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The angular dependence of the dispersion relation is calculated for a system consisting of two fer-
romagnetic layers exchange coupled through a nonmagnetic spacer layer. Special attention has been fo-
cused on the resonance behavior in the unsaturated state of an antiparallel coupled system. The varia-
tion of both the acoustic mode and the optic mode with the external-field orientation is significantly
modified from that in a noncoupled system and can be used to accurately evaluate the interlayer
exchange-coupling strength A4 (6,,) as a function of the angle between the magnetization vectors in the
two magnetic layers. Based on the exchange-coupled resonance theory, the angular dependence of fer-
romagnetic resonance (FMR) measurements has been performed on several series of symmetrical and
asymmetrical Co/Ru/Co structures at X-band and K-band frequencies with the temperature ranging
from 10 to 300 K. Only the bilinear exchange-coupling coefficient 4,, was observed in these systems.
The biquadratic contribution is more than two orders of magnitude smaller than 4,,. For the symmetri-
cal Co(32 f\)/Ru(tRu )/Co(32 A) series, oscillatory interlayer exchange coupling was observed as a func-
tion of the Ru thickness tg,. The oscillation period (~ 12 A) and phase do not vary with temperature.
However, the oscillation amplitude is significantly enhanced at low temperatures, following roughly the
relationship A4, <(T/T,)/sinh(T/T,) predicted by the theoretical models. For the asymmetrical
Co(32 A)/Ru(tg,)/Colt,) structures, variation of the exchange coupling strength as a function of 7, has
also been observed for several series within which tg, is constant. The variation length At, between
maximum and minimum coupling strength is rather large (about 10 A) and consistent from series to

series.

I. INTRODUCTION

The interlayer exchange coupling between ferromag-
netic layers mediated by nonmagnetic spacers is believed
to be one of the key factors for many properties observed
in magnetic/nonmagnetic artificial structures. One ex-
ample is the giant magnetoresistance which is related to
antiparallel ordering between adjacent ferromagnetic lay-
ers.'’? Currently two experimental methods have been
widely used to investigate the exchange-coupling strength
based on spin-wave resonance theory. One is ferromag-
netic resonance (FMR) and the other is Brillouin light
scattering (BLS).

The spin-wave dispersion relation for trilayer struc-
tures>* and multilayer structures® has been derived by
several groups. In their models, the external field is as-
sumed to be in the film plane and large enough that the
magnetic moment in each layer is along the field direc-
tion. Usually these experimental conditions can be readi-
ly achieved since the interlayer exchange coupling field is
very small ( <1 kG) in most of the structures. However,
in some of the Fe/Cr, Co/Ru structures, the ferromag-
netic layers are strongly antiparallel coupled with the
coupling field on the order of several kG. As result, some
samples are not saturated under the resonance condi-
tions.5”® Wigen et al.’ and Cochran et al.® indepen-
dently calculated the dispersion relations in this situation
and found that the resonance spectra are significantly
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modified from the previous predictions in which the mag-
netic moment is assumed to be saturated.

The derivation assumed that the external field is ap-
plied either in the film plane’”>%° or perpendicular to
the film plane.9 However, in some cases, the experimen-
tal results from just the parallel and perpendicular reso-
nance spectra will not provide enough information to al-
low an accurate evaluation of the exchange coupling
strength. This is due to the fact that the dispersion rela-
tion in an exchange-coupled multilayer system depends
not only on the interlayer exchange coupling strength but
also on the internal anisotropy energies and the g value
within each ferromagnetic layer. On the other hand,
FMR data with the external field rotated continuously
from the parallel to the perpendicular orientation with
respect to the film plane can provide significant supple-
mentary information. For this purpose, the angular
dependence of the FMR spectra for a trilayer structure
will be calculated in Sec. II. Experimentally Co/Ru/Co
trilayer structures were chosen for the FMR measure-
ments. Because of the large variation in the exchange
coupling in Co/Ru structures,”!* the experimental re-
sults at X-band and K-band frequencies provide a good
test of the theoretical predictions for both the saturated
and the unsaturated configurations. In Sec. III, FMR
data for several series of Co/Ru/Co trilayer structures
are provided. From these data, the interlayer exchange
coupling strength as well as the internal anisotropy ener-
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gy were evaluated and the results will be reported in Sec.
IV.

II. FERROMAGNETIC DISPERSION RELATION

The exchange-coupled system to be discussed in this
paper consists of two ferromagnetic layers separated by a
nonmagnetic spacer as shown in Fig. 1. The calculation
of the dispersion relation for this system can be simplified
from the spin-wave theory of a single ferromagnetic film
based on the following considerations. First, since the
microwave pumping field is uniformly applied across the
film plane in the FMR experiment, the spin-wave modes
with in-plane wave vector k"¢0 are not excited, i.e., no
spatial variation along the directions parallel to the film
plane is assumed. Second, only the lowest-order spin-
wave mode across each ferromagnetic layer will be con-
sidered. Any higher-order spin-wave modes would need
much larger external field (> 10° kOe) to be excited as
the thickness of each ferromagnetic layer is on the order
of a few nm. Third, in the very thin-film limit for which
the thickness is less than the magnetic correlation length
(domain-wall thickness), there is no real “surface region”
within each layer. Any surface-interface pinning condi-
tion may be represented by introducing an effective an-
isotropy field averaged across the layer having a strength
which varies inversely with the layer thickness.!! Fourth,
exchange coupling is the only interlayer coupling term to
be considered. The dipole-dipole interaction between the
spin waves in the two magnetic layers disappears because
the in-plane wave vector kII =0.12 Finally, the exchange
coupling between the two magnetic layers is equivalent to
having an extra torque on the surface spins of each mag-
netic layer which can be replaced by an exchange field
averaged across the layer.!* Based on these considera-
tions, the lowest-order spin-wave mode within each layer
is close to the uniform precession mode. Thus, a single
magnetization vector M; (or M,) will be used to
represent the behavior of the magnetic moment in the
first (or second) ferromagnetic layer.

It is further assumed that the two ferromagnetic layers
are made of the same material, having the same satura-
tion magnetization |M,|=|M,|=M; and same g value.
The energies involved in this exchange-coupled system
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FIG. 1. The trilayer structure and coordinate system used in
the model.

are the following.
(1) Zeeman energy,

2 —(;Hy'M,),
i
where H is the external field and i =1 (or 2) refers to the
first (or the second) ferromagnetic layer having the thick-
ness of ¢, (or t,).
(2) Effective anisotropy energies,

MYy

Hu4 i M3

b

M
where the z axis is normal to the film plane and M, is the
in- plane component of the magnetization of the ith layer.
H,,2 ; includes the demagnetization field —47M, and the
perpendncular anisotropy field 2K, ; /M, whxch corre-
sponds to a contribution of the magnetocrystalline anisot-
ropy field of an hcp structure with its ¢ axis normal to the
film plane (2K,,. /M,), and to the surface anisotropy field
(4K, /t;M,). H,,;=4K /M is the higher-order an-
isotropy term proportional to M, |- In general, the per-
pendicular anisotropy fields H, 2 ; and H,,; may differ
from one layer to the other due to the differences in film
thicknesses or surface pinning conditions. The in-plane
anisotropy energy is not included in the calculation be-
cause of its very small value (about 2 orders of magnitude
smaller than HSS ; due to the sixfold symmetry in the film
plane of the hcp Co/Ru/Co trilayer structures).

(3) Interlayer exchange energy,

Ml'Mz
Y MM,

where A4, is the bilinear exchange energy constant per
unit surface area. The sign of 4, is chosen so that it is
positive for an antiparallel coupled system and negative
for a parallel coupled system. Recently a higher-order bi-
quadratic exchange term which is proportional to
(M,"M,/MM,)* was observed in some fcc multilayer
structures.'¥ !> However, as will be shown in a later sec-
tion, the biquadratic term in the hcp Co/Ru/Co trilayer
structures is more than 2 orders of magnitude smaller
than the bilinear term, and therefore, it is neglected in
these calculations.

Using the polar coordinate system shown in Fig. 1, the
energy per unit surface area can be written as

2
6= t;[ —M H(cosBycosf; +sinfysinb;cos¢;)
i=1

+1HS Msin’0,+1H,, ;M,sin*0;]

+ A 5[ cosB,cos0,+sinb;sinf,cos(d; —d,)] .

(1)

Here 6; is the polar angle of the magnetization direction
M; to the z axis which is normal to the film plane and ¢,
is the azimuth angle to the x axis in the film plane. The
external field H, is assumed to be in the x —z plane with
an angle of 6 from the z axis.
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A. Equilibrium positions and M-H loops

The system is assumed to have an easy-plane anisotro-
py field, i.e., HSS ,+H,,; <0, where i =1 and 2. The
equilibrium positions of the magnetization vectors can be
obtained by minimizing the total energy & with respect to
6; and ¢,.

