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Interface-mode absoi'ption—line in ,ferrbmallg"neﬁc resonance
of antiferromagnetically coupled bilayer films: TI. Effects of
static field conﬁguratlon and film thickness
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Peland 60 769 .
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" Abstract, We present a further development of our microscopic theory of the interface spin-wave
mode-(1M) in exchange coupled bilayer films vsing the Heisenberg model and including interface
inhomogeneity in the spin (exchange, Zeeman and interface uniaxial anisofropy) Hamiltondian.
Our theory holds for arbitary (with respect to the film normal) configuration angle #* of the film
magnetization, arbitrary ferro/antiferromagnetic interface exchange coupling J; and arbitrary
(easy-axis/easy-plane) uniaxial interface anisotropy D..Conditions for the occurrence of the IM

~ peak in the bilayer ferromagnetic resonance spectrum are discussed in detail, and a method of
resorting to this peak for measuring the interface coupling and pinning anisatropy is proposed.
In particular we predict the existence of a critical configuration angle #; for M emergence at -
film magnetization rotation; for antiferromagnetic coupling & is a function of the ratio J;/D;.
Our estimates for real specimens lead to the general conclusion that observation of the M peak
becomes possible already at interface antiferromagnetic exchange coupling of the order of one- |
hundredth of the exchange bulk coupling,

1. Introduction

In an earl:er paper I1] (part I} we proposed the hypothesxs that the high-field (HF) line of
" the double resonance spectrum of a ferromagnetic bilayer film is due to excitation of the
interface spin-wave mode, whereas the low-field (LF) line is of bilayer bulk nature. An
essential -argument invoked by us in favour of this hypothesis was that it naturally leads to
the emergence of an inverted pattern of the resonance spectriim, i.e. to the experimentally
observed pattern with the HF line less intense than the LF line. The analysis of the
experimental conditions for the inverted pattern permits their correlation with the conditions
predicted by us for the existence of the interface resonance mode-aand thus provides a
qualitative confirmation of our hypothesis.,

The present paper contains a2 development of our theory of resonance excitation of the
interface mode with the aim to permit its guantitative experlmental verification as well.
Hence, the model we shall apply here is more general than that of our earlier work [1-4]:
moreover, the interface anisotropy will be postulated in a form permitting the investigation
- of configurational effects, i.e. ones related with changes in direction. of the static magnetic
field with respect to the film surface. Within this model, we derive (for the first time in the
literature, to our knowledge) formulae enabling us (to a-good approximation) to express the
interface anisotropy as well as the interface exchange coupling in terms of the resonance
characteristics (the resonance intensity and strength of the resonance field) of that line of the
ferromagnetic resonance (FMR) spectrum that is due to excitation of the interface mode (IM).
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This will permit the comparison of the value of the exchange integral of coupling through
the interface with the value of the integral obtained from other, independent (non-resonant)
measurements, e.g. from hysteresis loop measurements. Thus the theory of the bilayer FMR
phenomenon proposed here will permit a complete {both qualitative and quantitative) check
of our hypothesis concerning the occurrence of the IM line in the bilayer FMR spectrum.

2. Model

We consider a film consisting of two identical homogeneous ferromagnetic thin layers
{sublayers A and B); the two sublayers form a single magnetic system owing to interface
exchange coupling. We assume that the externally applied static. magnetic field H, is
oriented at some angle with respect to the film nommal and can be rotated in the plane
perpendicular to the film surface from its perpendicular configuration towards parallel
configuration. We assume that the strength of the field lies in a range corresponding to
the ferromagnetic resonance conditions; for such values of the field H, one is justified
in assuming that all the spins of the bilayer film are. aligned parallel to one another.
The effective field acting on a given spin is defined as the sum of the external static
field, the uniaxial bulk-anisotropy field and the demagnetization field, Here, to emphasize
the interface effects, we neglect the surface-anisotropy fields, but we do include in our
considerations the interface-anisotropy fields. We perform our calculations within the
framework of the Heisenberg localized-spin model assuming nearest-neighbour exchange
interactions and a Zeeman Hamiltonian in standard form. We denote by J;, the bulk exchange
integral (between nearest neighbours) and by JAF the exchange integral describing coupling
through the interface; we denote by J"B = JAB/J, the ratio of the two integrals, We
assume the intrinsic interface-anisotropy field {denocted by Kj¢) to act on the interface spins
of both sublayers, in addition to their bulk effective fields. The above assumption means
that we describe the interface anisotropy in a molecular-field approximation, equivalent
to neglecting elliptic deformation of the precession cone of the spins at the interface (such
deformation intervenes if the interface anisotropy is dealt with in a more rigorous approach).
The molecular-field approximation can be conceived to be quite adequate for the description
of the spin dynamics since elliptic deformation of interface spin precession, if taken into
account, would but insignificantty affect the boundary equations at the interface. The
bilayer film thickness {in lattice units) is assumed to be L — 1 = 2N — 1, where N is
the number of monoplanes in each sublayer. In the following, we shall restrict ourselves
to the presentation of results concerning standing spin waves (modes) only. This justifies
our taking the magnetic dipole—dipole terms to be negligible for the spin-wave properties
(except in giving a static demagnetizing field).

