FMR doublet in two-layer iron garnet films
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Resonance microwave absorption in two-layer iron garnet films, of which one layer is in a
saturated state and the other is in a demagnetized state, is investigated. It was

established that the exchange interaction between the layers, cubic anisotropy, and the
dissipative fields of the domains splits the FMR line in a thin saturated layer into two lines.
The line intensity ratio in the doublet is determined by the ratio of the areas occupied

by the white and black domains. The magnitude and anisotropy of the resonance fields agrees
with the model of an isolated layer magnetized by the domains of the neighboring film.

1. Interest in multilayer epitaxial iron garnet films has
been increasing in the last few years. This is due to the
promising applications of such films in magnetic-bubble
technology for suppressing rigid bubbles and in informa-
tion processing systems based on magnetostatic waves. The
dipole and exchange couplings of spins lying in different
layers results in the existence of new types of oscillations in
and give rise to the characteristic resonance properties of
these structures. Thus a homogeneously magnetized two-
layer film exhibits in each layer, besides two lines of the
homogeneous ferromagnetic resonance (FMR), a series of
spin-wave resonances at frequencies between the frequen-
cies corresponding to FMR in the separate layers.! These
resonances are due to the reflection of spin waves at the
boundary of the layer with the higher homogeneous-FMR
frequency.

The picture becomes much richer when one layer is in
a demagnetized state. In Ref. 2 it was observed that in this
case the FMR line of the saturated layer splits into two
lines, and it was conjectured that two types of domains in
the neighboring demagnetized layer are responsible for this
effect. In the present work we have obtained direct exper-
imental proof that the line intensity of such an FMR dou-
blet is determined by the area occupied by the correspond-
ing domains in the demagnetized layer. The resonant fields
and their angular dependence, which were calculated tak-
ing into account the fringe fields of the domains, agree with
the experimental values.

2, The films were prepared by the method of liquid-
phase epitaxy on gallium-gadolinium garnet substrates
with (111) orientation.® The first layer grown on the (Y,
Gd, La);(Fe,Ga);0,, substrate had thickness d;~0.1 um
and saturation magnetization 47M ;=380 G. The second
layer had the composition (Y, Eu, Tm, Lu);(Fe, Mn,
Ga)s0,,, thickness d,=2.88 um, and 47M,=148 G. The
exchange constants in layers 1 and 2 are, respectively,
A;=2.5-10"" ergs/cm and A,=2-10"" ergs/cm; the gy-
romagnetic ratios are y;=1.76" 107 (sec- Oe) -1 and
¥,=1.47-107 (sec-Oe)~!; the damping constants are
a;=8-1073 and @,=2-10"% the uniaxial magnetic an-
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isotropy constants are K,;=0and K,=7.7- 10° ergs/cm?;
and the cubic anisotropy constants are K,=—1.8-10°
ergs/cm® and K;,=—4.1: 10> ergs/cm’. The domain-
collapse field is H,=56 Oe, and the planar saturation field
is Hyp=1060 Oe (the calculated value is
H,=2K,,/M;—47M,=1160 Oe).

The total thickness of the layers was determined by the
interference method and the thickness of each layer was
determined from the etching time. The magnetization of
layer 2 was calculated from the characteristics of the stripe
domain structure and the bubble-collapse field.* The mag-
netization of layer 1 was estimated indirectly from the de-
gree of substitution of the iron sublattice forming the base
of the layer of yttrium iron garnet. The gyromagnetic ra-
tios were determined from the field dependence of the res-
onance frequencies in the saturated film. The uniaxial an-
isotropy constants were determined from the angular
dependence of the FMR field. The damping constants a
were determined from the widths of the FMR lines. The
exchange constants 4 were calculated from the Néel
temperature.’

3. First, the overall dependence of the resonance fre-
quencies on the in-plane magnetic field H, was obtained in
a wide range of frequencies 0.44 GHz (see Fig. 1). At
high frequencies and fields above H,, two FMR lines exist
in layers 1 and 2 and a series of spin-wave resonances exists
in layer 2. We have described these resonances previously
in Ref. 1. At intermediate frequencies and fields below H,
domain resonances (DFMR,) can be seen in layer 2. Here
the FMR line of layer 1 splits into a doublet. This doublet
lies in the range of fields H <H,<Hy, where layer 1 is
magnetized uniformly and layer 2 contains domains. The
following discussion will concern these two resonance
lines.

