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Abstract

We report on the dependence of the ferromagnetic resonance and magnetization on the NiFe thickness, ¢, of NiFe/
Cu(9 A) magnetic monolayers and symmetrical NiFe/Cu(9 A)/NiFe/Cu(9 A) exchange-coupled magnetic bilayer
structures, deposited onto Si(100) substrate. The out-of-plane resonance field variations showed the presence of both
the acoustic and optic precession modes in most of the bilayer structures. These variations and the magnetization curves
were fitted using a phenomenological model, which indicated different effective magnetizations for the first and second
NiFe layers as well as dependence of the magnetization and the coupling on z. Up to ¢t =43 A, the bilayers are
discontinuous and direct interaction between the adjacent NiFe layers occurs. For higher ¢, they could be considered
continuous and the exchange coupling changes from ferromagnetic to antiferromagnetic at 64A<t< 128 A.
Coexistence of ferromagnetic and antiferromagnetic coupling was detected for the bilayer with # = 1280A for which
a biquadratic interlayer exchange coupling was also considered in the fittings, indicating the presence of pinholes. The
results show that the techniques used are very sensitive for the evaluation of the continuity of the layers, the exchange
coupling, and the possible presence of pinholes in such structures.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The interlayer exchange coupling between fer-
romagnetic (FM) layers mediated by nonmagnetic
spacer plays a key role for understanding of many
properties observed in magnetic/non-magnetic
artificial structures. One example is the giant
magnetoresistance effect which is related to the
antiferromagnetic (AF) coupling between adjacent
magnetic layers [1]. Artificial structures containing
magnetically soft Permalloy are potential candi-
dates for magnetic recording devices such as
magnetoresistive read heads and nonvolatile ran-
dom access memories.

Ferromagnetic resonance (FMR) is a powerful
technique for understanding the nature and the
extent of exchange interactions in magnetic thin
films and multilayers (see Ref. [2] and the
references therein). The resonance modes depend
on the intralayer as well on the interlayer magnetic
coupling. In order to apply this technique, how-
ever, one must be able to obtain the equilibrium
positions of the magnetization vectors which, in
general, is very difficult to be done when the
energy expression involves terms different from the
uniaxial anisotropy ones. Dispersion relation
expressions for trilayer [3-5] and multilayer
structures [6,7] have been derived by several
groups. Although a lot of work has been done
applying the FMR technique for investigation of
trilayer systems [2,8], there still remain open
questions, mainly related to the uniaxial anisotro-
py of each layer. Lindner et al. [9] studied in
situ the FMR phenomenon for Ni/Cu/Co(001)
structures, where the in-plane precession modes
were studied as a function of temperature.
Detailed study of the out-of-plane FMR variations
for such structures, however, is still lacking.
Even when these modes are investigated, as
is the case of NiFe/Cu/NiFe trilayer structures
[10,11], their interpretation is only qualitative
and incomplete.

In the present work FMR and magnetization
measurements have been performed on NiFe
magnetic monolayer (capped with 9A Cu layer),
and NiFe/Cu/NiFe/Cu magnetic bilayer struc-
tures, i.e., separated and capped with Cu layers,
varying the NiFe (here, Nig Feg) thickness, ¢, in

the range from 21 to 1280 A. The Cu layer
thickness of 9 A was chosen as to correspond to
the first peak of the AF coupling, which has been
precisely determined from magnetoresistance mea-
surements [12], where magnetoresistance ampli-
tude of 22% was obtained for Fe(90 A)/Cu(9 A)/
[(NiFe( 16A)/Cu(9 A)]zo sample grown in the same
conditions.

2. Experiment

The NiFe()/Cu(9A) and NiFe(r)/Cu(9 A)/
NiFe(r)/Cu(9 A) structures were prepared by
magnetron sputtering in 2.0mTorr Ar atmo-
sphere, where NiFe was grown by RF sputter-
ing at deposition rate of 1.0A/S and Cu by DC
sputtering at 1.2.&/5. NiFe was chosen to be
RF sputtered in virtue of its enhanced struc-
tural quality as compared to be DC sputtered,
as shown by Cowache et al. [13]. The deposition
rates and film thicknesses were obtained by
low-angle X-ray analysis. The base pressure was
better than 5x 10~®Torr and the substrate
was a Si(100) with a native SiO, layer. The
structural characterization was made via conven-
tional X-ray powder diffraction performed
on a Philips X’Pert MRD machine employing Cu
Ko radiation. Both NiFe and Cu layers were
polycrystalline, with no indication of dominant
textured structure.