Since our bilayer sample remains symmetric under the operation of reflection with
respect to the interface, one obtains spin-wave modes of only two types, namely, symmetric
and antisymmetric. The perpendicular wavevector component £, = k is quantized by the
following two equations:

_cos[S(L+ K] {A:,. (la)
~cos[i(L~ DK | Aq (1)
where A, and A, are effective interface pinning parameters for symmeétric and antisymmetric

modes, respectively. The intrinsic interface pinning parameter b (see equations (1) and (25)

of paper 1 [1]) is now redefined as follows:
g8

—_1_ qAB_ 8KB . o
bm)=1-7 552, Jb[m Kin(m)] 2

Pk
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where m is a unit vector in the direction of the static film magnetization (assumed to be
homogeneous throughout the film), and z, denotes the number of nearest neighbours in
the adjacent plane. It has been established several years ago [5] that the general symmetry
properties of the surface/interface spin pinning allow us to express the pinning parameters
“involved as series expansions in spherical harmonics. In the present model, in accordance
with those findings, we can describe the configurational dependence of b(m) on the out-
of-plane angle © (the anglé hetween the film magnetization and the normal to the film) by
the following expansion: o

b@) =Y wPlos®). 3
=0 ’ : .

For further consideration we retain only the first two terms of this expansion since it has
already been established- that only those terms are relevant in single-layer films (6] when
interpreting FMR spectra. The final expressions for the effective interface pinning parameters
are given in table {, where the unjaxial contribution (coming from equation (3)) is denoted by
Din. The interface exchange coupling 7*B is allowed to take both positive (ferromagnetic)

~and negative (antiferromagnetic) values, in accordance with recent experimental findings

[7-17]. Similarly, the uniaxial interface-anisotropy constant Dim is-allowed to be either of
easy-axis type {Din > 0) or easy-plane type (Djy < 0).

Table 1. Interface pinning pargmeter 4 for symmetnc (s) and antlsymmetnc (a) bilayer modes

J*B <0  Respective formula T =0
Ay I'— Dim(3cos’@ — 1) Aq
A 1 - Dyp(3eos?@ = 1) — 2748 4,

We visualize in figure 1 the k-spectrum arising from equations (1), where the function
F(k} is plotted for the bulk modes (in the middle} and for interface modes (to the right for
acoustic (k = i) and to the left for optical (¢ = m + it) ones). On fixing some values of
the interface parameters 7*® and Djy. as welil as the configuration of the film magnetization
(the angle ©), the roots of equations (1) are found by searching for the points of intersection
of the respective straight lines (A, for symmetric modes or A, for antisymmetric modes)
parallel to the abscissa and curves F(k). It is evident from table 1 that, while all the modes
are affected by any change of the angle ¥ or the interface-anisotropy parameter Dig, a
change of the interface coupling J*F affects only every other mode. Note that for the
interface modes the wavenumber % is complex, and that what one finds from the graphs
- showr in figure [ are values of its respective imaginary parts ¢. Henceforth we shall be

discussing solely acoustic (k = it} interface modes. | :

3. Emergence of interface modes by rotation of the film magnetization

We shall devote the present section to a study of the conditions for the emergence of
interface modes when the tilt of the static magnetic field with respect to the film surface
is made to vary. The fillm magnetization follows the field, thus changing the angle ¢
of its orientatiori with respect to the film normal. Accordingly, we shall be referring to
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Figure 1. Accessory graph for the discossion of the characteristic equations (1). The roots &
correspending to symmetrical modes are obtained from the points of intersection of the straight
line A; with the curves, while those of the antisymmetrical modes are similarly cbtained from
the straight line A,. Bilayer thickness is assumed as 22 monolayers.

