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Exchange-spring systems: Coupling of hard and soft ferromagnets
as measured by magnetization and Brillouin light scattering „invited …
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An experimental and theoretical study is presented of the normal magnetic modes in spiral
ferromagnetic structures. The bilayer system studied consists of Fe layers~25, 50, 100, and 200 Å
thick! that are exchange coupled to 200 Å thick SmCo films that have'200 kOe anisotropies. The
Fe spiral—induced by an external magnetic field that is applied opposite to the direction of the
magnetized film—results in a structure similar to that encountered in a Bloch domain wall. The
magnetization and the field dependence of the magnons in various Fe films are explained by the
theoretical model. ©1999 American Institute of Physics.@S0021-8979~99!47008-2#
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I. INTRODUCTION

Exchange-spring magnets are two-phase materials c
posed of hard and soft magnetic grains. It is likely that
technological applications these materials will be in the fo
of nanodispersions of the two phases;1,2 however, there is
also considerable effort aimed at understanding their pro
ties in thin-film form.3–11 Such investigations should im
prove our fundamental understanding of the exchange-sp
mechanism. In a recent study11 a detailed characterization o
such films was presented based mainly on magnetiza
measurements, although some Brillouin scattering data
the frequency of the magnon mode was included. A sim
model was used to describe the magnon behavior in
aligned magnetic state, but to explain the behavior in
spiral state it was indicated that a full theoretical analy
would be necessary. In the present work we present a m
complete theoretical and experimental study of the exc
tions in the spiral and aligned states.

Experimental magnon frequencies in SmCo/Fe bilay
are reported herein for Fe films with thicknesses between
and 200 Å deposited on SmCo films of fixed thickness
200 Å. Details of the deposition conditions are given in R
11. The films are epitaxially grown on MgO~100! utilizing a
Cr buffer layer. The hexagonal SmCo isb-axis oriented with
the magnetically easyc axis in the film plane, which define
the uniaxial direction. The Brillouin spectra were record
utilizing a five-pass Fabry–Pe´rot interferometer. The metho
used to calculate the magnon frequencies follows the gen
lines given in Ref. 12. The manner in which the minimum
energy configuration of the Fe spins is obtained leads,
straightforward manner, to the frequency of the magn
modes. All features observed experimentally in both

a!Electronic mail: marcos.grimsditch@qmgate.anl.gov
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magnetization and the magnon frequencies are reprodu
quantitatively by the model.

II. THEORETICAL DEVELOPMENT

A schematic diagram of our model is shown in Fig. 1~a!.
Each arrow corresponds to the total spin of a given ato
layer. The larger arrows for Fe indicate that its magnetizat
is greater than that of SmCo. The model also assumes
the SmCo spins are subjected to an anisotropy field of'200
kOe, while the anisotropy in the Fe layers is small. The
change coupling between atomic layers is given byAJi

•Ji 11 , with A appropriate for Fe or SmCo, as the case mig
be, and an averageA is used to describe the SmCo/Fe inte

FIG. 1. ~a! Schematic diagram of SmCo/Fe bilayer.~b! Diagram of the
spiral structure induced in the Fe layer by a external field perpendicula
the magnetization.
1 © 1999 American Institute of Physics
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face. Figure 1~b! exemplifies the spin configuration when a
external field is applied perpendicular to the easy axis.

This simple model, with a single set of parameters, w
found11,13 to produce excellent agreement with the measu
magnetization along the in-plane hard and easy axes for
samples investigated. However, the switching field of
SmCo layer was not well reproduced; this is probably due
a switching mechanism involving domain formation, whi
is not included in the model.

We use a single numerical scheme to find both the e
librium spin configuration and the spin wave frequenci
One begins by writing the coupled equations of motion
the spins in each atomic layer. The system is then gi
some initial configuration and allowed to evolve in time a
cording to the equations of motion. At the beginning t
damping term is set quite high and, thus, the system evo
into a structure wherein the spins within each layer po
along their local effective-field direction. This essentially l
cates the minimum-energy state. The damping is then
duced substantially and the system is given a small pertu
tion. Again the system is allowed to evolve in time and o
finds mx(t), my(t), and mz(t) for each layer. The Fourie
transform of the time-dependent magnetizations then g
the spin wave frequencies.

As we will see, modeling the system as a set of intera
ing layers does a good job of explaining both the static d
~hysteresis curves! and the dynamic results~spin wave fre-
quencies!. The total energy density of the system may
written1

E52 (
i 51

N21 S Ai ,i 11

d2 Da~ i !
•a~ i 11!2(

i 51

N

Ki~az
~ i !!2

2(
i 51

N

~H1h~ i !!•a~ i !M ~ i !. ~1!