For an antiparallel exchange-coupled system ( 4, >0),
the variation of M, and M, with the external field, H, de-
pends on the applied field direction 6. Assuming ¢, >¢,
and |Hz |2 |Hg,|, two critical angles 6, ; and 6, ,
exist. In the range 0=604 <6, ;, M| and M, will always
stay in the x —z plane. With increasing external field, M,
will rotate from +x axis towards the external field orien-
tation while M, starts from the —x axis, passing through
the z axis (if 6;70) to approach 6. There is a sudden
change of ¢, from —180° to 0° when M, is parallel to the
z axis as shown in Fig. 2(a).

In the range 6, , = 0y <6, ,, three different processes
exist which are characterized by the values of ¢, and ¢,.
(i) For small field, M; and M, stay in the x —z plane
parallel to the x and —x axis, respectively, and rotate to-
ward the z axis with ¢;=0° and ¢,=—180°. (ii) When
the external field is raised above a critical value,
H (6g), M, starts to rotate out of the x —z plane. At
the same time, M, is expelled out of the x —z plane due
to the antiparallel exchange coupling. ¢, and ¢, in this
region follow the relationship

t,sinf;sing; = —t,sinf,sing, . (2)

(iii) If the external field is further increased above
another critical value H . ,(6y), both M; and M, are
forced back to move within the x —z plane. However, in-
stead of falling into the positive half of the x —z plane
(i.e., $=0), M, is in the negative half of the plane
(¢,=—180°) at H; ,(0y) and remains in this plane but
rotates through the z axis toward the applied field orien-
tation with increasing applied field. These three process-
es are illustrated in Fig. 2(b).

In the range 6y 26, ,, there also exist three regions
separated by H_ ,(0y) and H_ ,(0y). The only
difference between 6, <60y =6, , and 0y =6, , is that
in the later case, M, will fall into the positive half of the
x —z plane (e, ¢,=0°) at H ,(6y). Therefore, as
shown in Fig. 2(c), there is no sudden change of ¢, from
—180° to 0°.

A special case in this range occurs when the external
field is applied in the film plane along the x axis
(85, =90°) as shown in Fig. 2(d). The induced magnetiza-
tion is constant for

A 12
t,M,

_An
ths
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as M; and M, remain parallel and antiparallel to the x
axis, respectively. M; and M, rotate within the film
plane for
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When the external field is above H ,; ,, the film is saturat-
ed as both M, and M, are forced to align parallel to the x
axis.

Due to the complex form of & in Eq. (1), it is difficult
to get explicit expressions of the critical angles 6, ; and
0.:;,2- Each one has to be obtained by solving a set of
equations simultaneously.

For 6

cri, 1’

® 100 (a) -
=~

3 N
= 9

[

w—100 | .
g

< ?,

_200 1 I T

@ 100
[
3
i o
g = °
[
= [}
=—100
=]
< }
—-200
0 5 10 15 20
H, (kG)
T T T T T T
i <o 100 E o c) -
101 (e) o ‘E()
)
= g O
Ny o
% 0.5 F {4 -
= Q
2100
6, =60 &
<
0.0 T — -200
0 5 10 15 20 0 5 10 15 20
H, (kG) H, (kG)
T T T T
d)
1.0k < 100 | (d) |
(d) g 5,(5,)
n Qp
= ) 0 #2
o
;m 0.5 F 4 =
o a—wo = ?, g
6, = 90 a
<<
0.0 L —-200 !
0 5 10 0 5 10
H, (kG) H, (kG)

FIG. 2. In-plane hysteresis loop (left) and equilibrium angles
of the magnetization vector in each layer (right) for an asymme-
trical trilayer system with the external magnetic field applied at
(a) 5°, (b) 25° (c) 60°, and (d) 90° off the perpendicular orienta-
tion. The parameters are ¢,/t,=2, H§ ,=-9.5 kG,
H$Y ,=—4.5 kG, and A4,,/t;M,=3 kG which correspond to
0..;,1=23.9° and 6,,; ,=28" as defined in the text.
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For special cases, the magnetization process can be
simplified. If £, =1, (i.e., symmetrical structure), 6, ;=0
and H_;,=0. As a result, both M; and M, will rotate
out of the x —z plane as the external field is increased
from zero. Furthermore, if the magnetic anisotropy ener-
gies of the two ferromagnetic layers are identical, 0, ,
will also be zero, suggesting that ¢,=0 at H,;,. In fact,
since the two magnetic layers are identical with each oth-
er in this case, 8; and ¢; are symmetric about the x —z
plane.

In contrast to the antiparallel coupled system, only one
process exists in the parallel exchange-coupled system.
At zero field, both M, and M, stay parallel to the x axis.
Upon increasing the external field, they will rotate to-
ward the applied field orientation within the x —z plane.
Since the static energy expression of Eq. (1) is indepen-
dent of ¢, and ¢,, the equilibrium positions of the magne-
tization vectors M; and M, can be handily obtained by
minimizing the energy with respect to 6, and 0,.

J

B. Dispersion relation

When this exchange-coupled system is located in an
applied static magnetic field, the magnetic moment in
each layer, if perturbed from their equilibrium orienta-
tion, will precess around its equilibrium direction which
can be expressed by the relation

1 dM; 1 1 M; .
= . ==—LXV.6 (i=1,2),
t oy M, 6 U )

(5)

where y is the gyromagnetic ratio and V,6 can be ex-
pressed as

~ l s
V:6=036/36,€, + maé/acﬁie,,,. 6)

in the polar coordinate system where &, and &, are unit
1 1

vectors along the 0; and ¢, directions. At the equilibri-
um position, M; is independent of time (dM;/dt=0),
and Eq. (5) will give the same equilibrium conditions as
discussed in the previous section. Assuming a small devi-
ation of the magnetic moment M; from its equilibrium
position M2, ,

M’.=Ms’e\,i+m9i'e\9'_+m¢i’e\¢i N (7)
the equations of motion can be obtained by expanding
Eq. (5) and retaining only terms to the first order of mg,
and mg , where mg, =M_60; and my =M sinb;8¢; are
small deviations of the magnetization along the 6; and ¢;
directions, respectively. If the time variation follows the
e ~'" form, where w is the angular frequency, the follow-
ing expressions are obtained which are similar to the re-
sults published in the literature:'®

iw Egp, By, Eq, By,
y  t;M,sin6, t,M,sin%0, t,M,sin6, t,M,sin@,sin0,
m
Ee 6 ile E01¢1 _ Eolel _ Eel¢2 01
t M Y  t;Msin6, 1M, t, M sinf, mg,
=0. (8)
Eel 2 E¢1¢2 iw E92¢z E¢2¢2 Mo,
t,M sin6, t,M sinf;sinf, y  t,Msinf, t,M_sin%6, my
_ Eolez _ E92¢l _ Eezoz w E"’z"’z
t,M, t,Msin0, LM, Y  t,Msind,

Here E; o =36/26,36;, E, 4 =3%6/00,0¢; and E 44, =3’6/0¢,0¢,. Although these equations are derived for a tri-

layer structure, they can eas1ly be expanded to an exchange coupled multilayer system.

17

The roots of the determinant of the 4 X4 matrix on the left-hand side of Eq. (8) will give the dispersion relation of the

exchange-coupled trilayer system:
4 2

@ +c¢=0,

Y

_b_

where

9)
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o
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t12,M?sin0 sin,

2 2 g2 2 g2 _p2
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2 . 2 2
E¢1¢2E9191E9292 E91¢1E9292E¢2¢2 E91¢2E9292E¢2¢2 E924’1E9191E¢14’1

T Eo0,Es9,E6,0,E9,0,T2E0,0,E4,0,E0,6,E0,6,72E 0,6 E0,4,E44,E0,,

+ 2E0192E91¢2E¢1¢2E92¢2 + 2E9]92E01¢1 E02¢1 E¢2¢2

T2Eo4Eoy, Eo,0,E 6, TE69,E0,9)72E00,E44,E04Epy] .

Two of the four solutions give negative values of w/y and
do not correspond to any physical resonance modes. As
a result, only two resonance frequencies are obtained at
any given field.

