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Interface-mode absorption line in ferromagnetic resonance 
of antiferromagneticaIIy coupIed bilayer films: II. Effects of 
static field configuration and film thickness 

Henryk Puszkarski 
Surface Physics Division, Physics Institute. A Mickiewicz University, Poznafr, Matejki 48/49, 
Poland 60-769 

Received 23 June 1993, in final form 14 October 1993 

Abshacr  We present a furlher development of our microsCopic theory of the interface spin-wave 
mode(1M) in exchange coupl+ bilayer films using the Heisenberg model and including interface 
inhomogeneity. in the spin (exchange, Zeeman and interface uniaxial ?nisotmpy) Hamiltonian. 
Our theory holds forarbitary (with respect to the film normal) configuration angle 0 of the film 
magnetization, arbitmy fmdantifmomagnetic interface exchange coupling J, and arbitmy 
(easy-axideasy-plane) uniaxial interface anisotropy Di. .Conditions for the Occutrmce of the IM 
peakin the bilayer ferromagnetic resonance spectrum are discussed in detail, and a method of 
resorting to this peak for measuring the interface coupling and pinning anisotropy is proposed. 
In particular we predict the existence of a critical configuration angle for IM emergence at 
film magnetization rotation; for antiferromagnetic coupling is a function of the ratio JiJDi. 
Our estimates for real specimens lead to the g e n d  conclusion that observation of the IM peak 
becomes possible already at interface antiferromagnetic exchange coupling of the order of one- , 

hundredth of the exchange bulk coupling. 

1.~ Introduction 

In an earlier paper..[l] (part I) we proposed the hypothesis 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 
essentiahgument invoked by us in favour of this hypothesis was that it naturally leads to 
the emergence of an inverted pattern of the resonance spectrum, 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 modvand  thus provides a 
qualitative confirmation of our hypothesis. 

The present paper contains a development of our theory of resonance excitation of the 
interface mode with the aim to permit its quantitative experimental 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 JM 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 He, is 
oriented at some angle with respect to the film normal 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 HCx 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 interfaceanisotropy fields. We perform our caIcularions within the 
framework of the Heisenberg localized-spin model assuming nearest-neighbour exchange 
interactions and aZeeman Hamiltonian in standard form. We denote by Jb the bulk exchange 
integral (between nearest neighbours) and by J A B  the exchange integral describing coupling 
through the interface; we denote by rAB JAB/Jb the ratio of the two integrals. We 
assume the intrinsic interface-anisotropy field (denoted 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 insignificantly affect the boundary equations at the interface. The 
bilayer film thickness (in lattice units) is assumed to be L - 1 5 2 N  - 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 kL E k is quantized by the 
following two equations: 

where A, and A, are eflective interface pinning parameters for symmetric and antisymmetric 
modes, respectively. The intrinsic interface pinning parameter b (see equations (1) and (26) 
of paper I [l]) is now redefined as follows: 
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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 ZL denotes the number of nearest neighbours in 
the adjacent plane. It has been established several years ago [SI that the general symmetry 
properties of the surfacdinterface 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 configurgtional dependence of b(m)  on the out- 
of-plane angle B (the angle between the film magnetization and the normal to the film) by 
the following expansion: 

(3) 

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 161 when 
interpreting FMR spectra. The final expressions for the effective interface pinning parameters 
are given in table I ,  where the uniaxial contribution (coming from equation (3)) is denoted by 
on[. The interface exchange coupling TAB is .allowed to take both positive (ferromagnetic) 
and negative (antiferromagnetic) values, in accordance with recent experimental findings 
[7-171. Similarly, the uniaxial interface-anisotropy constant Dint is allowed to be either of 
easy-axis type (Dint > 0) or easy-plane type (Dint i 0). 