The domain structure of layer 2 was monitored with
the help of a polarization microscope and was formed as
follows. A constant magnetic field stronger than the satu-
ration field H, was applied in the plane of the film and was
then decreased to zero. The domain structure arising in the
process depended on the orientation of the magnetizing
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FIG. 1. Experimentally determined resonance fre-
quencies as a function of the in-plane field
H|| [112]: I and 2—homogeneous ferrimagnetic
resonance lines in layers 1 and 2; 3—series of spin-
wave resonances in layer 2; 4—ferrimagnetic res-
onance in the domains of layer 2; 5—FMR dou-
blet in layer 1; the dashed line 6 represents the
position of the resonance line of the domain walls
in layer 2. The series of spin-wave resonances is
resolved only in sufficiently thin bubble films. For
this reason, the spectrum 3 is presented for a film
whose second layer was etched to a thickness of
1.2 pm.
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FIG. 2. a) Coordinate system for a film with (111) orienta-
tion. The external magnetic field H, lies in the (111) plane of
the film at an angle a to the [112] axis; 6 and @ are the angles
of orientation of the magnetization of layer 1 with respect to
the film plane and the [112] direction, respectively; b) exper-
imental field dependence of the derivative of the dissipative
part of the susceptibility with respect to the magnetic field
dx"/3H, at the frequency w/2m=1.2 GHz for H,=0 and
different orientations of the external in-plane magnetic field
H, (angles a); c) experimental plot of dy"/3H, versus H, at
the frequency w/27=1.2 GHz for a=60" (H,|| [121]) for
different values of the external bias field H,.
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FIG. 3. Anisotropy of the resonant magnetic fields &, and of
the equilibrium orientation 6, of the magnetization of layer 1.
Here a determines the direction of the external in-plane field;
the squares represent the experimental data at the frequency
w/2m=1.2 GHz with H,=0; the solid lines represent the
calculation for magnetization M, with 6> 0; the dashed lines

300 are for 6<0; the curves were constructed for K;= —1.8-10°
ergs/cm’® and H,q=300 Oe.
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field H, in the plane of the film (the ang_le a, see Fig. 2a).
When the field was applied along the [112] axes, a lattice of
either black or white bubbles was formed. When the field
was oriented parallel to the [110] axes, however, black and
white bubble domains were observed in equal phase
ratios." The ratio of the areas occupied by white and black
domains was changed by varying the magnitude of the bias
field H,< 60 Oe, which was produced perpendicular to the
plane of the film with the help of a magnetizing coil. As the
resonant absorption was recorded (the dissipative suscep-
tibility y” versus H,), the domain structure in layer 2 was
checked visually. This domain did not change, since the
resonant fields H, were much weaker than the saturation
field Hy,.

4. Figure 2c displays the intensity of the FMR-doublet
lines as a function of the bias field H,. As H, increased and
the black-to-white ratio changed, one line in the doublet
became stronger while the other line became weaker. When
the field H, reached the bubble-collapse field, the layer 2
became saturated and one of the lines vanished. This effect
was completely symmetric with respect to the sign of H,.

Resonant absorption was investigated for different ori-
entations of the field H, in the plane of the film. It is
evident from Fig. 2b that the intensity of the lines in the
doublet and the distance between them depend on the an-
gle a. The resonant field versus the angle a is represented
by the squares in Fig. 3. If the magnetic field is in the [110]
direction, then the double lines in the doublet merge and
the intensity of the resonance is doubled.

It was also observed that if a bubble array with a dif-
ferent polarity is produced, then for the same angles a the
lines in the doublet are interchanged. If an array of stripe
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domains is formed, then both line intensities increase by a
factor of 1.5-2. When layer 2 is saturated, the FMR line is
approximately 20% narrower, and the line is stronger (see
Fig. 2c). For stripe domains the lines are stronger and
narrower than in the case of bubbles.

S. The magnitude and angular dependence of the res-
onance fields H, p(a) can be calculated in the simple model
in which layer 1 is isolated and layer 2 is inhomogeneously
magnetized by the domains.

Specifically, layer 1 of the film is in an in-plane field
stronger than the saturation field H,; and is influenced by
layer 2, which is demagnetized. Some sections of layer 1
are under black domains and others are under white do-
mains. Since layer 1 is thinner than layer 2 and its thick-
ness is less than the size of the domain, layer 1 is affected
mainly by the exchange field and the normal component of
the fringe fields.