As an example, the dispersion relation for a symmetri-
cal parallel coupled system (t,=t,, HSS \=HS ,=HSH
H,,=H,,=0,and 4, <0) is shown in Fig. 3. When
the external field is in the film plane (6;=90°), the
dispersion relation for the two modes has a simple form.
One mode (the acoustic mode) corresponds to the rf com-
ponents of the two magnetization vectors resonating in

w/7 (kG)

Tl

H (kG)

FIG. 3. The dispersion relation for a symmetrical parallel
coupled trilayer system with the external field applied (a) paral-
lel and (b) perpendicular to the film plane. The parameters are

:g,l =H:g;2= —10 kG and Hex =24 lz/th:ZZAu/tzMx
=—1kG. 11 (or 1) refers to acoustic mode (optic mode).

T
phase, i.e., me, /m o, =My /mg =1. The exchange ener-

gy, which is constant during the precession, does not pro-
duce any dynamic contribution to the resonance condi-
tion. Therefore, the dispersion relation of the acoustic
mode is degenerate with that of a single-layer system.
The other mode (the optic mode) corresponds to the rf
components of the magnetization vectors resonating out
of phase. The exchange energy introduces an extra field

H,=2A4,/t,M,=24,,/t,M,

to the dispersion relation of this mode and shifts the reso-
nance field by a value of H,, from that of the acoustic
mode at the same frequency. For this system (H, <0)
the optic mode is observed at the higher frequency or
lower magnetic field side of the acoustic mode is degen-
erate with that of the single-layer system as in the parallel
coupled system. The optic mode, which is due to the in-
crease in the exchange energy as the magnetization vec-
tors in the two layers deviate from the parallel orienta-
tion. When the external field is applied normal to the
film plane (6;=0) and larger than the saturation field
—HE similar results are obtained: the acoustic mode is
degenerate with that of the single-layer system while the
optic mode is shifted to the lower field side of the acous-
tic mode by a value of |2H,,| at constant frequencies.
For H < — Hf, the acoustic mode stays at zero frequency
as in the single-layer case. The optic mode is lifted to a
rather high-energy state due to the exchange interaction.

When the two ferromagnetic layers in the above-
mentioned system are antiparallel coupled, i.e., 4, >0,
the dispersion relation can be quite different as shown in
Fig. 4 with the external field applied at different angles.
If the external field is larger than the saturation field, the
acoustic mode is degenerate with that of the single-layer
system as in the parallel coupled system. The optic
mode, however, is observed at the lower-frequency or
higher-magnetic-field side of the acoustic mode. This
shift is due to the decrease in the exchange energy as the
magnetization vectors in the two layers deviate from the
parallel orientation as opposed to the increase in the ex-
change energy for the parallel coupled system.

Based on these results, the anisotropy energy can be
obtained from the angular-dependent FMR field of the
acoustic mode while both the sign and amplitude of 4,
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0 10 20

Magnetic Field (kG)

FIG. 4. The dispersion relation for a symmetrical trilayer
system with the external field applied at 0°, 20°, 40°, and 90° off
the perpendicular orientation. The parameters are ¢, =t, =32
A, HE =H$ ,=—5.8 kG, and H.,=24,,/t;M;=8.7 kG
which are consistent with the observation for the Co(32 A)/
Ru(9 A)/Co(32 A) sample. The solid diamonds are experimen-
tal FMR data. The dashed lines are the dispersion relation for a
single layer (or noncoupled) system, i.e., 4,,=0. 11 (11) refers
to acoustic mode (optic mode). As the sample is rotated a gap is
shown to develop in the low-field acoustic mode.

can be evaluated from the field separation between the
acoustic mode and the optic mode in the saturated re-
gion.

If the symmetrical antiparallel coupled system is unsa-
turated at resonance, the dispersion relation for both
modes is significantly modified from that of a single-layer
system as shown by the dashed line in Fig. 4. When the
external field is applied in the film plane (6,=90°), the
resonance frequency of the acoustic mode (1 1) increases
with increasing external field while the frequency of the
optic mode (1) decreases. These two modes become de-
generate at a particular field value where the two disper-
sion curves cross each other. When the external field is
rotated away from the film plane (64 <90°), an energy
gap appears near the crossover region as shown in Fig. 4.
With decreasing 6y, the minimum edge of the gap de-
creases while the maximum edge remains relatively flat.
The increase in the width of the gap with decreasing an-
gle is shown in Fig. 5. This unusual behavior indicates
that the acousticlike resonance mode will not be observed
over a certain 6y range if the resonance frequency is
lower than the maximum of the upper gap edge. On the
other hand, the variation of the resonance field with 6y
for these modes can be used to evaluate both 4, and the
anisotropy energy simultaneously. When the field is ap-
plied normal to the film, the optic mode will remain at
zero frequency in the unsaturated region while the acous-

10.0

w/y (kG)

0.0

0 30 60 90

6, (degree)

H

FIG. 5. The frequency gap (shadowed area) as a function of
0. The parameters are the same as those used in Fig. 4.

tic mode stays at relatively high frequencies, changing
slowly with H,. If the curve of this acoustic mode moves
up or down slightly, due to small changes in 4,, and/or
the internal anisotropy energy, the resonance field corre-
sponding to a fixed frequency value will change
significantly. As a result, the FMR spectra at this fre-
quency range can be used to accurately determine the
exchange-coupling strength and its variation with the sys-
tematic change of the external conditions, such as tem-
perature. An example will be given in the experimental
part.

Unlike in the saturation region where the rf component
of the magnetization in each layer resonates either in
phase or out of phase with each other, there is no simple
relation between the dynamic terms of M; and M, in the
unsaturated region except for 65=0° and 6y=90".
Therefore, the concept of the acoustic mode and the optic
mode is no longer appropriate to describe the two reso-
nance modes in the unsaturated region for 0° <8 <90°.

If the two ferromagnetic layers are not identical, i.e.,
they might have different uniaxial anisotropy fields
and/or different layer thickness, the dispersion relation
can be quite different from Fig. 4 due to the complicated
magnetization process. In general, the angular depen-
dence of the dispersion relation is shown in Fig. 6. At
65 =0, one of the resonance modes remains at zero fre-
quency in the unsaturated region while the other mode
stays at a relatively high-energy state. As the external
field deviates from the perpendicular orientation but
satisfies the condition 6, <6, , the lower branch in the
unsaturated region is lifted above the zero-frequency
value and the dispersion relation is continuous in slope.
When 65 > 6, |, two singularities (defined as the point at
which the dispersion relation is discontinuous in slope)
appear at H; (0y) and H,, ,(8y) which correspond to
the magnetization vectors starting to rotate out of and
back into the x —z plane, respectively. The lower mode
at these singularities has zero resonance frequency. For
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FIG. 6. The dispersion relation for an asymmetrical trilayer
system with the external field applied at different orientations.
The parameters are the same as those used in Fig. 2.

0 > 61, the feature of the dispersion relation curve
remains essentially the same except that the singularities
change their positions. This suggests that the transition
at 05 =0,,, is a higher-order effect. When the external
field is applied in the film plane, there is no crossover
point in contrast to the symmetrical system (Fig. 4). In-
stead, the upper branch and the lower branch are
separated by an energy gap which will exist over the
whole range of 6.

C. Absorption intensity

In order to observe the ferromagnetic resonance mode,
the system must have a net rf component of the magnetic
moment along the pumping field direction. The intensity
of the microwave absorption can be expressed as'®

(tlmh’1+t2mh’2)2
(£, +2)[t(mG +mG )+1y(mg +m3 )]

Ix , (10)

where m,, | and m,, , are the rf component of the magneti-
zation along the pumping field direction in layers 1 and 2,
respectively.

When the magnetization vectors are saturated at the
resonance condition, the rf component of the magnetic
moment in each layer resonates either in phase (acoustic
mode) or out of phase (optic mode). The in phase (acous-
tic) mode will produce a relatively large microwave ab-
sorption because m, , is always parallel to m, ,. For the
optic mode, the intensity is relatively small due to the op-
posite sign of m,; and m;,, and when the two layers
have the same anisotropy fields (i.e., H§§,1=H§§,2 and
H,,,=H,,), the intensity of the optic mode will be
Z€ro.