Table 1. Interface pinning parameter A for symmetric (s) and antisymmetric (a) bilayer modes 
(b,, = 0). 
JAB < 0 Respective formula J A B  > 0 

A, I.-  &,(3 COS* e - I)  A, 
A, 1 - L M 3  cos' ti - 1) - 2JA0 A, 

We visualize in figure 1 the k-spectrum arising from equations (l), where the function 
F ( k )  is plotted for the bulk modes (in the middle) and for interface modes (to the right for 
acoustic ( k  = it) and to the left for optical (k  = z + it) ones). On fixing some values of 
the interface parameters JAB and Din, as well as the configuration of the film magnetization 
(the angle B), the roots of equations ( I )  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 6 or the interface-anisotropy parameter Din,, a 
change of the interface coupling JAB affects only every other mode. Note that for the 
interface modes the wavenumber k is complex, and that what one finds from the graphs 
shown in figure I are values of its respective imaginary parts t .  Henceforth we shall be 
discussing solely acoustic (k = if) 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 film magnetization follows the field, thus changing the angle 6 
of its orientation with respect to the film normal. Accordingly, we shall be referring to 
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Figure 1. Accessory graph for the discussion of the characteristic equations (I). 'The mots k 
corresponding to symmetrical modes are obtained from the points of intersection of the stnight 
line A, with the curves, while those of the antisymmetrical modes are similarlv obtained from 
the straight line A,. Bilayer thickness is assumed 3s 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 onto A, and A, determines 
the range of angles 0 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 IM in the TAB, I9 plane as determined with the condition A z 1, 
for either of the two possible types of interface anisotropy Di.. When analysing the results 
illustrated in figure 2,. let us note that the angle for which the equality 3 cos' 19 - 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 [I]) that the interface coupling shall be antiferromagnetic, 
TAB 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 TAB c 0 and Dint > 0 is considered): as the magnetization is made to rotate 
from the perpendicular configuration ( B  = 0") to the parallel configuration (0 = go"), the 
first to emerge at 19 < 55" is the symmetric IM (figure 3(u)] and later, at I9 = 55", the 
antisymmetric IM emerges (figure 3(b)). At angles I9 z 55" the two interface modes coexist 
and it is noteworthy that the antisymmetric IM is affected by the interface anisotropy Dint 
only; this mode becomes interface-localized at parallel configuration if Dint is positive but 
becomes interface-localized at perpendicular configuration if Dint is negative. 

Now consider the configurational effects related to the evolution of the two energetically 
lowest symmetric modes n = 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 il bilayer film only for certain well defined angles 19 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. Din! z 0: (b) for easy-plane type, Dint < 0. 
Two interface modes exist in the more densely-shaded regions, whereas in the other pm of the 
shaded regions there exists only one LM. 

We .start from. the case when the bilayer interface is characterized by antiferromagnetic 
coupling (JAB i 0) and an easy-plane pinning anisotropy (Dint < 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 I9 and (in the lower inset) the 
evolution of the resonance spectrum composed of these modes. Note that the line n = .I 
corresponds to the 1M in the whole range of variability of I9 and that in the I9 region close 
to perpendicular configuration !he pattern of the spectrum becomes inverted, 13 3. I , .  Now, 
if we maintain the interface coupling antiferromagnetic. but change the interface pinning 
to easy-axis (Dint > 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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FILM) 

, FILM1 

II  FILM1 

1 FILM1 

Figure 3. The characteristic curyes F ( k )  are used here to elucidate the emergence of the 
respective inlerface mode by way of rotation of the orientation of the film magnetiwlion with 
respect to the film surface: (U)  for symmetric mode; (b) for antisymmetric mode. For the case 
considered here it has been assumed that interface exchange coupling is anliferromagpelic and 
the interface pinning anisotropy is of the easy-axis type. The interface pinning parameters used 
here are those of table I .  Note that the antisymmetric IM is not affected by the interface coupling. 

spectrum appears at angles 4 close to parallel configuration. Things are quite different if 
interface coupling is ferromagnetic (JAB 0; see figures 6 and 7): ferromagnetic coupling 
makes the achievement of strong interfacial localization of the mode n = 1 by varying the 
configurational angle 4 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 relafive intensities of the spectral lines-in particular, 
the ratio of the low-field (LF) line (n = 3) intensity and the high-field (HF) line ( n  = I) 
intensity. Figures 8 and 9 show the configurational variations of the intensity ratio / 3 / 1 ,  
obtained for the combinations possible for positivelnegative JAB and Dint. In the case of 
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( a )  330" ibl 3=55' - id 4=90" 