these effects as configurational effects. From figure 1, we note that the condition for the
existence of the acoustic IM requires that the interface pinning parameters defined in table 1
fulfil the inequality A > 1. The imposition of this condition ontc A; and A, determines
the range of angles ¢ for which one (symmetric) or two (symmetric and antisymmetric)
IM modes exist at fixed values of the other (interface) parameters. Figure 2 shows the
regions of existence of M in the J*B, ¢ plane as determined with the condition 4 > 1,
for either of the two possible types of interface anisotropy Dj,. When analysing the results
illustrated in figure 2, let us note that the angle for which the equality 3cos?# — 1 =< 0
holds is a highly specific angle since it defines the only configuration at which the interface
anisotropy contributes nothing to the interface pinning and the existence of an IM requires
only (as found in our earlier paper [1]) that the interface coupling shall be antiferromagnetic,
J4® < 0. Moreover, let us draw attention to the following interplay: in the region where
two interface modes exist, one is indebted for its existence to the appropriate value of
the interface coupling, whereas the existence of the other is due to the appropriateness of
the interface anisotropy values. It is instructive to follow the process of configurational
emergence of the two interface modes on the characteristic curves of figure 3 (where only
the case JA® < 0 and Dy, > 0 is considered): as the magnetization is made to rotate
from the perpendicular configuration (& =.0°) to the parallel configuration (# = 90°), the
first to emerge at ¥ < 55° is the symmetric IM (figure 3(a)) and later, at # = 55°, the
antisymmetric IM emerges (figure 3(5)). At angles & > 55° the two interface modes coexist
and jt is noteworthy that the antisymmetric IM is affected by the interface anisotropy Din
only; this mode becomes interface-localized at parallel configuration if Dy is positive but
becomes interface-localized at perpendicular configuration if Dy, is negative,

Now consider the configurational effects related to the evolution of the two energetically
lowest symmetric modes » = 1 and 3. These are the modes that govern the inception of
the double resonance spectrum in bilayer films because the intensities of the resonance lines
corresponding to them are the most significant against the background of the other lines,
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Figure 2. Interface modes exist in a bilayer film only for certain well defined angles ¥ between
" the film magnetization and the normal to the film surface depending on the type of interface

pinning anisotropy Din: (a) for easy-axis type, Dine > 0; (&).for easy-plane type, Dy, < 0.

Two interface modes exist in the more densely-shaded regions, whereas in the other parts of the
. shaded regions there exists only one IM.

We start from the case when the bilayer interface is characterized by antiferromagnetic
coupling (J*® < 0) and an easy-plane pinning anisotropy (Di: < 0). In figure 4 we
show the profiles of the symmetric modes n = 1, 3 and 5 corresponding to this case
in their configurationally induced variability with varying @ and (in the lower inset) the
evolution of the resonance spectium composed of these modes. Note that the line n = .1
.-corresponds to the IM in the whole range of variability of # and that in the & region close
to perpendicular configuration the pattern of the spectrum becomes inverted, 3 = J;. Now,
if we maintain the interface coupling antiferromagnetic but change the interface pinning
o easy-axis (Diy > 0) (see figure 5); the configurational evolution of the profiles and
spectra proceeds similarly albeit in the inverse order: now an inverted pattern of the
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Figure 3. The characteristic curves F(k) are used here to elucidate the emnergence of the
respective interface mode by way of rotation of the orientation of the film magnetization with
respect to the film surface: (&) for symmeltric mode; (&) for antisymmetric mode. For the case
considered here it has been assumed that interface exchange coupling is antiferrormagnetic and
the interface pinning anisofropy is of the easy-axis type. The interface pinning parameters used
here are thase of table 1. Note that the antisymmetric IM is not affected by the interface coupling.

spectrum appears at angles @ close to parallel configuration. Things are quite different if
interface coupling is ferromagnetic (JA® > Q; see figures 6 and 7); ferromagnetic coupling
makes the achievement of strong interfacial localization of the mode n = 1 by varying the
configurational angle ¥ more difficult, and an inverted pattern of the spectrum now fails to
appear at any of the configurations.

We arrive at very interesting conclusions if, as the quantities for our analysis of the
resonance spectrum, we chose the refative intensities of the spectral lines—in particular,
the ratic of the low-field (LF) line (»# = 3) intensity and the high-field (HF) line (n = 1)
intensity. Figures 8 and 9 show the configurational variations of the intensity ratio /3/1,
obtained for the combinations possible for positive/negative 7B and Din. In the case of
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Figure 4. Stick ferromagnetic resonance spectra of the bilayer film calculated for three
orientations # of the film magnetization with respect to the film normal for the case when
the interface exchange coupling is antiferromagnetic (A% < 0) and the interface pinning
anisotropy is of easy-plane type {Djn < 0). The calenlations are performed for the case when
both sublayers A and B have equal thicknesses (I | monolayers each). The pnits on the horizontal
axis are proportional to the normalized energy; peak intensities  have also been normalized by
assuming the Intensity of the highest peak as unity (in each spectrum separately). The profiles-
of the involved resonant medes (n = 1, 3, 5) comesponding to each configuration # are shown
in the upper parts of the respective drawings. The surface pinning anisotropies are absent (the
respective pinning parameters « and d are equal to unity).
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Figure 5, Same as in figure 4 for the case when the mterface pinning amsotropy is of easy-axis
type’ (Dlnt > 0),

ferromagnetic interface coupling (figure 8) the configurational variations of I3 /11 exhibit
a critical angle effect: at a certain value of ¢ the resonance spectrum becomes single-
peak—for this particular value of & the ratic I/I; = 0 (see also figure 7). The critical
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Figure 6. Same as in figure 4 for the case when the interface coupling is f’errorﬁagneﬁc
(778 = 0) and interface pinning is of casy-plane type (Dim > 0).
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Figure 7. Same as in figure 6 for the case when the interface pinning anisotropy is of eagy-axis
type (Dine > 0).

