3 65.5 64.7
82.1 82.1 86.4 87.2
2 15.2 18.2 83.7 83.7 99.1 98.1
4 15.9 19.5 251.2 251.2 252.2 251.2
6 16.6 19.9 252.3 252.3 292.2 293.1
8 172 20.2 297.4 297.4 299.7 298.8
10 17.6 20.3 299.5 299.5 301.1 302.1
12 18.0 20.4
14 18.2 20.4
16 185 20.5 magnets is through infrared reflectivity measurements. For
18 18.6 20.5 this it is helpful to obtain an effective magnetic permeability
20 18.7 20.6

tensor for the magnetic medium. This is often done within an
effective-medium approach. We demonstrate that current
so with micr ic theorv for a two-film unit-cell struc- 'effective—'me'dium treatments are not accurate for sp_in waves
aso croscopic theory Tor a two-Tiim unit-cetl struc- very thin films and in superlattices composed of thin films.

ture. The parameters are those used in Figs. 7 and 8 wit he reason for this is that the usual long-wavelength assump-

N'?r’:‘“:.‘l' ¢ ies found f the mi i th tions used in conventional effective-medium theory break
€ eigenirequencies tound from tné MICroscopic theory, ., o antiferromagnetic films. In addition, conventional

V\?erg (r:]?lctulat_edl for a$3|r3|latr '[ch%f'_lrrﬂ multilayer V‘;'g‘ ?total effective-medium theory is not designed to obtain the shorter
ot eight atomic layertand atq="4). The agreement between wavelength excitationsstanding wavesfound in thin films

thde m(l)dels Is best f]?r zer(l)Dllnt_erf;Ir:n Tpu_pt)hr}g.tThe two mffth'and superlattices. These standing spin waves can contribute
0ds aiso compare favorably in the fimit of Strong coup Ingsignificantly to response at infrared wavelengths.

although differences appear due to finite-size effects in the In view of these considerations, we have developed a

microscopic modg(wh|ch does not assume periodic boupd- modified effective-medium theory which is not dependent on
ary con(j|t|on$ Finally we note that the wo modelg gve 4 long-wavelength assumption. As a test of our results, we
converging results as the thickness and number of films alfise our calculated permeabilities to obtain the frequencies of
increased. the spin-wave modes in a thin film. We find good agreement
for all the modes, including the surface waves and the stand-
ing waves. The derived permeability tensor also gives infor-
In this paper we have studied spin-wave modes in antifer_[nation on the strength of the interactjon between an gxternal
romagnetic thin films and multilayers and provided a de_mfrared beam and the magnetic medium. Ou_r results indicate
tailed comparison of different approximate methods of calthat some of the shorte_r_ wavelength standing waves show
culation. We consider easy-plane structures and use fgatures in the permeability which are as large as tha_t s_hown
microscopic theory which includes exchange, anisotropy?y the Ionge_r wavelength modes usually measured in mfra-
and dipolar fields to examine the severity of different rgd rqflgct|v!ty. Note: a complementary app.roach Fjeallng
effective-medium approximations. Our key results show hovx)’_‘”th similar ISSues was brought to our attention during the
interface exchange coupling effects the frequencies of th(%nal preparation of this manuscrigDumelow et al, Ref.
spin-wave modes. We show that interface exchange can pr6--
duce large frequency shifts for spin waves which have large
amplitudes near the interfaces. These shifts can therefore be
used to obtain accurate values for interfacial exchange in
antiferromagnetic superlattices. This work was supported by US ARO Grant No.
One way of obtaining spin-wave frequencies in antiferro-DAAH04-94-G-0253. R.E.C. was also supported by EPSRC.
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