L.22 ; a=d=l ;9, AB :-0.2 ; Di,,=-0.15 

Figure 4. Stick ferromagnetic resonance spectra of the bilayer film calculated for three 
orientations 18 of the film magnetization with respect to the film normal for the case when 
the interface exchange coupling is antiferromagnetic (JAB < 0)  and the interface pinning 
anisotropy is of easy-plane type (Dint i o ) .  The calculationsare performed~for the case when 
both sublayers A and B have equal thicknesses ( I  I monolayers each). The pnifs on the horizontal 
axis are proportional to the normalized energy; peak intensitiwhave also been normalized by 
assuming the Intensity of the highest peak as unity (in each spectrum sepantely). The profiles 
of the involved resonant modes (n = I ,  3, 5 )  corresponding to each oo"fiiuration 18 are shown 
in the upper par& of the respective dnwi?gs. The surface pinning anisotropies are absent (the 
respective pinning parameters U and d are equal to unity). 

1 L=22 a=d=l ; 9m =-0.2 i Din, =+0.15 I 
Figure 5. Same as in figure 4 far the case when the interface pinning anisotropy is of wy-axis 
type (LAn8 > 0). 

ferromagnetic interface coupling (figure 8) the configurational variations of Z3/11 exhibit 
a critical angle effect: at a certain value of I9 the resonance spectrum becomes single- 
pea!-for this particular value of I9 the ratio Z~/II = 0 (see also figure 7). The critical 
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L.22 ; o=d=l;$AE=0.2 ; D,,t=-0.15 1 

Figure 6. Same as in figure 4 for the case when the interface coupling is ferromagnetic 
(JAB > 0) and interface pinning is of easy-plane type ( D m  > 0) 

PB L = Z ;  O=d=l;$ ~ 0 . 2  ; Dn=0.15 
(SI (4 

8.55" 

Figure I. Same as in figure 6 for the case when the interface pinning anisotropy is of easy-axis 
type (Dh > 0). 

resonance spectrum always consists of but one resonance line, corresponding to excitation 
of the uniform mode k =~ 0; this, consequently, requires the fulfilment of the condition 
A = 1. Thus, with regard to table 1, the critical angle amounts to fiC = 55" in the case 
of ferromagnetic interface coupling. In the antiferromagnetic case ffc is determined by the 
condition 

(3c0s~fic - l)Di"t = Z I P  (4) 

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 k / I ,  = 1 above 
which the regular 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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P I I 

Figure 8. Intensity ratio of the low-field (n = 3) and high-field (n = I )  lines of the bilayer-film 
resonance s p e c "  (versus the configuration angle B of the film magnetiwtion) calculated for 
the case of ferromagnetic interface exchange coupling. 

regard to the very low intensities~obtained for the bulk modes in this case. As a rule, the 
equality 1, = 11 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 cos k vary with the angle 4 (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 Humif corresponding to hypothetical ordinary FMR occupies 
an invariant position throughout the whole range of variability of B. Now figure 10 
shows convincingly that on performing this reductiqn we find that the resonance positions 
unequivocally exhibit a tendency to shift towards higher fields for interface anisotropy 
pinning of the easy-axis type (Dint =- 0) and towards weaker fields for easy-plane type 
pinning (Dint e 0) irrespective of whether the interface exchange coupling is ferromagnetic 
or antiferromagnetic. 

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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Fibre  9. Same as in figure 8 for antiferromagnetic interface exchange coupling (TAB e 0): 

type whereas the LF line has to be of bulk-mode (BM) type. Figure 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 increase in localization of the IM is correlated 
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(11 3 [@-FILM NORMAL) Ill1 

(I) 8(@-FILM 'NORMAL) (Ill 

Figure 10. Bilayer spin-wavs mod0 energies (simply: cos k )  versus the configurational angle 
I¶ of film magnetization (n labels the modes) for the case of (U) ferromagnetic and ( b )  
antiferromagnetic interface exchange coupling 3'' and different types of interface pinnieg 
anisotropy (Oi.,). Note that the energy is scaled in such a way that the position of the 
hypothetical uniform mode remains unchanged with varying q g l e  9. 
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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 A?). 