Room temperature magnetization data were
obtained using a home-made alternate gradient
force magnetometer with sensibility of about
10~7emu, where the external magnetic field was
applied in the film’s plane. A superconducting
quantum interference device (SQUID) magnet-
ometer was also used to precisely estimate the
saturation magnetization.

FMR measurements were performed at room
temperature using a Varian X-band (9.5 GHz)
electron spin resonance spectrometer with a
rectangular TE;( microwave cavity, with standard
phase-sensitive detection technique. The samples
were mounted on the tip of an external goniometer
to allow measurements of the resonance field
as a function of the in-plane (¢y) or out-of-plane
(6y) angles.
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3. Model

Recently, a phenomenological model has been
developed by some members of our group which
allows to obtain the dispersion relation for any
exchange coupling strength and for any magnetic
field, even if the system is unsaturated at reso-
nance. The model has been applied to exchange-
biased uniaxial FM/AF bilayers assuming forma-
tion of planar domain wall at the AF side of the
interface for various exchange field strengths and
for both cases of FM and AF coupling [14,15], as
well as to exchange-coupled systems characterized
by competing uniaxial and cubic anisotropies [16].
In the present work, the model was applied on a
system that consists of two magnetic layers,
denoted as A and B, with saturation magnetiza-
tions M;‘ and M? and thicknesses fp and g,
respectively, exchange-coupled through a nonmag-
netic layer. The anisotropic part of the total
free energy of this system per unit area can be
written as

E =tp\Ep+t3Ep + Ej. (1)
The energies involved in E; (where k = A or B),

Er = —H- MK 4 27(M¥ . n)?
— Kt (Mg -n/ M) )

are the corresponding Zeeman energy (the first
term), the demagnetizing energy (the second term),
and the last term corresponds to the uniaxial
anisotropy energy. It is assumed here (in accor-
dance with the experimental data) that both
magnetic layers show perpendicular-to-the-plane
uniaxial anisotropy only; n is a unit vector normal
to the film’s plane, and K’{J is the kth uniaxial
anisotropy constant. In thin films, the K’{J values
depend on the interface-induced anisotropy,
stress-induced anisotropy, and volume magneto-
crystalline anisotropy of each magnetic layer. The
last term in Eq. (1) is the bilinear exchange
coupling energy,

Eine = —JIM2 - MB /(M2 MB), 3)

with J; being the interlayer exchange coupling
constant; J; >0 and J; <0 correspond to FM and
AF coupling, respectively.

The first derivatives of E with respect to the
polar (0;) and azimuthal (¢,) angles of M;‘ in
spherical coordinates must be equal to zero at
equilibrium. Each vector M¥, if perturbed from its
equilibrium orientation, will precess around its
equilibrium direction. Following Smit and Beljers
[17], the roots of the determinant of the 4 x 4
matrix

Eg,o0, Ey,¢, +1iza Ey, 0, Ey, g,
Eowpy —12a Egp, Egy, Eg, g,

Eg,0, Eyyg, Egyo, Egpyp, +izB

Eo. ¢, Ep gy Eogpy =12 Egyg,

will give the dispersion relation of the exchange-
coupled system, i.e., a fourth-order equation in
(the angular frequency of precession) with at most
two meaningful solutions (precession modes) at
any given DC field. Here Ey’s (k,/ = A or B)
denote the second derivatives with respect to the
equilibrium angles 92 and qﬁg of the energy given in
Eq. (1), zx=(o/y)txM* sin0), and 7, is the
gyromagnetic ratio of the kth layer, with y, =
2ntg ug/h; where g, ug and h are the g-factor, Bohr
magneton number, and the Planck constant,
respectively. One of the precession modes is
characterized by an in-phase precession and is
normally called ‘acoustic’ mode, while the other
one consists of out-of-phase spin oscillations and
is classified as ‘optic’.