resonance spectrum always consists of but one resonance line, corresponding to excitation
of the uniform mode k = O; this, consequently, requires the fulfilment of the condition
A = 1. Thus, with regard to table 1, the critical angle amounts to #. = 55° in the case
of ferromagnetic interface coupling. In the antiferromagnetic case ¥, is determined by the
condition

(3eos? &, — 1) Dy = 2|75 @

and is no longer a constant but is dependent on the interface parameters; in particular, if the
latter are chosen appropriately (see figure 9), the system can fail to exhibit a critical angle.
There is yet another property that distinguishes the cases of ferro- and antiferromagnetic
coupling: in the latter case there exists another specific angle for which Iz/I; = 1 above
which the reguiar pattern of the spectrum goes over into the inverted pattern (or vice versa).
The occurrence of such an angle in the case of ferromagnetic coupling is unlikely with
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Figufe 8. Intensity ratio of the low-field {n = 3) and high-field (n = 1) lines of the bilayer-Alm
resonance spectrum (versus the configuration angle @ of the fitm magnetization) calculated for
the case of ferromagnetic interface exchange coupling.

regard to the very low intensities. obtained for the bulk medes in this case. As a rule, the
equality 3 = I; holds only if the HF line corresponds to IM excitation. _

Let us now consider the configurational dependence of the position of the resonance
lines. This will lead us to a simple criterion enabling us to identify the type of pinning
anisotropy at the interface. Figure 10 shows how the reduced energies of the modes
expressed in terms of cosk vary with the angle # (for the sake of completeness we have
included the antisymmetric modes n = 2 and 4 although they do not participate in the
resonance). These reduced energies provide a good reproduction of how the positions of
the lines of the experimental resonance spectra behave if reduced to a single common scale
on which the resonance field Hyyr corresponding to hypothetical ordinary FMR occupies
an invariant position throughout the whole range of variability of #. Now figure 10
shows convincingly that on performing this reduction we find that the resonance positions
" unequivocally exhibit a tendency to shift towards figher fields for interface anisotropy
pinning of the easy-axis type (Din > 0) and towards weaker fields for easy-plane type
pmmng (Diny < 0) irregpective of whether the interface exchange coupling is ferromagnenc
or antlfcrrornagnctlc

4. Ferromagnetic resonance intensity equalization effect

The previous section has introduced the proof that equalization of the resonance intensities
of the HF and LF lines of the spectrum can take place only if the lines correspond to
excitation of modes differing as to their nature: the HF line has to be of interface-mode (IM)
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Figure 9. Same as in figure 8 for antiferromagretic interface exchange coupling (JA% < 0):

type whereas the LF line has to be of bulk-mode (BM) type. Figuré 11 shows typical shapes
of the two (HF and LF) excited lines and figure 12 visualizes the essential interdependence
of their profiles residing in the fact that an increasé in localization of thé IM is correlated
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antiferromagnetic interface exchange coupling - 74% and different types of interface pinning
anisotropy (Din). Note that the energy is scaled in such a way that the pdsition of the
hypothetical uniform mode remains unchanged with varying angle .
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with a simultaneous shift of the nodes of the BM towards the interface. Moreover we keep
in mind that the existence of a symmetric IM requires that the respective interface pinning
parameter shall fulfil the inequality A > 1 (in this section, for brevity, we shall be writing
A in place of Ag). .

Inserting k = it (¢ is the localization increment of the IM} into equation (Ig) we obtain
the following equation:

. cosh[$(2N + 1)1l

cosh[L(2N — 1)1l ®)
which we solve in the following approximation (see [18]):

e L ' : : ©)
The inequality (6) is satisfied if & 3> 1. In this approximation, equation (5) yields

e = A. N

On the other hand, the IM amplitude can be expressed as a function of the localization
increment in the form e~V¥, where r measures the distance from the interface in lattice
units across the film (see figure 11). Finally, the normalized amplitudes of the IM can be
expressed explicitly in terms of the interface pinning parameter A as follows:

1 a2-1 Y
—_ — -|r . —_
uwlr) = 7 (A2 — A-2(N—2)) A (interface mode, n = 1). (8)
To derive the respective formula for the bulk mode 2 = 3 we adopt an approximation that

resides in linearization of its amplitude across the bilayer film. In this approximation we

use the formula (4.14) of [6] allowing us to express the respective (n = 3) mode amplitude

by the interface pinning parameter A. However, when performing this linearization, we

have to take care to preserve the proper location of the nodes specific for the bilayer mode,

as indicated in figure 12. The formula thus obtained for the normalized amplitudes reads

as follows:

3\
upm(r) = (ﬁ) [1+NA-D+NA-DH2

X [1 —|r| (A -1+ ~N—i—1)i| (bulk mode, n = 3). )]

The two formulae (8) and (9) jointly provide a very good picture of the mutual correlation
holding between the increase in strength of the IM localization and the simultaneous shift
of the nodes of the BM towards the interface, as shown in figure 12.