Inserting k = it ( t  is the localization increment of the IM) into equation (la) we obtain 
the following equation: 

cosh[;(ZN + 1)iI 
= A  

~0sh[;(2N - 1)tI 

which we solve in the following approximation (see [IS]): 

<< 1. (6) e-2N~ 

The inequality (6) is satisfied if N >> I. In this approximation, equation (5) yields 

e' = A .  (7) 

On the other hand, the IM amplitude can be expressed as a function of the localization 
increment in the form e-'''*, 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: 

um(r )  = - A-lrl (interface mode, n = 1). ( 8 )  

To derive the respective formula for the bulk mode n = 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: 

(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, 

3 ( A - l ) N Z  
IBM - 5 1 + ( A  - 1)N 
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BULK MODE [n=31 

I INTERFACE MODE ln=ll 

I I 
Figure 11. Accessory graph for the derivation 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 

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 great 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 N $ N ( A  - I)’/[(A + 1 ) ( A  1 + I / N ) ]  (13) 

whence we easily denve the interface pinning parameter A as a function of the intensity 
ratio R and the film thickness L (E Z N ) :  

Thus, we see that the experimental measurement of the intensity ratio R and, more 
particularly, the experimental observation of the equalization effect (R = 1 )  provides a 
direct quantitative method for the determination of the interface 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 iZ. The two energetically lowest symmetrical modes in their dependence on the value 
of the antiferromagnetic interfacial exchange coupling (the cme with bj., = 0). Note the 
correlation between the strength af the localization of the idterface mode and the location of the 
nodes of the bulk mode. 

cc 0 f I19 ‘ 2 1 _ . 7  

z as 

$ 
$ Q3 

z 
0.0 

6 10 20 30 La 

NtM THICKNESS L lMoNOlAERS1 

Figure 13: Numerically determined exact vnlues of the intensity ntio of the (HF) interface-mode 
line and the (LF) bulk-mode line versus the bilayer film thickness, Th$ film thickness L 3 2N 
monolayers. and the (symmetrical) inferface pinning panmeter value is set at A, = 1.2. 
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5. Ferromagnetic resonance s@Fetrum dependence on, bilayer fiJh thichess 

In this section we shall restrict ourselves to considering the perpendidulai. <onfiguration 
(19 = 0") and shall assume that uniaxial interface anisotropy is ab & 0). The 
effective interface pinning parameters for the case under consideration are '&sembled ifi 
table 2. Figure 14 shows the computed FMR spectrum in its evolution with, v a j i d g  $lm 
thickness L; Since we have chosen the interface coupling as antifekomagnetih fie first 
line of the spectrum corresponds to the IM and the second line to the BM. A highly 
characteristic feature of this evolhtion resides in the fact that the position Sf the iM is 
practicdily independent of the film thickniss, whereas the EM line tends to a PO 

corrBpond,ing to the uniform mode (uM). The change in the relative htensitjis' 
twb lines accompanying the variations in L is interpreted in figuie 15, where we n6te ih& 
with growing the strength of the IM localization increases arid is accompani,edby a shift 
of the nodes of the BM profile Lowards the inteiface. 

Table 2; Interface pinding pqiimeter A for symmgtri% (s) and antisy&ei&c (a) bilayer'mohes 
( M I  film). 

A.. L -~2D;.1 A. 

. .  . . .  . . _  
348  c 0,. -. ~ e s p e c t i v ~  fo&& . ,?AB =- 0 ._ 

~~ .. -. 

.... 
. . .  I - XDim + TAB) A, , ,, 

. .  . . . . . .  
As ~ . 

.. ~, 

Work on thess film thickness'effects appears to be a promising field of G e a i c h  since- 
as predicted by equation (I>)-the reiation between the intensity ratio R an:d the film 
thickness should b e  Iineaf. If ekperiment confirms this iinearity, equation (14) @'ads us 
to the following formula for the interface exchange coupling ihtegrai, TAB: 

zAB = -[e + (R* + $R)l /Zl / i iL  - ZR). (jji 

As an example, in table 3 we give the vdues 'of JAB calculated with equ,kion (15) €OF 
different values of R and L and, for comparison, the exact numeri'cal results. Qije ndt& 
that the restilts obtained for JAB with equation (is) are &e better the &reater are 2 and i: 

Tabie 3. Calculated values of antiferromagnetic (nbgative) interfke exchqk couplZig jA% 
foi different intelisity ratios. . .  