When the magnetic layers are of the same
material (in this work, NiFe), if they have equal
thicknesses (symmetrical structures), and are
weakly coupled, and also if the DC field is larger
than the saturation field, then the acoustic mode is
degenerated with that of the uncoupled case and
the optic mode is shifted [2] by a magnetic field
value of £2J /(M,t) in the case of NiFe, where the
positive sign is for AF coupling and the negative
sign is for FM coupling. The intensity of the optic
mode is weaker than the acoustic one and depends
on the ratio between the difference of the uniaxial
anisotropy of the two NiFe layers and the
exchange-coupling field [2]. Moreover, the optic
mode is much easier to be observed when the
applied magnetic field is perpendicular to the film
than parallel to it. If the two NiFe layers have the
same uniaxial anisotropy, the intensity of the optic
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mode will be zero. Hence, both the type and
intensity of the coupling can be achieved through
the identification of the two modes and from the
difference between their resonance fields, when the
external field is in the film’s plane. The uniaxial
anisotropy of the two NiFe layers can be obtained
from the fit of the angular variations of the
resonance fields using the model described above,
since M is known.

4. Results and discussion

The in-plane resonance field and the magnetiza-
tion data do not vary significantly from one
sample to another, which is in agreement with
the X-ray results for both monolayer and bilayer
samples, showing no indications for dominant
texture structure, neither for NiFe nor for Cu
crystallites. The maximum difference between the
lowest and highest resonance field values was
found to be 100e, which can be considered
as negligible. Thus, these data are not presented
here.

The experimental out-of-plane resonance field
data for the monolayer samples with 1>35A, i.e.,
Si(100)/SiO,/NiFe()/Cu(9 A), are shown in Fig. 1
along with the corresponding fitting curves. It was
impossible to obtain reasonable resonance field
signal for the monolayer with ¢#=21A, which
can be ascribed to a non-homogeneous and
probably discontinuous magnetic layer at this
thickness. The effective magnetizations, M.y, for
the NiFe layers [where 4nM oy = 4nM; — Hy for
Hy = 2Ky /(M;t)] given in Table 1 were evaluated
from the out-of-plane FMR data in the framework
of the model described above; the numerical
procedure used has been published elsewhere
[14-16]. As can be seen in the figure, the estimated
resonance field angular variations agree very well
with the experimental data. The linewidth of the
resonance signal for z =128 A was ~500e¢ for
parallel configuration and ~ 70 Oe for perpendi-
cular configuration. The resulting from both
monolayer and bilayer series fitting values for
y/2m are 2.92 GHz/kOe (i.e., g = 2.09) for samples
with t=21A and 35A, and 2.94GHz/kOe
(i.e., g =2.10) for the others, the latter value

8 T

Si/NiFt;(t)/Cu(QA)

t=35A

Resonance field (kOe)

-30 0 30 60 90
6y, (degree)

Fig. 1. Room temperature angular variations of the resonance
field for NiFe(s)/Cu(9 A) series. The symbols represent the
experimental data and the curves are the corresponding fittings
using the parameters given in Table 1.

being typical for bulk NiFe [18]. The saturation
magnetization was obtained through SQUID
measurements of the bilayer samples assuming
that the two FM layers have one and the same
saturation magnetization. These results are shown
in Table 1.

FMR spectra for some of the bilayer samples for
static magnetic field parallel (H) and perpendi-
cular (H ) to the film’s plane are shown in Fig. 2.
The spectra are the field derivative of the absorbed
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Table 1

Parameters deduced from the fittings of the fourlayer structures
with  composition  Si/SiO,/NiFe(1)(7)/Cu(9 A) /NiFe(2)()/
Cu(9 A), where the values for the effective magnetization,
4nM sz given in parentheses are the results obtained for the Si/
SiO,/NiFe(t)/Cu(9 A) monolayer series

(o ) )
A) (102erg/em?)  (kOe)  (kOe) (kOe)
21 0.1 6.81 425 4.25
35 0.1 7.16 548 (295 548
43 0.2 7.41 740 (543)  7.00
64 1.4 9.17 778 (7.78) 870
128 13 9.55 8.55(8.55)  9.30
1280 2.0 9.80 978 (9.78)  9.80
8 — v
@ (b)
4 t=64A
0
-4 H“ HD
8L . . .
0.5 1.0 15 11.0 12.0 13.0
~ 75 —
3 0l © (@
.“2’ 128 A
g 5
z
—§ 0
= H Hy
g -25 I
<C
-50 L . . v v v
0.8 1.0 1.2 10.5 11.0 115 12.0
8
€ f
4 © 1280 A ®
0
-4 HH Hp
-8
0.5 1.0 15 125 13.0 135
H (kOe)