The intensity of the resonance line is proportional to the squared sum over the respective
mode amplitudes across the bilayer film. Using the formulae (8} and (9) we obtain for the
IM and BM lines, with accuracy to the same omitted constant factors,

A+1A—AH-2
e ~2—2 Ao o : (10)

3 (A—1)N?

T~ = —— T
M 2T+ (A - DN

(1D
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Figure 11. Accessory graph for the derivaﬁbn of the formulae (8) and (9) expressing the
amplitudes of the two energetically lowest bilayer symmetrical modes (when the respective
interface pinning parameter A is greater than unity).

permitting the determination of the intensity ratio R as

| A—1)2 N = A4+ A-W-D
Iy _3(A-1F - + - _ 12)

R=—
T 4 A+1 A—l‘l‘l/NA—A_(N_Z)

In order to get some idea of the range of validity of equation (12) we have plotted in
figure 13 the strict dependence of R on N obtained by numerical computation: we thus
find that equation (12) is applicable only in the range of (great) N values where the function
R(N) is strictly or almost linear (in figure 13 this occurs for N > 15). For a very gréat N
we may neglect in equation (12) the contribution from the last factor (the one containing
N in the exponent). This leads us to the following, still simpler expression: -

R~ -g-N(A — DA+ DA—1+ 1)N)1 (13)'

-whence we easily derive the interface pinning paramefer A as a function of the intensity
ratio R and the film thickness L (= 2N):

A=1+ [R+ (R + ERYGL - R). (14)

Thus, we see that the experimental measurement of the intensity ratic R and, more
particularly, the experimental observation of the equalization effect (R = 1) provides a
direct guantitative method for the determination of the mterface pinning characteristics on
the basis of equation (14).

In the next section we shall give an assessment of the accuracy up to which the
approximate formula (14) enables us to determine the interface exchange coupling.
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Figure 12 The two energetically lowest symmetrical modes in their dependence on the value
of the antiferromagnetic interfacial exchange coupling {the case with [, = 0). Note the
correlation between the strength of the localization of the irterface mode and the location of the
nodes of the bulk mede,
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Figure 13. Numerically determined exact values of the intensity ratio of the (HF) interface-mode
line and the (LF) bulk-mode line versus the bilayer film thickness. The film thickness L = 2N
fnonolayers, and the (symmetrical) interface pinning parameter value is setat A, = 1.2,
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5. Ferromagnetic resonance specfrum dependénce ont bilayer film thiclgpess

In this section we shall restrict ourselves to considering the perpéndicilar configuration
(& = 0°) and shall assume that uniaxial interfacé anisotropy is absent {Dj; = 0). The
effective interface pinning parameters for the case under consideration are 'a'ssemblet'! in
table 2. Figuté 14 shows the computed FMR speciitifn in its evoiutibﬁ with varying film
thickness L. Since we have choseit the interface coupling as antlferromagnetlc the ﬁrst
line of thé spectrum cbrresponds to the IM and the second liné to the BM A hlgfﬂy
charactefistic feature of this evolution residés in the fact that the positiof ‘of the ™ is
practicdlly independent -of the film thicknéss, whereas the BM line tends to a positidh
correspondmtr to the uniform fjode {UM). The chanoe in the relative mtensxtres of the
two liries accompanymo the variations in L is mterpreted in ﬁgure 15, Whéré we ncte that_
with growing L the strenfvth of the IM localization increases and is accompamed by a shift -
of the nades of thé BM profilé towards the intetface.

Table 2. Interface pinding pardmeter A for symmetiit {s) and antmymmetnc (a) bilayér modes
(ML ﬁlm) -

FM <0 _ Reqpeetwe formu!a . j‘AB >0
fiu ) 1- ZDmi ) AS .
As_ L, ___l - Z(D.int + JAB) 54:1

Work on thesé film thickress effects dppears to bea promlsmg field of research smce—
as predicted by equation (13)—=:the relation between the intensity ratio R and the ﬁlm
thickfiess L shéuld be linear. If éxperiment confirms this lmeanty, équation (14_) 1eads us
to the following formula foi the interface exchange coupling integral JAB:

TR (R 4 (R BRI/ — 2R). | a5

As an example, ifi table 3 we give the values of JAB calculated with equatidn (15) fot
different values 6f R ‘and L and, for companson the exact numerrcal results. One hotes
that the results obtained for 74P with equat:on (15) are the better the greater are R and L

Table 3. Calculated values of ant:ferromagnetlc (negative) interface exchange couplmg J KB
for dlfferent inteRgity ratlos

Cr ez .. o e " . — e
T ErEa— P T T TS Ty T

L e 15 RIey

lntenelty ratio . ,

C RE=Ipm/im " R=0{s5 : R=1 - R=2 RuY
Fiiin thickness S = — = e e
‘L (monotayersy 10 28 40 10 20 40 10 20 . 40, 10 20, RN

7% Exagt vilue 0415 0170 0.078 0691 0257 (.114 L720 0466 0.188 — 1240 033f4
Equanon(m 0222 0:105 0051 0454 _ 0192 0089 L3206 0421 0l = 1234 0393

o R r— =g T P A Y S ey prmE——
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RILAYER FMR SPECTRA
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Figure 14, Stick FMR bilayer spectra (for perpendicular configuration) calculated for various film
thicknesses, for the case of antiferromagnetic interfaciat coupling JAB = —0.1. The herizontal
axis corresponds to the normalized energy (i.e. cosk). M means interface mode and BM bulk
mode, and the position of the hypothetical uniform mode is marked a5 UM,

6. The position of the interface mode versus the interface parameter

Here, too, we shall consider the perpendicular configuration (# = 0°) only. The bulk spin-
wave mode energy, expressed in terms of the wavenumber £, is, in this case, given by the
following formula:

E(k) = 4SJyz1 (1 — cosk) + gus(H + H, — 4z M) (16)

where the effective field acting on a given spin is expressed as the sum of the external
static field H, the uniaxial bulk-anisotropy field H, and the demagnetization field —4m M.
Obviously, % is quantized by equations (1) with the respective pinning parameters defined
as in table 2. For interface modes & = if, and in equation (16) the trigonometric cosine
should be replaced by the hyperbolic cosine; simultaneously, equations (1) read

cosh{$(L + 1)1] { As (17a)
cosh(1(L — 1)7] | Aa- (176)
It will prove convenient to make use of the reduced energy, expressed simply by cos £ for

bulk modes and cosh for interface modes. The reduced energy determines (with accuracy
to a constant) the position of the resonance field in units 45,2, /gue.
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MLFILM; a=d=1 #%=-01.

L=40

8M

Figure 15. Profiles of the modes associated with the resonance lines depicted in figure 14.

Figure 16 shows the reduced energies of the resonance modes (IM and BM) in their
dependence on the interface coupling and. the bilayer film thickness, on the simplifying
assumption of Dy, = Q. For comparison, the energy level corresponding to the resonance
field of the uniform mode (UM) is also indicated in figure 16; it will be kept in mind-that since
the position of the UM corresponds to & == 0 exactly, the UM occurs in the spectrum only if
the necessary boundary conditions are fulfilled. Therefore, what we call ‘the UM position’
represents no more than a point of reference on the scale of the spectrum. Noteworthy are
the following characteristic features of the graphs: (i) the separation between the positions
of the modes IM—-BM is much more sensitive to changes in film thickness than to changes
in interface coupling: whereas, on the contrary, (ii) the separation IM-UM is essentially
sensitive to changes in J*8 only. This is why we propose to use (rather than the separation
of the two resonance. lines) the separation IM—UM for the determination of the interface
characteristics. . :

Equation (17) is solvable in the approximation to L > 1 (see [18]). We then obtain,
as in section 4, &' = A, enabling us to express the energy of the interface mode in the
following form: ' : -

Ena(A) =25020(2 — A —1/A) + gup(F + Hy — 4w M) (18)
whence
| 8H = Uhv— Howgus/QSha) = A+ (/A -2 (19)
and, finally, |
' A=1+ éH + [(BH): + 28 H]V2. _ o 0

Equation (20) enables us to calculate the value of the effective interface pinning parameter
_ A from the separation of the positions of the IM and UM; it is worth noting that to this aim
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Fipure 16. Numerically caleulated positions of the bilayer em® lines (1M interface mode, aM
bulk mode) versus (a) the interfacial coupling .7A® and (&) the film thickness L, for the case
Dipe = 0 (i.e. no intrinsic intetface anisotropy). The ordinate axis is scaled in d:menqmn[ess
units of the reduced energy (simply: cosk).

equation (20) is applicable both for symmetic and antisymmetric M (obviously, 4 now
stands for Ay or, respectively, A,).