Here M ( i ) is the magnetization vector in layeri, Ki is the
anisotropy constant for layeri, and Ai ,i 11 is the exchange
coupling constant between layersi and i 11. The quantity
h( i ) is a small fluctuating magnetic field arising from th
dipole field of the precessing spins. The distance betw
magnetic layers isd. For convenience, we have changed
unitless variables for the magnetization, i.e.,a( i )

5M ( i )/M ( i ).
We start with the Bloch equations of motion for the sp

system. The equations of motion for layeri are given by

da~ i !

dt
5ga~ i !3Heff1S a

M ~ i !Da~ i !3a~ i !3Heff . ~2!

In Eq. ~2! the first term on the right represents the torq
produced on a spin in layeri by an effective magnetic field
The second term is the Landau–Lifshitz damping term wh
allows the spin to decay to the local-field direction, but kee
the magnitude of the spin constant. Hereg is the gyromag-
netic ratio anda is the effective damping parameter.Heff is
the effective field acting on layer~i! defined using Eq.~1!:

Heff52]E/]M ~ i !. ~3!
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The total effective field is a sum of exchange, anis
ropy, dipolar, and external fields. We assume that the m
contribution to the dipole fieldh is the demagnetizing field
of a thin layer acting on itself; thus,h54pMay . This ap-
proximation works well for thin films in the long wavelengt
limit whereqD!1, whereD is the thickness of the film and
q is the component of the spin wave wave vector paralle
the surface. For typical Brillouin scattering experiments t
approximation gives reasonable results for thicknesses on
order of a couple of hundred Å or less.

Once the coupled equations of motion for all the laye
are obtained, the equations are numerically integrated
ward in time using a second-order Runge–Kutta sche
The parameters used in the calculation are those give
Ref. 11, i.e.,Ai ,i 1151.231026 erg/cm for SmCo,Ai ,i 11

52.831026 erg/cm for Fe,Ki553107 erg/cm3 for SmCo,
Ki5103 erg/cm3 for Fe, Ms5550 emu/cm3 for SmCo, and
Ms51700 emu/cm3 for Fe. The gyromagnetic ratio is take
to be 2.92 GHz/kOe, the value appropriate for Fe. We ta
a/g to be 200 G, a reasonable value for metallic systems.
emphasize that there are no parameters in the calcula
that have been adjusted to fit the experimental frequenci

III. RESULTS AND DISCUSSION

The magnetization of our samples was investigated
tensively in Ref. 11. For completeness the magnetic lo
with the field along the easy axis for our 100 Å Fe sample
given in Fig. 2. The symbols are experimental data and
full line is the result of the calculations described in Sec.
Again, note that except for the switching field of the SmC
layer, excellent agreement is obtained. The transverse m
netization is also reproduced by the model and is shown
Refs. 11 and 13.

Brillouin spectra were recorded with the applied fieldH
along both the easy and hard axes of the SmCo. By sym
try it is clear that for fields along the hard axis, the results
the same for positive or negative fields; we therefore m
sured magnon frequencies for only one of the field dir
tions. Hard-axis magnon frequencies are plotted as o

FIG. 2. Magnetization loop for the 100 Å Fe film on 200 Å SmCo. T
symbols are experimental data, the full line is the model calculation.
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symbols in Figs. 3 and 4. When the field is applied along
easy axis~full symbols in the figures! the positive and nega
tive fields are no longer equivalent. We define the posit
direction as that of the magnetization of the SmCo unde
ing film. In Fig. 3 we present the Brillouin results for fou
samples; the full lines represent the theoretical calculatio
as described in Sec. II. For the 25 and 50 Å samples
fields attainable were not sufficient to reach the switch
field of the underlying SmCo layer. The clearest data w

FIG. 3. Measured Brillouin frequencies along the easy~full ! and hard~open!
axes of SmCo/Fe bilayers. The full lines are the model calculations. Sec
a, b, c, and d correspond to Fe thicknesses 25, 50, 100, and 200 Å, re
tively.

FIG. 4. Expanded view of Fig. 3~c! which also includes the predictions o
the full calculation~full and long dashes! and approximate calculation~dot-
ted and short-dashed lines!.
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obtained for the 100 Å sample, so this sample was chosen
a detailed comparison with the calculations.