In general, the intensity of the optic mode depends on
the ratio between the difference in the internal anisotropy
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FIG. 7. The intensity of the optic mode I, as a function of
the resonance field for different @ values which measures the ra-
tio between the difference in the anisotropy field HSf ; and the
exchange field H,,. The external field is applied either in the
film plane (a) or perpendicular to the film (b). The systems are
chosen so that the in-plane and out-of plane saturation fields are
constant at 1 and 10 kG, respectively. The solid lines corre-
spond to t;=t, system and the dashed lines correspond to
t,=2t,.

field and the exchange-coupling field,
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a= )
At +,)/t 4, M

as well as the direction at which the field is applied and
the resonance frequency (or resonance field). As an ex-
ample, in Fig. 7, the variation of the optic mode absorp-
tion as a function of the resonance field is shown for the
parallel (6;=90°) and perpendicular (6;=0°) orienta-
tions. The higher-order uniaxial anisotropy field H,, ; is
usually small in comparison with HSf  and is assumed
zero for this calculation. It can be seen that at each
orientation, the intensity of the optic mode increases with
increasing a value. For a given film having a fixed value
of a, the optic mode is much easier to be observed in the
perpendicular orientation than in the parallel orientation.
If the field is applied perpendicular to the film, the inten-
sity of the optic mode is independent of the microwave
frequencies (or magnetic resonance field). However, if
the field is applied parallel to the film, the higher the res-
onance frequency (or larger resonance field), the larger
the optic mode absorption. This frequency-dependent
absorption is related to the change of the resonance ellip-
ticity, me. /m 40 with frequency (or field).
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The change of the microwave absorption with a, 04,
and frequency can be very useful in evaluating the ex-
change coupling in multilayer systems. As an example, if
a system has a large a value, it might be difficult to dis-
tinguish the acoustic mode and the optic mode in the per-
pendicular FMR spectra because both modes will have
similar microwave absorption. However in the parallel
FMR spectra, the intensity of the optic mode may be
significantly reduced, making it possible to distinguish
the two modes. If a system has a small a value, the optic
mode in the parallel FMR spectra might be too weak to
be detected. In this case, the perpendicular FMR spectra
might be the desired orientation to observe the optic
mode.

When the system is unsaturated, the resonance mode
cannot be catalogued as either an acoustic mode or an
optic mode except for very few special cases (for example,
the parallel and perpendicular resonance spectra as
shown in Fig. 3). The intensity of each mode is sensitive
to many resonance parameters and does not always fol-
low such common rules as discussed in the saturated
configuration.

D. Longitudinal pumping

From the calculation of the dispersion relation, it can
be seen that the observation of the optic mode is very im-
portant for the evaluation of 4,,. However, the intensity
of this mode is very small for most of the systems and
zero for symmetrical systems. Also the linewidth of this
mode is usually larger than that of the acoustic mode due
to the fluctuation of 4,, across the film plane. All of
these factors limit the accuracy with which the resonance
field of the optic mode can be determined.

One method to overcome this difficulty is to use the an-
gular dependence of the main resonance mode in the un-
saturated state of an antiparallel coupled system. How-
ever, due to the energy gap in Fig. 5, this main mode
might not exist when 6y is less than a certain value. The
angle 0, =0, at which the signal starts to disappear is
crucial for the determination of 4,, but is often difficult
to obtain accurately due to the sudden broadening of the
linewidth with the angle and the rapid decrease of the in-
tensity of the signal when 0, is approaching 6.

The other method is to increase the a value by chang-
ing the thickness of one of the ferromagnetic layers,®
therefore increasing the intensity of the optic mode.
However, even with the condition that the second fer-
romagnetic layer is about half as thick as the first mag-
netic layer (~10 A) the intensity of the optic mode is
still relatively weak.® Another problem associated with
the change of the ferromagnetic layer thickness is that
the interlayer exchange coupling strength might also
change even for the same spacer thickness.'®1°

The optic mode can be observed handily even for the
symmetrical systems if the rf pumping field is applied
along the bias field orientation (longitudinal pumping).
In order to get a longitudinal pumping signal, the system
must be in the unsaturated state and have a rf component
of the magnetization along the bias field direction. Fig-
ure 8 shows a schematic diagram of both the transverse
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FIG. 8. (a) A schematic diagram of longitudinal and trans-
verse pumping in the FMR setup. h, and H, are microwave
pumping field and bias field, respectively. M, and M, are mag-
netization vectors in magnetic layers 1 and 2, respectlvely (b)
The in-plane FMR spectra of the Co(32 A)/Ru(9.5 A)/Co(32
A) sample at X-band frequency and room temperature. The rf
field is applied at 90° (top), 20° (middle), and 0° (bottom) with
respect to the bias field.

and longitudinal pumping geometry for a symmetrical
trilayer system with the bias field applied in the film
plane. When the pumping field h, is perpendicular to the
bias field H, only the acoustic mode has a net rf moment
along the h, direction and can be observed. However,
when h is parallel to H, the optic mode is coupled to the
rf field and produces a microwave absorption. If hy is ap-
plied at an intermediate angle with respect to H, both the
acoustic mode and the optic mode can be observed in the
same spectra. An experimental verification of this effect
is shown in Fig. 8. Since H is always in the film plane,
the positions of the acoustic mode and the optic mode do
not change with the rotation of H.

III. EXPERIMENTAL RESULTS

A. Growth and characterization

The Co/Ru/Co samples were prepared in ultrahigh
vacuum (~5X 107! Torr before deposition, ~5X 10710
Torr during deposition) by evaporation on freshly cleaved
mica substrates. A thick epitaxial Ru layer (150 A) was
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deposited on mica as a buffer layer and was followed by
the Co/Ru/Co trilayer structure. Another Ru layer (40
A) was then deposited on the top of the film as a protec-
tion layer. Despite the large lattice mismatch (~8%),
the RHEED patterns obtained during the sample growth
and scanned over the whole surface show extensive
coherency of the surface and reveal high crystalline quali-
ty.20 The high-angle x-ray diffraction on the Co/Ru su-
perlattices evidenced the composition modulation and the
long-range structure coherence even for very thin Ru lay-
ers. The rocking curve of the main superlattice Bragg
peak shows a slight spread of the c-axis orientation of
about 1.5°. Transmission electron microscopy (TEM)
studies confirmed the hcp structure for both Co and Ru
layers with a strain relaxation for Co thicknesses larger
than 15 A. The layers are epitaxially grown on the Ru
buffer layer with good crystalline features as shown on
TEM cross sections (Fig. 9).%!

Several series of samples have been investigated and
their structures are listed in Table I. In the first and
second series, the thickness of each Co layer is constant
at 32 A (symmetrical structure) while the Ru layer thick-
ness varies from 6 to 80 A. The purpose of this study is
to investigate the interlayer exchange coupling as a func-
tion of the Ru spacer thickness. The only difference be-
tween series I and II is the substrate temperature during
film deposition. In the first series of samples, the sub-
strate temperature was kept at 120°C. The RHEED pat-
terns in these samples indicate that the first Co layer on
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FIG. 9. Cross-sectional high-
resolution TEM image of the
Co(12 A)/Ru(35 A)/Co(12 A)
trilayer structure [from G. Pan
(Ref. 21)].

the Ru buffer follows a monolayer by monolayer growth
mechanism while the crystal structure of the second Co
layer has a significantly larger number of stacking de-
faults.”’ As a result, the internal uniaxial anisotropy
fields in the second Co layer differ from those in the first
layer even though the layer thickness is the same.

In order to improve the growth properties of the
second Co layer, the deposition temperature was reduced
to a much lower value ( <0° C) in the second series. By
doing that, the crystal structure of the second Co layer is
almost as good as that of the first Co layer in this series,
therefore a much smaller difference in the anisotropy field
is expected between the two Co layers.

The deposition temperature for series III-V was also
kept at the sam temperature as that for the second series.
In each of these three series, the Ru layer thickness tg, is
constant while the thickness of the second Co layer varies
from 8 to 32 A. tg, =10 A, 12, and 16 A for series III,
IV, and V, respectively. The motivation for these series
is (i) to create an asymmetric anisotropy environment for
the observation of the optic mode and (ii) to systematical-
ly investigate the variation of the interlayer exchange
coupling with the magnetic layer (Co) thickness.

B. Magnetization measurements

Magnetization measurements were performed using a
SQUID and an AGFM (alternating gradient force mag-
netometry) magnetometers at room temperature and low

TABLE L. Structure characterizations of the Co/Ru/Co films.

Variable thicknesses Deposition
Series Structure (A) temperature (°C)
I Co(32 A)/Rultg,)/Co(32 A) 9.5, 12, 16, 20, 24, 28, 32, 80 120
II  Co(32 A)/Rultg,)/Co(32 A) 6, 7, 9, 10.5, 11, 14 —30
I Co(32 A)/Ru(10 A)/Co(t,) 6, 8, 11, 14, 16, 19, 21, 22, 26, 29, 32, 35 —30
IV Co(32 A)/Ru(12 A)/Co(t,) 6, 10, 11, 13, 14, 16, 18, 21, 24, 27, 30, 32 —30
V. Co(32 A)/Ru(16 A)/Co(1,) 8, 10, 11, 13, 14, 16, 18, 21, 24, 27, 30, 32 —30
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temperatures. Except for ¢, <10 A in the asymmetrical
Co(32 A)/Ru(tg,)/Colt,) structures, all samples have
easy-plane anisotropy energy. The magnetic moment per
unit volume of Co is within 10% of the bulk Co value
(1400 emu/cm?) and is independent of both the Ru thick-
ness (in the symmetrical structures) and the second Co
layer thickness (in the asymmetrical structures). The
largest source of error for the evaluation of the magneti-
zation M, comes from the uncertainty in the layer thick-
ness influencing the volume calculation of Co within the
sample. Therefore, the magnetization of the bulk Co
value is used as M| inside each Co layer.