Fig. 2. In-plane [panels (a), (c) and (e)] and out-of-plane [panfils
(b), (d) and ()] Fly[R spectra at 9.°5 GHz for NiFe(#)/Cu(9 A)
and NiFe(7)/Cu(9 A)/NiFe(7)/Cu(9 A) series at room tempera-
ture.

power. For = 64 A (the upper panel of this
figure), the resonance has a relatively intense optic
mode on the low field side of the main mode,
indicating a weak FM coupling between the NiFe
layers. The intensities of the two modes are almost
equal for =128 A (Fig. 2¢) when the field is
applied in the film’s plane. In the perpendicular
configuration, however, it is clear that the optic
peak is located at a higher field than the main
mode, indicating a weak AF interlayer exchange
coupling for this sample. .

The spectrum for ¢=1280A with the field
applied perpendicular to the plane (Fig. 2f) shows
three resonance peaks. The strongest intermediate
peak is the main mode. The peak located at the
higher field side is the optic one. The resonance
peak corresponding to the optic mode is observed
at higher field than the main mode, indicating an
AF interlayer exchange coupling. However, for
this sample, in addition to the bilinear exchange
coupling [Eq. (3)], a biquadratic coupling term,
Jo[MA - MB /(M2 MB)P, was included in the mod-
el (where J, is the corresponding coupling
constant), which favors orthogonal magnetiza-
tions alignment. The peak on the low field side is
rather weak at the perpendicular configuration
and is identified as being due to a higher order
volume spin-wave mode [19,20]. Such a mode,
located at 12.15kOe, is also detected in the
perpendicular configuration for the monolayer
with # = 1280 A, while the main mode is located
at 12.35kOe. This mode has also been observed
for poly- and mono-crystalline NiFe monolayers
by Schmool et al. [21]. The biquadratic coupling
term will be discussed in more details later in
this paper.

The out-of-plane angular variations of the
resonance field for the bilayer series are shown in
Fig. 3. One notes that for r = 21 and 35 A there is
one precession mode only. The interlayer exchange
coupling strength for the bilayer series and the best
fit of the effective magnetization for NiFe(1) and
NiFe(2) layers [here (1) and (2) denote the first and
the second NiFe Ilayers, respectively] are also
displayed in Table 1. They were evaluated from
the fitting of both the out-of-plane FMR data as
well as from the magnetization curves (see Fig. 4)
for the bilayer samples.
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3BA

Resonance field (kOe)

128 A

0 4
4, (degree)

-30 0 30 60 0
8, (degree)

Fig. 3. Angular variation of the resonance field for the NiFe(z)/
Cu(9 A)/NiFe(t)/Cu(9 A) series at room temperature. Open
triangles represent the acoustic (in-phase) mode and full
triangles represent the optic (out-of-phase) mode of precession,
and the solid and dashed lines are the corresponding best fitting
curves. The inset shown in the bottom panel is a zoom of the
—4° <0y <4° region.

The existence of only one precession mode for
t =21 and 35A could be attributed to approxi-
mately equal uniaxial anisotropy constants of the

two NiFe layers. In this case, the resonance field of
the acoustic mode should coincide with that of the
NiFe monolayer, since this mode is degenerated
for an uncoupled system [2]. Distinct values for
these resonance fields, however, were obtained
from the FMR data fits (see the fourth column in
Table 1), indicating that the NiFe layers are
discontinuous for these bilayers. For t=43A,
another peak appears on the low field side of the
main peak at the perpendicular configuration
(optic mode) in the FMR spectra. Nonetheless,
this sample should not be completely continuous
since large difference between the effective magne-
tizations is obtained by comparing this bilayer
with the corresponding monolayer. The presence
of only one mode for = 1280 A in the parallel
configuration is attributed here to approximately
the same anisotropy constant value of the NiFe(1)
and NiFe(2) layers. The inset shown in the bottom

NiFe(t)/Cu(9A) NiFe(t)/Cu(9A)/NiFe(t)/Cu(9A)

(SEBEBED00

o
o

Normalized magnetization (a.u.)