The comparison of experiment and theory is shown
Fig. 4. The full and long-dashed line are the full calculatio
for easy and hard axes; the dotted and short dashed lines
be described below. The data for the field along the easy
increase monotonically for positive fields, but show an init
decrease as the field decreases below zero. AtH0

522.5 kOe there is a frequency minimum which coincid
with the onset of decreasing magnetization~Fig. 2! indicat-
ing the reorientation of the Fe film into a spiral structure,
shown in Fig 1~b!. As the field is made more negative, th
frequency increases; this corresponds to a region in wh
the pitch of the spiral is increasingly compressed toward
Fe/SmCo interface. Finally, atH0525 kOe, there is a jump
in the measured frequency corresponding to the reversa
the magnetization of the underlying SmCo. Below this fie
the experimental frequencies are the same as for pos
fields. The calculated frequencies, since the model does
account for the SmCo switching, do not agree with the m
sured ones below25 kOe.

We stress that the calculations reproduce both the h
axis frequencies as well as the easy-axis results for25 kOe
H0,22.5 kOe. Since these calculations use the sp
ground-state configuration as a basis for the excitation
quencies, the good agreement between theory and ex
ment provides strong support both for the existence of
spiral configuration and that the model correctly describ
the SmCo/Fe bilayer.

Since there are no adjustable parameters in the the
the overall agreement between theory and experiment fo
Fe thicknesses is gratifying. The most significant discrep
cies between theory and experiment in Figs. 3 and 4 are:
absence of switching of the underlying SmCo layer in t
theory, the overall lower values of the experimental frequ
cies, and that at zero field the calculated frequencies
equal while the measured ones are not. The switching fi
problem is due to the simplicity of the model which on
allows switching by a coherent rotation of spins. The avera
frequency difference between calculation and experim
could easily be remedied by slight modifications in the m
terial parameters, most notably a slight reduction in the m
netization of Fe or the inclusion of a perpendicular anis
ropy. However, the fact that the experimental frequencie
zero field are different for easy and hard directions is cl
evidence that the approximationqD!1 is inadequate; the
reduction in the hard–easy difference for the thinner Fe fil
is consistent with this explanation. Furthermore, since
finite q correction term enters only whenq is perpendicular
to M, it also provides an explanation of why in Fig. 3~c!, as
the magnetization with the field along the hard direction
tates away from the direction ofq, the qD correction term
becomes comparable for both orientations and the meas
frequency difference between hard and easy axes is redu
In Summary, the difference between the hard- and easy-
data depends on the interplay between an average aniso
induced by the underlying SmCo, which scales as'1/D,
and the finiteq correction term, which scales asD, but which
also depends on how much the magnetization is rotated
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Although the theory produces good overall agreem
with experiment, the calculations require considerable co
putational effort. It is therefore instructive to investigate t
validity of the simpler model introducedad hoc in Ref. 11,
and which also yielded a reasonable description over a
ited field range. That model treated the system as an Fe
with an effective anisotropy induced by the substrate. I
well known that the resonance frequency in a thin film c
be approximated by

v5gAH0~H014pM !. ~4!

If we consider measurements along the easy axis, where
Fe and SmCo magnetizations are parallel to the applied fi
it is reasonable to replaceH0 in Eq. ~4! by H01Hex, i.e., the
exchange biasing field is simply added to the external fie
With Hex52.4 kOe, this gives an excellent fit~dotted line in
Fig. 4! to the easy-axis data down to22.5 kOe, where the
spiral state is induced. When the external field is direc
along the hard axis, we assume thatHex still points along the
easy axis, soH0 and Hex are now perpendicular. The tota
field is now given by

H total5AH0
21Hex

2 , ~5!

and when this is substituted in Eq.~4! we get the short-
dashed line shown in Fig. 4. This describes the qualita
behavior reasonably well, but fails to yield the correct va
for the shift between the easy- and hard-axis results. T
very simple approach provides a qualitative description

FIG. 5. Zero field Brillouin frequencies vs Fe thickness. Symbols are
perimental, the full line is calculated.
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the excitation frequencies provided that the Fe layer is no
the twisted state. For the thinnest Fe films, where one d
not expect much of a twist, the simple model outlined abo
agrees well with both the full theoretical calculations and
experiments.

A final experimental observation is the overall frequen
increase of the zero-field frequency as the Fe thicknes
decreased. In Fig. 5 we plot the zero-field frequency for
four samples~full symbols!. The behavior can be qualita
tively understood as resulting from the contribution of t
exchange coupling at the interface. The results are quan
tively reproduced by the full calculation~full line!.

IV. CONCLUSIONS

The magnon frequencies in SmCo/Fe bilayers, with d
ferent thicknesses of the Fe layer, have been measured u
Brillouin scattering. The frequencies measured for fields
plied along the hard and easy axes are well reproduced
simple one-dimensional model. The good agreement
tween theory and experiment, which extends to the magn
zation loops, provides strong evidence that the microsco
origin of spring magnets is well understood.
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