It should moreover be noted that figure 16 provides us with a straightforward criterion
for the identification of the IM lihe in the bilayer FMR spectrum by varying the thickness
of the bilayer film: in the range of great thickness L its position is practically insensitive
to variations in L, whereas in that of intermediate L it shifts towards stronger fields with
decreasing L while the BM line shifts towards weaker fields.
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7. Experimental implications

Let us discuss briefly the typical FMR experiment performed in bilayer films., Heinrich
et al [I9] studied the FMR spectra obtained in ultrathin well defined bilayers of
Fe(001)/Cu{001)/Fe(001) with Cu thicknesses ranging between 6 and 12 monolayers (ML).
Moreover they performed supplementary measurements on Fe/Cu and Cu/Fe single-layer
films, where the Fe layers were respectively 5 to 10 ML thick, i.e. the same as in' their
bilayer samples. Their resuits can be summarized as follows;

(i} the single-layer Fe films always showed but one resonance peak, with positions
differing between the two control samples becanse of the differences in thejr petpendicular
uniaxial anisotropies; '

(i1) also those bilayer films where the Cu interlayer thickness dg, was less than & ML
showed but one resonance peak;

(iit) all bilayers with dgy > 9 ML, on the other hand, exhibited two resonance peaks in
FMR, the weaker peak always being located at the high-field side of the spectrum.

Independently of FMR, other studies by the same authors showed that in weak external
fields the magnetizations of the two Fe sublayers were parallel if the interlayer thickness doy
was less than 9 ML and antiparallel if de, > 9 ML, suggesting that the magnetic coupling in
(Fe/Cu/Fe) bilayers changes from ferromagnetic to antiferromagnetic when the Cu interlayer
thickness reaches =~ 9 ML. This allows the authors to cdnjecture that the weaker resonance
peak is of ‘optical’ nature, i:e. (in accordance with the authors’ terminology) corresponds
to the mode in which RF magnetizations osc1llate out of phase, whereas the iemajning
(stronger) peak is of acoustic nature.
Our microscopic theory also {though differently) explains all three (listed above)
. characteristic features of the experimentally observed FMR spectra. We come to the
conclusion, however, that both the HF and LF resonance peaks observed in (Fe/Cu/Fe)
_ bilayers are acoustic in nature, i.e. they correspond to modes whose RF magnetizations
oscillate in phase, but differ in that the weaker peak corresponds to the mode that is
tocalized at the interface (“interface mode’) whereas the stronger peak is spatial in nature
{‘bulk mode’). Precisely, the strict precondition for the existence of an interface-localized
mode resides in the emergence of antiferromagnetic coupling through the interface between

. the sublayers; this explains why it exists in the FMR spectrum as an additional peak only in
those samples where dgy > 9 ML.

‘With a view to experimental measuremenrs on real systems, it may now be of interest to
calculate the interface parameters (resulting from our theory) necessary for the occurrence
of the IM in their spin-wave resonance (SWR) spectrum and, particularly, for the equalization
effect (R = 1) to set in. With this in mind we shall derive a formula enabling us to express
our microscopic (dimensionless) interface pinning parameter A in terms of the macroscopic
measure of interface pinning energy Eip generally used by the experimentalists, ie. the
energy of all interface spins-present per unit area (erg cm~2). Similarly as the surface
pinning energy Equr is expressible in terms of the surface pinning parameter (see [18]), the
interface pinning energy can be expressed in terms of the interface parameter A as follows:

Em = S'20hag (A =1~ o @1

"~ with ap the laftice constant. On the other hand, with regard to the dlsperswn law
{equation (16)), the resonance condition for perpendxcular field orientation takes the form:

(w/y) = (4SJbZJ_/gMB)(1 —cosk) + (H + H, — 4x M) 22y
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or, in the long-wavelength approximation (k = 0),
(@/¥) = QAx/M)(k/ap)* + (H + Hy — 4 M) (23)

where M is the bulk film magnetization, and the exchange stiffness constant Aey is expressed
by the microscopic guantities as follows:

Aew = STz Mag/gup = S*hzrag’ _ (24)
This allows us to replace (21) by the following formula:
Eqp = Aexan_] (Ajm — . (25)

Likewise, we reinterpret the quantity 8 H, given microscopically by equation (19), in terms
of the macroscopic quantities as follows:

§H = (Hm — Hom)(M/2Ax)a3. (26)

We shall now make an estimate for a material with magnetic properties close to those
of Permalloy NiggFesxn. This amounts to the assumption of ap = 3 A, Aex = 10 x
1078 erg cm™! and 47 M = 8.5 kG. Assuming that the IM peak is distant from the UM
position by 10° G, and on applying equation (19), we arrive at §H = 3 x 10~* which, with
equation (20), gives the value of the interface parameter required, namely A;, = 1.025.
Moreover if we require that equalization of the resonance intensities, R = 1, shall take place
for A = 1.025, we get with equation (14) a value of L = 250 ML for the film thickness,
which is equivalent to about 2 x 400 A and lies well within the thin-film range. On the
other hand, our estimate of the interface parameter value involves an interface energy of

Einy = 3 (A — 1) x 10° erg em2~083ergem 2 27

well within the range of energies measured in experiments on real magnetic films.