No significant in-plane anisotropy field was found as
expected for the hcp structure in the Co and Ru layers
having the ¢ axis normal to the film plane.”® The systems
which show nearly square hysteresis loops around zero
magnetic field are assumed to be parallel coupled or non-
coupled. Other systems which require much larger ap-
plied fields to be saturated are considered as antiparallel
coupled systems. The in-plane saturation field for an an-
tiparallel coupled system is calculated by extrapolating
the slope of the magnetization curve in the unsaturated
(canted) region to the saturation value of M.

ANGULAR DEPENDENCE OF FERROMAGNETIC RESONANCEIN . ..
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1. Symmetrical structures

The in-plane magnetization measurements for the
symmetrical structures (series I and II) are shown in Fig.
10. Oscillations of the saturation field as a function of the
Ru thickness were observed. The two Co layers are anti-
parallel coupled in the regions 8<tg, <12 A and
20<tg, <24 A. The maximum coupling strength in the
first antiparallel coupled region, which corresponds to an
in-plane saturation field H, ,~8 kOe at tg, =9 A is
much larger than that in the second antiparallel coupled
region (Hg, ; ~0.5 kOe).

In the very thin Ru samples (Ru 6- and 7-A samples), a
large in-plane field (maximum value of about 20 kOQe) is
required to saturate the sample, indicating that the mag-
netization vectors of the two Co layers are strongly anti-
parallel coupled for extremely thin Ru spacer. This
agrees with the theoretical predication from ab initio
band-structure calculation.”> However, the shape of the
hysteresis loop differs from that of an ideal antiparallel
coupled system, showing rapid increase of the induced
magnetic moment for small magnetic field and a rather
long tail as the induced magnetization reaches its satura-
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:j: o — ] 1 T N — T ] FIG. 10. In-plane magnetization curves for
2 Ru(144) 7 Ru(lsA) Ru(zoA) 7 the symmetrical Co(32 A)/Ru(tg,)/Co(32 A)
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tion value (see Fig. 10). This suggests the existence of a
large variation in the interlayer exchange coupling which
may be due to pinhole formation and the fluctuation of
the Ru layer thickness across the film. Moreover, nuclear
magnetic resonance experiments’’ and magnetization
measurements>* on a series of single Co layer deposited
on the Ru buffer layer with various Co thickness from 4
to 30 A have evidenced an intermixing of Co and Ru
across two atomic planes at the interface, in agreement
with the structure analysis.?’

The temperature dependence of the in-plane magneti-
zation measurement has been performed on some of the
antiparallel coupled films. With decreasing temperature,
the magnetization in each Co layer increases slowly — for
example, from 1300 emu/cm? at 300 K to 1400 emu/cm
at 100 K for the sample Co(32 A)/Ru® A)/Co(32 A).
The in-plane saturation field also increases with decreas-
ing temperature—from ~ 8 kOe at room temperature to
~10 kOe at 100 K for the same sample. This behavior
indicates an increase in the exchange coupling strength
| 4,,| at low temperatures.

2. Asymmetrical structures

Series III and IV, which have the asymmetrical struc-
tures Co(32 A)/Rulrg,)/Col(t,) with 15, =10 and 12 A
respectively, show typical antiparallel exchange-coupled

Sm
N
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1 1 1 1 1
-15 -10 -5 0 5 10 15
Magnetic Field (kG)
T T T T T
0.6 F (b) -
t, =32 %
a 0.4+
=
~
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= 0.2+t
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1 1 1 1 1
10 15 20 25 30 35 40
t, (§)
FIG. 11. (a) Typxcal in-plane magnetization curves for the

asymmetrical Co(32 A)/Ru(10 A)/ Co(t,) samples at room tem-
perature. (b) The remanent magnetization M, (in units of M;)
as a function of the second Co layer thickness ¢, for this
series. The curve is the calculation using the relation
M, /M, =|(t,—t,)/(t; +1,)].
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magnetization curve as predicted in Fig. 2(d). Upon de-
creasing the thickness of the second Co layer ¢,, the
remanent magnetization increases and follows roughly
the relation M, /M =(t,—t,)/(t,+t,) as shown in Fig.
11. This provides the evidence about the quality of the
system and the consistency of the layer thickness from
sample to sample. The well-defined shape of the hys-
teresis loops also indicates that the interlayer exchange
coupling is quite uniform across the film plane.

In the Co(32 A)/Ru(16 A)/Co(tz) series, a nearly
square hysteresis loop is obtained for all of the samples.
The in-plane saturation field is less than 100 Oe and does
not vary significantly from sample to sample, suggesting
that the Co layers are not antiparallel coupled in this
series as opposed to the other two asymmetrical series.

C. Ferromagnetic resonance

Several different FMR experiments have been applied
to the Co/Ru/Co trilayer structures. (i) The resonance
frequency can be at either X band (9.2 GHz) or K band
(23 GHz). (ii) The external field can be applied at an arbi-
trary angle with respect to the film plane, i.e.,
0°<6y =90°. (iii) The temperature can vary from 10 to
300 K. (iv) When the external bias field is applied in the
film plane, the rf pumping field can be either parallel (lon-
gitudinal pumping) or perpendicular (transverse pump-
ing) to the bias field. Due to the change of the experi-
mental configurations, the resonance spectra can be
significantly different from one to the other
configurations even for the same sample. In this section,
some typical resonance spectra and their variation with
0y and temperature will be given for both the parallel
and antiparallel coupled systems.

1. Symmetrical structure

Figure 12 shows the in-plane FMR spectra at room
temperature for some of the samples in series I. Two res-
onance modes were observed in most of the samples in
this series. Except for the resonance mode of the sample
tRy=9.5 A, the field positions of the strong acoustic
mode are nearly constant for all of the samples at a given
frequency. The weak optic mode, however, changes its
position between the higher and the lower field side of the
acoustic mode with the change of the Ru thickness.

When the external field is applied perpendicular to the
film, the FMR spectra become more complicated At X
band, two resonance modes were observed in all samples
except in the 15, =9.5 A sample in which only the acous-
tic mode was obtained. Typical spectra are shown in Fig.
13. All of the samples shown in this figure have their
weak optic mode on the high-field side of the acoustic
mode in the parallel FMR spectra. However, for the
try =20 and 24 A samples, the intensities of the optic
mode and acoustic mode are almost equal in the perpen-
dicular spectra. It was also observed that the separation
between the two modes in much larger in the perpendicu-
lar spectra than that in the parallel spectra for these two
samples.

In the second series of samples, only the acoustic mode
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FIG. 12. In-plane FMR spectra at X-band (a) and K band (b)
for some of the Co(32 A)/Ru(tRu )/Co(32 A) samples in series 1
at room temperature. The arrows indicate the positions of the
optic modes under high resolution.

was observed in the FMR spectra at X-band and K-band
frequencies.

For the samples listed in Table II, a critical angle 6,
exists in the X-band FMR spectra when the external field
is rotated continuously from the parallel (85 =90°) to the
perpendicular orientation (6, =0°). At 0y =90°, a strong
resonance mode is observed. The position of the reso-
nance field increases with decreasing 6. As 6y is ap-
proaching the value of 6,, the linewidth of the signal be-
comes very broad and the intensity of the signal decreases
dramatically. When 6y is smaller than 6,, this mode
cannot be observed in the FMR spectra. The typical
variation of the resonance field with 6y is shown in Fig.
14(a).

6, does not exist in the K-band FMR spectra. Howev-
er, unlike other samples listed in Table 11, the resonance
behavior for the Co(32 A)/Ru(9 A)/Co(32 A) sample is

TABLE II. Room-temperature magnetlc properties of the
four strongly antiparallel coupled Co(32 A)/Ru(tR., )/Co(32 A)
films as described in the text.