....... - ' ... . _,-  ........ . . . . . . . . . . . . . . . .  ...... . . .  ... .......... -, .. - ._ ~ - ~ ,  - 
lntehsity mi0 

R = l  R = 2  'R "= . . .  ..... _ _  . .~ . .... 

ISABI E X ~ C ~  &e, 0.415" o.i% 0;078 0;691 0.257 0.114 ' 1.750 0.466 , U 8 8  - ' i.240 :~.3!$. 

. .  
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I L=60 IBM 

Figure 14. Stick FMR bilayer spectra (for perpendicular configuration) deulnted for vwious film 
thicknesses, for the case of antiferromagnetic interfacial coupling TAB = -0. I .  ?%e horizonla1 
axis corresponds to the normalized energy (i.e. eosk). IM means interface mode and BM bulk 
mode, and the position of the hypothetical uniform mode is marked 3s UM. 

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

Here, too, we shall consider the perpendicular configuration (9 = 0") only. The bulk spin- 
wave mode energy, expressed in terms of the wavenumber k, is, in this case, given by the 
following formula: 

(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 Ha and the demagnetization field -4rrM. 
Obviously, k is quantized by equations ( I )  with the respective pinning parameters defined 
as in table 2. For interface modes k = it, and in equation (16) the trigonometric cosine 
should be replaced by the hyperbolic cosine; simultaneously, equations (1) read 

E ( k )  = 4SJbzi(l   COS^) + gpB(H + Ha - 4 z M )  

cosh[h(l+ l ) t ]  A, 
cosh[i(L - l ) t l  = { A,. 

It will prove convenient to make use of the reduced energy, expressed simply by cos k for 
bulk modes and cosht for interface modes. The reduced energy determines (with accuracy 
to a constant) the position of the resonance field in units 4 S J b z . ~ l g p ~ .  
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Fimre 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 Di, = 0. 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 k = 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 ZAB 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 [IS]). We then obtain, 
as in section 4, e’ = A,  enabling us to express the energy of the interface mode in the 
following form: 

EIM(A) =.2sJbZ .~ (2  - A - 1/A) +~&B(HIM + Ha - 4 x M )  (18) 

whence 

and, finally, 

A = 1 + S H  + [ (SH)Z+2SH]’’2 

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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Rigure 16. Numerically calculated positions of the bilayer FMR lines (IM interface made, BM 
bulk mode) yersus (a) the interfacial coupling JAB and (b) the film thickness L. for the case 
D;", = 0 (i.e. no intrinsic interface anisotropy). The ordinale axis is scaled in dimensionless 
units of the re.$uced energy (simply: cqsk). 

equation (20) is applicable both for symmetric and antisymmetric IM (obviously, A now 
stands for A, or, respectively, A& 

it should moreover be noted that figure 16 provides us with a straightforward criterion 
for the ident.ification o f  the IM liqe 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 t, wherpas 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. Heinfich 
et al [I91 studied the FMR spectra obtained in ultrathin well defined bilayers of 
Fe(OOl)/Cu(OOl)/Fe(OOl) 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’ @eir 
bilayer samples. Their results 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 because of h e  differences in their perpendicular 
uniaxial anisotropies; 

(ii) also those bilayer films where the Cu interlayer thickness &,, was less than 9 ML 
showed but one resonance peak: 

(iii) all bilayers with dcU > 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 dc. 
was less than 9 ML and antiparallel if dc. > 9 ML,~suggesting that the magnetic c ~ u p h g  i n  
(Fe/Cu/Fe) bilayers changes from ferromagnetic to antiferromagnetic when the Cu interlayer 
thickness reaches --9 ML. This allows the authors to conjecture that the weaker resonance 
peak is of ‘optical’ nature, ice. (in accordance with the authors’ terminology) corresponds 
to the mode in which RF magnetizations oscillate out of phase, svheras the remaining 
(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 (FelCulFe) 
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 mods that is 
localized 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 thr,ough the interface between 
the sublayers; this explains why it .exists in the FMR spectrum as an additional peak only in 
those samples where dc, > 9 ML. 