It is evident in Fig. 4 that the fringe fields of an isolated
bubble create inhomogeneous magnetization of layer 1 in
the plane of the film. This results in a shift and inhomoge-
neous broadening of the FMR line in layer 1. The center of
the resonance line is determined by the contribution of the
regions of layer 1 where the fringe field H, varies slowly.
The region beneath the center of the domain, where both
field components reach their extremal values

H,;,=0.707 - 47M,, H,;=0 (1)
makes the greatest contribution to FMR. The region be-
neath the bubble wall contributes to the wings of the res-
onance line. In regions of layer 1 which are located far
from the bubble we have H,=0.

Grishin et al. 638



H/4nM,

0,6+

0,41

0,24

-~

FIG. 4. Distribution of the fringe fields of a single bubble.®
The bubble radius R=d,; the solid curve represents the nor-
mal component H, of the field at the surface and the dashed
curve represents the radial component H, at a distance 0.1R
from the surface of the bubble film.
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In the case of a stripe structure or bubble arrays with
an equal ratio of black and white phases the z component
of the field “jumps” symmetrically and the radial compo-
nent has a maximum on the domain wall. This means that
beneath the center of the domains the fringe fields can be
assumed to be approximately constant and equal to

H,=+0.707-47M,,  H,;=O0. (2)

The exchange interaction between the spins in layers 1
and 2 also contributes to the field H,. The thickness of
layer 1 is on the order of the thickness of the “domain
wall” in thislayer A = \/Al/Zerzl ~ 0.06 um. For this rea-
son, the maximum exchange field in layer 1 can be esti-
mated as

H,=A,/M A},

A,= 24,/ (2K ,—H M, —47M3) ~0.086 pum,

where A, is the thickness of the domain wall in layer 2.
It is easy to see that the exchange field H,~(H,,
—Hp)Mz/ZMl in fields H, p=200—350 Oe, where the FMR
doublet is observed, is equal to 160-190 Oe. This field is in
the same direction as H,. For this reason, the effective field
acting on layer 1 is

Heﬂ'=Hdz+He- 3)

6. Thus we shall assume that the energy of the mag-
netic moments in layer 1 is determined by the cubic an-
isotropy, the demagnetization fields, the external in-plane
magnetic field H,, and the effective Hg:

cos*0 sin*0 |2 3
W=K, ———cos” Gsin fcos 3¢

s t73 73
+2mM? sin? 60— H,M cos Ocos(¢p—a)
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+Heﬂ'M1 sin 6. (4)

Here the angles 6 and ¢ determine the orientation of the
vector M, (see Fig. 2a). The equilibrium values of the
angles @ and 6, are solutions of the equations

aw aw

—| =0, ——| =0. (5)
dep % a6 8

The resonant frequency  is determined by the well-known
relation

(6)

® 1 FWFPW | FW\H 12
71 M, cos 6y 36% d¢? _(69 aqa) ]

6oPo

Substituting here the solutions of Egs. (5) we obtain the
resonant field H), as a function of a. The resonant field for
a domain structure with equal ratio of black and white
domains [H,, from Eq. (2)] is displayed in Fig. 3 by the
solid line for regions with 6>0 (H = +0.707 - 47M,)
and the dashed line for regions with 60<O0(H,=
—0.707 - 4wM,). In this figure the squares represent exper-
imental points. The figure also displays the equilibrium
slope angle 6, as a function of the direction of the external
field H,, in the plane of the film.

If the magnetic field is oriented in the [110] directions,
the lines of the FMR doublet merge into a single line. This

<
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orientation corresponds to the degenerate case, when the
equilibrium orientations of the magnetization vector M,
beneath the black and white domains are identical. For all
other orientations a the cubic anisotropy splits the FMR
line in layer 1 into two lines.

The best approximation of the experimental values of
the resonant field by the computed relations is achieved
with H.~300 Oe (see Fig. 3). This value of H from Eq.
(3) agrees with the independently measured values of the
47M, and K, (Hg=Hy+H,~280 Qe).

7. We have established experimentally and theoreti-
cally that the splitting of the ferromagnetic resonance line
in a two-layer iron garnet film is caused by the exchange
interaction between the layers, cubic anisotropy, and the
fringe fields of the domains in the unsaturated layer. The
working characteristics of both layers of the film were de-
termined from measurements of the magnitude and anisot-
ropy of the resonant fields.
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DDomain nucleation in an in-plane field are studied in detail in Refs. 6
and 7.
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