Critical angle at X band

gy He HSE  Prediction Experiment
Series (A) (kG) g-value (kG) (deg) (deg)
1I 9 8.7 222 —58 24 25
I 9.5 459 218 —9.58 16 15
1I 10.5 4.87 222 —8.16 21 20
IIr 11 518 216 —8.31 22 25
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FIG. 13. Perpendicular FMR spectra at X band for some of
the antiparallel coupled Co(32 A)/Ru(tg,)/Col 324) samples in
series I at room temperature. The arrows indicate the positions
of the resonance modes. a was calculated using the method de-
scribed in the text.

significantly different from that of a single-layer films.
The resonance field of this sample remains at relatively
low values (between 5.5 and 7.2 kOe) during the whole
range of rotation. A maximum resonance field with the
value of 7.2 kOe was obtained when the angle of the
external field, 0%, is about 20° off from the perpendicu-
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FIG. 14. Angular dependence of the resonance field for the
Co(32 A)/Ru(9 A)/Co(32 A) sample at X-band (a) and K band
(b) frequencies and room temperature. The solid lines are
theroetical fits using the same parameters as in Fig. 4. The
dashed lines in (b) are predictions corresponding to 5 and 10 %
changes in the exchange field H,,. The inset of (b) is the varia-
tion of cos(6;,) with 6y at the K-band resonance condition,
where 6, is the angle between M; and M,. A constant A4,
used in this fit indicates that the biquadratic exchange term B,
is negligible in this sample.
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lar orientation as shown in Fig. 14(b). Upon decreasing
the temperature, 05" increases from 20° at 300 K to
about 80° at 50 K. The resonance field in the perpendicu-
lar orientation does not change significantly with temper-
ature (from 6.2 to 6.5 kOe), however, the parallel reso-
nance field increases from 5.7 to 6.7 kOe as the tempera-
ture decreases from 300 to 50 K.

For all of the samples listed in Table II, the optic mode
was observed using the longitudinal pumping technique
at X-band frequencies (see Fig. 8). The linewidth of the
optic mode is on the order of 250 G for all of the samples.
The positions of both the acoustic mode and the optic
mode increases with decreasing temperature.

2. Asymmetrical structures

In the two antiparallel coupled asymmetrical structure,
only the acoustic mode is observed. However, in the
parallel coupled asymmetrical series having the structure
of Co(32 A)/Ru(16 A)/Col(t,), both the acoustic and the
optic modes are observed at X-band and K-band frequen-
cies. A typical variation of the resonance field with 6 is
shown in Fig. 15. With increasing 0y, one mode always
stays on the lower field side of the other mode. This is
opposed to the behavior of a noncoupled asymmetrical
trilayer structure where a crossover point would be ob-
tained.

IV. ANALYSIS

Using the resonance theory discussed in Sec. II, the in-
terlayer exchange-coupling strength and the uniaxial an-
isotropy fields can be evaluated from the FMR data for
both the parallel and antiparallel coupled system. For
the antiparallel coupled system, the in-plane magnetiza-

20 T T T T T

Resonance Field (kG)

0 20 40 60 80 100

8, (degree)

FIG. 15. Angular dependence of the resonance field for the
Co(32 A)/Ru(16 A)/Co(18 A) sample at X-band and K-band
frequencies and room temperature. The solid lines are best fit
using the parameters HST,=—9.50 kG, H:f,=—5.36 kG,
g=2.09,and 4,,=—0.045 erg/cm?>.
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tion measurements can be used to determine the value of
Ay

A. Variation of A4, with the Ru layer thickness (tg, )

Due to the different growth quality between the first
and second Co layer in series I, a difference in the inter-
nal anisotropy field is developed in each layer and both
the acoustic mode and the optic mode were observed in
the FMR spectra. The optic mode is on the higher field
side of the acoustic mode for_the samples with the Ru
thickness at 12, 20, and 24 A, indicating that in zero
magnetic field the magnetization vectors of the two Co
layers are antiparallel coupled for these samples. This
agrees with the results from the in-plane magnetization
measurement shown in Fig. 10. The resonance of the
Co(32 A)/Ru(16 A)/Co(32 A) sample has the optic mode
on the low-field side of the main mode, indicating a weak
parallel exchange coupling between the Co layers. From
Fig. 12, the intensity of the optic mode in the K-band
spectra is larger and easier to be detected than that in the
X band, in agreement with the previous predictions that
the relative intensity of the optic mode increases with the
increase of the microwave frequency (see Fig. 7).

In contrast to the parallel spectra, the intensity of the
optic mode in the perpendicular orientation changes
significantly from one to the other (as shown in Fig. 13).
In addition, for most of the samples shown in Fig. 12, the
separation between the optic mode and the acoustic mode
is much larger at the perpendicular orientation than that
at the parallel orientation. This is consistent with a 1-3
kG difference in the anisotropy fields between the two Co
layers, |[HST | —~H,ff2f,21, which gives a significant contribu-
tion to the field separation in the perpendicular resonance
spectra (about the same order as ]Huz ) *H,fg‘2|) as op-
posed to about a 0.1-kG contribution to the separation in
the parallel spectra.

From the resonance fields in both the parallel and the
perpendicular resonance spectra, 4,, and H 5‘;1 were ac-
curately determined for all the samples shown in Fig. 12
except the t5,=9.5 A samples. The calculated a value
for each sample agrees with the predictions that the
larger the a value is, the larger the intensity of the optic
mode is as clearly shown in Fig. 13.

For the Co(32 A)/Ru(9.5 A)/Co(32 A) sample, only
one mode was observed as opposed to the two modes in
other samples of the same series. The in-plane resonance
field at K band is close to that of the other samples, sug-
gesting that all of the films have similar uniaxial anisotro-
py fields, Hu;,_, which is about —9 kG in average. Howev-
er at X-band frequency, the resonance field for the Co(32

A)/Ru(9.5 A)/Co(32 A) sample is much higher (about
1.7 kQe) than the 1.0 kOe observed in other samples, but
lower than its saturation value (H, , ~4 kOe). This nov-
el shift in the resonance spectra is due to the smaller con-
tributions of the demagnetization energy in the unsa-
turated state as predicted from the theoretical calculation
(Fig. 4). In the perpendicular FMR spectra at X band,
only one weak mode was observed at H ~16 kOe. This
mode has been identified as the optic mode because the
resonance field is so much higher than that of the acous-
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tic mode found in the other samples Using the 4 and —9
kG as estimations for H,, and H:S, the main (acoustic)
mode falls in the frequency gap at the perpendicular
orientation at X-band frequencies. This supports the ob-
servation that the main mode disappears for 6y <6, for
this sample as shown in Fig. 14(a).

Because of the strong antiparallel coupling in the
Co(32 A)/Ru(9.5 A)/Co(32 A) sample, the longitudinal
pumping technique was applied for the observation of the
optic mode at X-band frequency. The narrow linewidth
of the optic mode (about 250 Oe in comparison with the
resonance field at about 4 kOe) does not necessarily indi-
cate that the variation of 4, is very small across the film
plane. Instead, it suggests that the variation length
(along the film plane) in these Co/Ru/Co trilayer films is
much smaller than the magnetic correlation length of
bulk Co (domain-wall width, about 1000 A) because the
linewidth of the resonance spectra, in this case, is
significantly reduced by a factor of A4,,/ A, as predict-
ed in the literature.?> Here 4, is the direct exchange en-
ergy coefficient in the bulk Co and is much larger than
A 12.

The exchange-coupling strength for this sample is eval-
uated using the optic mode at X band and the acoustic
mode at both the X-band and K-band frequencies. This
evaluation method has also been applied to the g, =9,
10.5, and 11 A samples in series II, all of which have in-
plane saturation field of 3 kOe or larger. Since no optic
mode was observed in these samples using the transverse
pumping technique, the two Co layers are assumed to
have the same anisotropy field. The parameters, 4,,,
HSE and g value, determined from this method succes-
sively predict the angular dependence of the FMR data at
both the X-band and K-band frequencies (Fig. 14). The
critical angle 6, predicted for the X-band resonance
behavior agrees with the experimental data as shown in
Table II. Except for tz, =9 A, all samples are saturated
under K-band resonance condition, therefore the angular
dependence of the main (acoustic) mode follows the same
variation as that of a single layer system.

For the tg,=9 A sample, the antiparallel exchange
field is so large ( > 8 kG) that the magnetic moment is not
saturated even at the K-band frequency. From the calcu-
lated dispersion relation (Fig. 4), it can be seen that the
resonance mode observed in the K-band spectra is associ-
ated with the intercept of the frequency to the upper
dispersion curve in the unsaturated region. When the
external field is applied close to the perpendicular orien-
tation the slope near the resonance field is much smaller
than that in the saturated region, suggesting that a small
variation in the shape of the dispersion curve will change
the K-band resonance field significantly for this sample.
As an example, the deviations corresponding to 5 and
10 % changes in the exchange coupling field, H,, are
shown as the dotted lines in Fig. 14(b). From this
analysxs, it can be seen that the error of evaluating 4,,
and HSY is within 1%. Since the angle between M, and
M, at resonance changes with Oy [see the inset of Fig.
14(b)], the fit of the calculation to the experimental data
also indicates that the biquadratic exchange energy is at
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least 2 orders of magnitude smaller than the bilinear term
in the Co/Ru/Co trilayer series.