Throughout the present work, aimed at an illustration of the resonance effects related
to the existence of IM, we used A values considerably in excess of that obtained above (as
required for real specimens). Obviously, we were led to proceed along these lines because
our numerical computations were carried out for a film with a thickness of as little as
L =22 ML. By equation (14), a film as thin as that requires an A value much greater than
for a film one order of magnitude thicker, to obtain the same equalization effect (strictly, a
difference of one order of magnitude in the film thickness involves a similar change in the
value of (A — 1) which, as well, results from equation (14)).

We shall now estimate the value of the interface coupling exchange integral JAB for the
situation considered above. For the sake of simplicity, we shall assume Dj, = 0, leading
to Aj = 1 —27*B. The reader who has gone through our preceding estimates is now well
aware that the only significant contribution to A, equation (20), comes from the term in
28H. Thus, we are justified in writing

Aine = 1+ (28H)V2, (28)
With regard to (26), this leads to

At = | + aol{(M/ Ae) (Hy — Ho)]™? (29)
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and, by (25) we get 7 |

Em = [MA“(HM Huw)]'Y? : (30)
and _ 7

B = —(ao/2)[(M/Aex) (Hivt — Hnd) s 31

With Hyq — Hum = 10° G for Permalloy, we find J48 = —0.01254, and arrive at the

~ value of Ej, = 0.83 erg cm™2 calculated above. We now evaluate these quantities for Fe

assuming 47 M = 21.5 kG, gy = 2.86 x 107% cm and A, = 2.09 x 1076 erg e~

With equations (30) and (31) we obtain, . respectively, JAB = _0.0116J, and Ejp =
1.90 erg cm~?, leading to an interface parameter value very close to that obtained for

Permalloy (Py): Ay = 1.023.

The preceding estimates incline us to the general conclusmn that the observanon of
the IM peak becomes possible already at an interface exchange coupling of the order of
one-hundredth of the exchange bulk coupling (and all the more so-at greater values).
As probably the best candidate fulfilling the above conditions we see Fe/Cr/Fe bilayers,
where interface coupling is antiferromagnetic over a'range of thickness of Cr (estimated
at s A < der < 30 151). In fact, in the literature available to us we have come upon
- an unpublished work by Bosse [20] where we identify the IM peak in the SWR spectra
obtained in his experimental work on Fe/Cr/Fe bilayer films. Noteworthy in this respect are
figures 6.20 and 6.24 of Bosse’s work [20] giving his SWR measurements for Fe,zn/CrfFelzg
with variable Cr thickness (the thickness of the Fe sublayers amounted to 120 A each)
Bosse estimates that antiferromagnetic mterfacg coupling was the strongest at der = 8 A,

for which value of the Cr thickness the FMR spectrum showed an inverted pattern (i.e.
R > 1), with a separation of AHj, =~ 10° G. His value reported for the ‘interface coupling
energy’ is Ay = 0.5 erg cm~2 (Bosse’s definition of the interface energy corresponds to our

,%Emt) and is in the range of our estimate of 0.95 erg cm™2. At the time of his measurements,
Bosse [20] obviously did not interpret the high-field line observed by him as being due to
IM excitation. This, at present, appears to us to be its true interpretation, as resulting from
our theoretical predictions.

_ Also, the latest, as yet unpubhshed measurements by Hurdequint and co-workers
[21] on the system Py/Al;Os/Py appear, in our opinion, to exhibit the presence of the
IM peak. However, maybe a still better candidate of a system based on Permalloy for
studies on the IM peak can be Py/Cu/Py in a range of Cu thickness where interface
coupling is antiferromagnetic. Also, Bosse [20] carried out SWR measurements on such
a Permalloy—copper system for different configurations of the angle ¢ (see figure 6.3 of
[20]) and determined a critical angle . = 82.8° in Py330/Cuse/Pyspo. This result, when
confronted with our formula {equation (4)), shows that Bosse’s bilayer fulfils the relation
Dine =~ 21748 < 0, leading us to the conclusion that the IM peak is present in the SWR
spectra obtained for configurations with- & > #,. (The possible source of Dy, may be
associated with the interface magnetostriction [22].) It is to be regretted that {20] contains
no further results that might enable us to check this hypothesis; so all we can do is to invite
the experimentalists o proceed to further measurements on Pyse0/Cuso/Py3g0. 7

Finally, it may be worth noting that our equation (31) can be rewritten in the form

B = —ao[ (i — Huna)/2De] 20 (32)

where Dex = 2Aex/ M is the exchange constant. Equation (32) shows that the greater Dey in
a given material, the better are conditions for the experimental observation of the IM peak.
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