With a view to experimental measurements 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 formuia enabling us to express 
our microscopic (dimensionless) interface pinning parameter A .in terms of the mpcroscopic 
measure of interface pinning energy Elnl generally used by the experlmentalists, i.e. the 
energy of all interface spins present per unit area (erg c d ) .  Similarly as the surface 
pinning energy Erud 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: 

with U,, the lattice constant. On the other hand, with regard to the dispersion law 
(equation (16)), the resonance condition for perpendicular field orientation takes the form: 
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or, in the long-wavelen,h approximation (k N 0), 

( w / Y )  = ( 2 A d M ) ( k / a 0 ) ~  + ( H  + Ha - 4x44) 

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

A,, = SJbzLM&gpB E S 2 J ~ z ~ a , ' .  (24) 

This allows us to replace (21) by the following formula: 

E ~ , ~  = A,,&(A~,, - I). 

Likewise, we reinterpret the quantity 6 H ,  given microscopically by equation (19), in terms 
of the macroscopic quantities as follows: 

6 H  5 (HIM - H ~ M ) ( M / ~ A , ) ~ ; .  (26)  

We shall now make an estimate for a material with magnetic properties close to those 
of Permalloy NigoFem. This amounts to the assumption of uo = 3 A, A,, = 1.0 x 
IOm6 erg cm-' and 4 x M  = 8.5 kG. Assuming that the IM peak is distant from the UM 
position by lo3 G, and on applying equation (19), we arrive at 6 H  N 3 x IO-4 which, with 
equation (20), gives the value of the interface parameter required, namely Aint = 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 

Ei,, = f(Ai,, - 1) x 10' erg cm? N 0.83 erg cm-' ', (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 rea/ 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 Dint E 0, leading 
to Aint 1 - 2JAB. 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 
26H. Thus, we are justified in writing 

Ai,t = 1 + (2SH)'". (28)  

With regard to (26), this leads to 

Aim 1 + ~ o [ ( M / A ~ H I M  -  HUM)^"' (29) 
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and, by (E), we get 

4 n r  [MA.,(HIM -  HUM)^"^ (30) 

and 

JAB = - (~o/~) [ (M/A,) (~~IM - H U M ) ~ ” ~ J ~ .  (31) 

With HIM - HUM = le G for Permalloy, we find JAB = -0.0125Jb and arrive at the 
value of Ejnt = 0.83 erg cm-’ calculated above. We now evaluate these quantities for Fe 
assuming 41rM = 21.5 kG, a0 = 2.86 x IO-* cm and A, = 2.09 x erg cm-’.~ 
With equations (30) and (31) we obtain, respectively, JAB = -0.01165b and E,,, = 
1.90 erg cm-’, leading to an interface parameter value very close to that obtained for 
Permalloy (Py): Aint = 1.023. 

The preceding estimates incline us to the general conclusion that the obsenration 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 5 A < < 30 A). 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 FdCrlFe bilayer films. Noteworthy in this respect are 
figures 6.20 and 6.24 of Bosse’s work [20] giving his SWR measurements for Fel&r/Felzo 
with variable Cr thickness (the thickness of the Fe sublayers amounted to 120. ~A each). 
Bosse estimates that antiferromagnetic interface coupling was the strongest at dcr = 8 A, 
for which value of the Cr thickness the .FMR spectrum showed an inverted pattern (i.e. 
R =- l), with a separation of AHIZ _N lo3 G. His value reported for the ‘interface coupling 
energy’ is A12 = 0.5 erg (Bosse’s definition of the interface energy corresponds to our 
;Eint) and is in the range of our estimate of 0.95 erg cm-’. 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 ns to be its true interpretation, as resulting from 
our theoretical predictions. 

Also, the latest, as yet unpublished measurements by Hurdequint and co-workers 
1211 on the system Py/Alzo~Ry 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/CuPy 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 B (see figure 6.3 of 
[ZO]) and determined a critical angle Bc = 82.8” in Py3m/Cuso/Pysw. This result, when 
confronted with our formula (equation (4)), shows that Bosse’s bilayer fulfils the relation 
Dint Y 2.1TAB < 0, leading us to the conclusion that the IM peak is present in the SWR 
spectra obtained for configurations with 0 =- ii,. (The possible source of Dint 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 to proceed to further measurements on Py~mlCu~oRy~m. 

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

JAB = --a O[(HIM - H U M ) / ~ & I ’ / ~ J ~  (32) 

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