The interlayer exchange coupling coefficient 4, as a
function of the Ru thickness is shown in Fig. 16. The
evaluation of A4,, from the in-plane saturation field,
H, =2A4,,/tc,M,, is also shown for comparison. 4,
osc111ates from positive to negative values with respect to
the Ru thickness, having a long oscillation period of
about 10 A. The magnetization vectors of the two Co
layers are strongly antiparallel coupled with the coupling
field on the order of several kG for 8 <ty <12 A, in
agreement with the previous results in the literature. 104
maximum exchange coefficient 4, with a value of 1.85
erg/cm? was found in the sample tg, =9 A, which corre-
sponds to an exchange field H,, of 8.3 kG. The max-
imum couphng strength in the second antiparallel cou-
pled region (20 <tg, <24 A) is at least an order of mag-
nitude smaller than that in the first antiparallel coupled
region.

The existence of parallel exchange coupling was
confirmed in the sample tg, =16 A from the FMR data.
The exchange field |H,,| for this sample is about 0.3 kG,
even smaller in magnitude than the maximum values in
the second antiparallel coupled region (20 <tg, <24 A).
In addition, the range of the parallel coupling region is
smaller than those of the antiparallel coupling regions.
For the samples with Ru thickness greater than 28 A, the
amplitude of the exchange coupling | 4,,| is less than
0.05 erg/cm? and cannot be detected by the FMR tech-
nique.
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FIG. 16. The evaluation of the exchange-coupling strength
Ay, as a function of the Ru thickness tg, for the symmetrical
Co(32 A)/Ru( fra)/Co(32 A) structures at room temperature.
The solid triangles are the fitting results from the FMR analysis
while the open squares are the evaluation from the in-plane sat-
uration fields. The scale of the y axis below zero is expanded.
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B. Temperature dependence of A4,

To further explore the exchange-coupling mechanism
in the magnetic multilayer system, the temperature
dependence of FMR has been performed on four samples
in the symmetrical structures having the Ru thickness of
9, 9.5, 20, and 24 A, respectively. All of these samples
have antiparallel exchange coupling between the Co lay-
ers at room temperature. The tg, =9 and 9.5 A samples
are in the first antiparallel coupled region while the
tre =20 and 24 A samples are in the second antiparallel
coupled region.

For the tz,=9 A sample, 4, is evaluated from the
angular dependence of the resonance field at the K-band
frequency. Although the in-plane magnetization mea-
surement indicates a 20% increase of the saturation field
with decreasing temperature from 300 to 100 K, the per-
pendicular resonance field does not change significantly
over this temperature range as opposed to the prediction
in Fig. 14(b). This is due to the change in the anisotropy
field within each Co layer which nearly compensates for
the increasing in the exchange coupling in the perpendic-
ular orientation but it gives a significant increase to the
parallel resonance field, from 5.6 kOe at room tempera-
ture to 6.6 kOe at 50 K.

For the tz,=9.5 A sample, the longitudinal pumping
technique was used for the temperature-dependence
study. With decreasing temperature, the resonance fields
of both the acoustic mode and the optic mode increases,
suggesting an increase of the exchange coupling strength
and a decrease of |HST| at low temperatures.

For the tg,=20 and 24 A samples, the exchange-
coupling strength was evaluated from the field separation
between the acoustic mode and the optic mode in the
parallel FMR spectra at X band. Due to the difference in
the effective anisotropy field between the two Co layers,
|HS | —HE |0, the field separation between these two
modes, in general is equal to the exchange field H,, plus
a correction due to |HT | — HY ) [#0. However, evaluat-
ing the results at room temperature, it was found that the
contribution of the later term is insignificant for these
two samples. Therefore, the field separation is used as an
approximation for the exchange-coupling field H., .

The temperature dependence of the interlayer ex-
change coupling is shown in Figs. 17 and 18 for these
samples. With decreasing temperature, 4,, increases,
suggesting that the oscillatory exchange coupling shown
in Fig. 16 does not change its oscillation period or phase,
but rather changes its oscillation amplitude with temper-
ature. Except for the tz, =24 A sample, the variation of
A |, with temperature follows the relationship

Ap= 0)—/smh (12)

T,

predicted by Edwards et al.?® and Bruno et al.?’ (shown
by the solid lines in Figs. 17 and 18). For the 15, =24 A
sample, only the data below 120 K can be fit to Eq. (12).
The high-temperature data are significantly larger than
the theoretical predictions as shown by the solid line in
Fig. 18(b). This behavior is opposed to the expectation
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FIG. 17. The evaluation of A, as a function of temperature
for (a) the Co(32 A)/Ru(9 A)/Co(32 A) and (b) the Co(32
A)/Ru(9.5 A)/Co(32 A) samples. The solid lines and the
dashed lines are best fits using Eqs. (12) and (13), respectively,
with the parameters listed in Table III.
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_ FIG. 18, Same as in Fig. 16 for (a) the Co(32 A)/Ru(20
A)/Co(32 A) and (b) Co(32 A)/Ru(24 A)/Co(32 A) samples.
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due to the softening of the interfacial magnetism at high
temperatures and has not been fully understood.

A better fit to the experimental data can be achieved
for all four samples if Eq. (12) is modified as

A =[A(0)= ()] /smh +Ap(),

(13)

where A4,,( ) is the exchange coefficient at T = co. The
results are shown by the dotted lines in Figs. 17 and 18.
A positive 4,( ) was obtained in each sample, howev-
er, there is a large error in 4,( ) due to the lack of ex-
perimental data at T significantly higher than T,

The fitting results using Eqgs. (12) and (13) are listed in
Table III. In each case, it can be seen that the charac-
teristic temperature T, decreases with increasing Ru lay-
er thickness and the values agree with the prediction of
T, on the order of 100 K from the Edwards model.

The similarity between the experimental data and the
theoretical predictions indicates that the interlayer ex-
change coupling mediated by the Ru spacer is closely re-
lated to the spatial confinement of d holes in the Ru layer
due to a spin splitting of the d band in the Co layers. Us-
ing a simple-cubic tight-binding band model and an ana-
log of the de Hass—van Alphen effect, the characteristic
temperature T, can be expressed as’®

Ty=%vp/2mkgL , (14)

where vy is the Fermi velocity and L is the spacer thick-
ness. By choosing suitable v, the theoretical predictions
of T, were also listed in Table III which agree reasonably
well with the experimental evaluation. The Fermi veloci-
ty used here is on the order of 10’ cm/s, about an order
of magnitude smaller than the values for most nonmag-
netic materials predicted by a free-electron-gas model.?
This can be explained because in the free-electron-gas
model, the Fermi velocity is proportional to the Fermi
wave vector kp, while in Eq. (14), vp is related to
7/a—kg, where a is the atomic layer distance in Ru.
This result suggests that 7/a —kp is much smaller than
kr in Ru, a condition necessary for the explanation of the
long oscillation period observed in the Co/Ru/Co tri-
layer structures.?%?’
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C. Variation of A4 ,, with the second Co layer thickness

While many studies have been devoted to the depen-
dence of the interlayer exchange coupling 4,, on the
nonmagnetic layer thickness, little effort has been related
to the dependence on the ferromagnetic layer thickness.
In most of the theoretical calculations, the magnetic layer
is assumed either to have infinite layer thickness?® or to
couple the nonmagnetic layer through its surface layer.?’
Recently, Barnas'® and Bruno!® calculated the magnetic
layer thickness dependence of the interlayer exchange
coupling in symmetrical trilayer systems (i.e., in each
sample, t;=t,). Using a spin-split free-electron model,
they predicted that the coupling strength depends on the
magnetic layer thickness as well in an oscillatory manner
due to Fabry-Perot-like interferences of the electron
Bloch waves in the ferromagnetic layers. Since it is usu-
ally difficult to observe the optic mode for a symmetrical
trilayer system, the asymmetrical Co/Ru/Co trilayer
series was used for the study. In each asymmetrical
series, the thickness of the second Co layer is the only
variable parameter.

The two Co layers are antiparallel coupled for the
Co(32 A)/Ru(lO A)/Col(t,) (series III) and Co(32
A)/Ru(12 A)/Co(t,) (series IV) series. In the in-plane
magnetization curves for these samples, two transition
fields H,; , and H,, , exist which separate the antiparal-
lel, canted, and saturated states. Each transition field, as
discussed in Sec. II, relates to the exchange-coupling
coefficient as well as the thickness ratio between the two
Co layers and therefore, can be used to evaluate 4,, for
these two series. Due to the frequency gap existing in the
dispersion relation for these films, the FMR data could
not provide sufficient information for the evaluation of
the exchange coupling. .

In series V Thaving the structure Co(32 A)/
Ru(16 A)/Col t,), the hysteresis loop is identical to that
of a noncoupled system and cannot be used to evaluate
the interlayer exchange coupling. However, two reso-
nance modes were observed in both the X-band and K-
band spectra in this series. Therefore, the angular depen-
dence of the resonance field was used for the evaluation
of 4,.

The variation of 4,, with the thickness of the second
Co layer t,, is shown in Fig. 19 for the three asymmetri-

TABLE III. Fitting parameters of the 1ntetlayer exchange coupling A4, as a function of temperature
for the symmetrical Co(32 A)/Ru(tR., )/Co(32 A) structures. These parameters are defined by Eq. (12)

for Edwards model and Eq. (13) for modified Edwards model.

" is the characteristic temperature

evaluated from the experimental data and TY is the theoretical predication using Eq. (14) with the Fer-
mi velocity vz=1.7X 10’ cm/s for the Edwards model and vy=1.1X10" cm/s for the modified Ed-

wards model.
Edwards model Modified Edwards model
IRy TS T A,(0) TPt T A,(0) A (o)

Series (A) (£20 K) (K) (erg/cm?)  (£20 K) (K) (erg/cm?)  (erg/cm?)
1I 9 210 238 2.61 145 152 2.65 1.12

I 9.5 225 218 1.33 145 139 1.34 0.65

I 20 135 105 0.26 115 67 0.26 0.05

I 24 1082 87 0.24 60 56 0.24 0.15

?Obtained from the data at low temperatures.
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FIG. 19. The evaluation of A4, as a function of the second
Co layer thickness ¢, for the three asymmetrical series (III, IV,
and V) having the structure of Co(32 A)/Ru(tgu )/Co(t,) with
tr, =10, 12, and 16 A, respectively. All results are at room tem-
perature.

cal structures. The sign of 4, does not change within
each series but the amplitude of A4,, varies rather
significantly as a function of #,. In the two antiparallel
coupled series and with increasing the second Co layer
thickness, ]Alzl increases for 1,<16 A, decreases for
16<t,<25 A and increases again for 25<7, <35 A. The
variation amplitude, | 4| —| ATi"|, is about half of the
average value of | 4| for each series which is larger than
the theoretical predictions for the case of symmetrical
structures.'” In the parallel coupled series (series V),
| A,| also reaches extreme values at ¢, ~15 and 25 A.
However, there is a 180° phase difference in comparison
with the two antiparallel coupled series. |Aj,| in this
series is a minimum (about 0.01 erg/cm ) at £, ~15 A but
a maximum (about 0.17 erg/cm?) at t,~25 A. This is
also opposed to the predictions in the symmetrical struc-
tures."”

These results indicate that there is a variation of 4,
with the magnetic layer thickness, which might be due to
different Fabry-Perot-like interferences of the electron
Bloch waves within the individual magnetic layers. The
variation length At, is much larger than the 7/kp pre-
dicted from the free-electron model, suggesting that the
discreteness of the magnetic layer thickness and of the
moment distribution may have to be taken into ac-
count.?’

D. Effective uniaxial anisotropy field HS w2 i

The effective anisotropy field H,,2 ; depends sensitively
on the thickness of the Co layer and the temperature as
well as the growth quality. In the first series of samples,
there generally exists a 1-3 kG difference in Hf between
the first and the second Co layers which origmates from
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the large number of stacking defaults observed in the
second Co layer. This difference in HST is greatly re-
duced in the second series as the growth quality of the
film is improved.

In the asymmetrical structures, Hu2 , increases
significantly with decreasing the second Co layer thick-
ness ¢, while H ezx remains constant as shown in Fig.
20(a). The variation of h%5 2 with ¢, can be expressed us-
ing a bulk contribution H{, and a surface contribution
H, from each Co/Ru interface:

tyHS =ty Higy +2H, . (15)

HE, is about —12.2 kG in these samples which agrees
with the estimation using the demagnetization field
(—17.6 kG) and the uniaxial anisotropy field (5.9 kG) of
bulk Co. The surface anisotropy field H, is quite large in
these samples and corresponds to a surface anisotropy en-
ergy of K, ~0.40 erg/cm?. The origin of this surface an-
isotropy energy might come from the magnetoelastic an-
isotropy energy due to the lattice expansion of the Co
near the Co/Ru interfaces.?’ From Eq. (14), the Co layer
w111 have a perpendicular uniaxial anisotropy (i.e.,
H >0) when its thickness is less than 10 A. This is
conﬁrmed by the FMR measurements and the magnetiza-
tion measurements performed on ultrathin Co layer films
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FIG. 20. (a) The evaluation of t;HSl, as a functlon of the

second Co layer thickness ?, for the Co(32 A)/Ru(16 A)/
Co(t,) series at room temperature. The dashed lines are best fit
using the conditions described in the text. (b) Temperature
dependence of HSE for the Co(32 A)/Ru(9.5 A)/Co(32 A) sam-
ple.
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with the external field applied both parallel and perpen-
dicular to the film plane.

With decreasing temperature, |H,f'{,~| decreases, sug-
gesting an increase of the perpendicular uniaxial anisot-
ropy field at low temperature. A typical variation of HET

with temperature is shown in Fig. 20(b).

V. CONCLUSION

The angular dependence of the exchange-coupled fer-
romagnetic resonance theory for a three-layer structure
was presented in this paper. In comparison with the in-
plane magnetization measurement, the resonance method
can evaluate both the sign and the amplitude of the ex-
change interaction between the two ferromagnetic layers
through the ‘“‘nonmagnetic” spacer. Since FMR mea-
sures the dynamic properties of the system and are not
sensitive to the domain structures of the film, the results
are more reliable than those from the magnetization mea-
surements.

The dispersion relation in each film depends on the
exchange-coupling field as well as the internal anisotropy
fields within each layer. Because there are several un-
known parameters in the model, it is usually not possible
to determine all of them from just the in-plane FMR
spectra. In this case, the perpendicular FMR spectra as
well as the spectra at arbitrary angles are found to be
essential to evaluate those parameters.

Special attention has been focused on the unsaturated
states of an antiparallel coupled system in which the
dispersion relation is significantly modified from that of a
noncoupled system. A frequency gap exists in the disper-
sion relation when the magnetic moment is not saturated,
resulting the absence of the acousticlike resonance mode
at low frequencies when the external field is applied close
to the normal orientation. The optic mode, which has lit-
tle or no microwave absorption in the standard FMR ex-
periment, can be observed when the rf pumping is paral-
lel to the bias field. These unique features provide extra
information about the exchange-coupling strength and
the uniaxial anisotropy energies and can be used to accu-
rately determine those internal parameters and their vari-
ation with the change of external conditions.
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The exchange-coupled resonance theory has been ap-
plied to investigate the interlayer exchange coupling in
the Co/Ru/Co trilayer structures and its variation with
the Ru layer thickness, the Co layer thickness, and tem-
perature. The results revealed the following.

(i) Only the bilinear exchange coupling term has been
observed in these samples. The biquadratic coupling
term is at least 2 orders of magnitude smaller than the bi-
linear term.

(ii) For extremely thin Ru layer thickness, the Co lay-
ers are strongly antiparallel coupled. This agrees with
the prediction from the band-structure calculation.

(iii) Both the sign and the amplitude of A4, oscillate
with the increase of the Ru layer thickness. The oscilla-
tion period is about 10 A. No short period oscillations
were observed.

(iv) The oscillation period and phase do not change
upon decreasing the temperature. However, the oscilla-
tion amplitude is significantly enhanced at low tempera-
tures. The variation of 4,, with temperature follows
roughly the relationship predicted by the theoretical
models (Refs. 26 and 27). The characteristic temperature
T, decreases with increasing the Ru spacer thickness.

(v) The exchange-coupling strength is also observed to
depend on the magnetic layer thickness. With the change
of the second Co layer thickness in the asymmetrical
Co/Ru/Co structures, the variation amplitude A4, is
on the same order of A, and the variation period is
about 10 A between the maximum and minimum values
of A,. No change in the sign of 4, has been observed
in any of the series.

(vi) The effective uniaxial anisotropy field depends on
the Co layer thickness as well as temperature.
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FIG. 1. The trilayer structure and coordinate system used in
the model.
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FIG. 9. Cross-sectional high-
resolution TEM image of the
Co(12 A)/Ru(35 A)/Co(12 A)
trilayer structure [from G. Pan
(Ref. 21)].