02 -01 00 01 02 -02 -01 00 01 0.2
H (kOe)

Fig. 4. Normalized to M room temperature in-plane hysteresis
loops for the NiFe(r)/Cu(9A) and NiFe(r)/Cu(9 A)/NiFe(r)/
Cu(9 A) series with ¢t = 64, 128 and 1280 A, where the symbols
and lines represent the experimental and fitted curves,
respectively.
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panel in Fig. 3 represents the experimental data
and the fittings for —4° <0y <4° where, in this
case, the biquadratic term has been included in the
calculations with J, = 0.15 erg/cm?, the latter
being rather higher than the corresponding abso-
lute value of J; (i.e., 0.02erg/cm?, see Table 1).
The agreement between the experimental data and
the fittings seems to be quite good.

In-plane magnetic hysteresis loops for some of
the monolayer and bilayer samples are plotted in
Fig. 4. A normalized to M remanent magnetiza-
tion of 0.68 and a saturation field of 70 Oe were
obtained for the bilayer with ¢+ = 1280 A, indicat-
ing coexistence of ferromagnetic and antiferro-
magnetic couplings for this sample. A biquadratic
term was initially used by Riihrig et al. [22] to fit
the magnetization curves of their exchange-
coupled multilayers; it has also been taken into
account by other authors [23,24]. Bobo et al. [25]
showed that the physical process that produces
these magnetization curves is, in fact, pinhole
coupling. In the present work, the agreement
between the fitted and experimental hysteresis
loops is rather good (see Fig. 4), despite the
fact that the phenomenological model used
here considers coherent magnetization rotation
only, discarding possible domain wall nucleation
and motion.

The coupling between the NiFe layers at this
copper thickness can be due to two factors,
essentially. One is the fluctuation of the bilinear
coupling [26,27] due to the small variations of the
distance between the NiFe layers through the Cu.
This could be provoked by the intermixing
between NiFe and Cu at the interfaces, the latter
being paramagnetic [12]. The other factor could
be presence of pinholes that are able to couple
directly the two magnetic layers. The high
orthogonal coupling constant, obtained for ¢ =
1280 A as compared with the J; value for t = 64 A,
indicates that for the former sample the magnetic
behavior is determined by pinholes and by
fluctuation of the bilinear coupling for the latter
sample.

The deduced J; values (—0.013 and —0.020 erg/
cm?) obtained for the bilayers with 7= 128 and
1280 A, respectively, are in agreement with the
previously reported by Parkin et al. [28]

(—0.020erg/cm?) and Nagamine et al. [12]
(—0.018 erg/cm?) for NiFe/Cu multilayers.

The effective magnetizations for NiFe(l) and
NiFe(2) layers as a function of 1/r for the
continuous bilayers (i.e., t=>64A) are given in
Fig. 5. They can be fitted with the help of the
frequently used expression [29]

nMa() = dnMao0) (1= 240). @

which reflects the reduction of the NiFe magneti-
zation at both types of interfaces, i.e., SiOj/
NiFe(l) and NiFe(1)/Cu interfaces, and Cu/
NiFe(2) and NiFe(2)/Cu interfaces (Ad is the
interfacial non-magnetic layer thickness). The
linear fits gave 4nM. s bulk values of (9.80+
0.10)kOe for NiFe(1) and (9.85 4 0.10)kOe for
the NiFe(2) layers. These values are consistent
with the ones obtained for Cu/NiFe/Cu structures
[30] (= 9.8 kOe). Assuming that 2Ad corresponds
to the nonmagnetic layers in SiO,/NiFe(1) and
NiFe(1)/Cu, or Cu/NiFe(2) and NiFe(2)/Cu inter-
faces, one also obtains a total of (14.0 = 2.0) A and
(7.4 £0.5) A for 2Ad, respectively. By considering
each NiFe/Cu and Cu/NiFe interfaces as
(3.7d:0.3)/°% thick, existence of magnetically in-
active layer of (10.3 + 1.6)A can be deduced for
the SiO,/NiFe interfaces.

10 T T T

4rM & (kOe)

0.00 005 0.10 0.15
1t (nm?)

Fig. 5. The effective magnetization as a function of 1/z. The
open circles are the experimental results for the first NiFe layer,
NiFe(1), and the asterisks are for the second one, NiFe(2), for
the bilayer structure with the composition Si/SiO,/NiFe(1)(?)/
Cu(9 A)/NiFe(2)(f)/Cu(9 A). The lines are linear fits to the
experimental data.
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Studies on NiFe/Cu multilayers [12,31] showed
that a 54 A thick NiFe buffer layer is necessary in
order to obtain strong AF coupling in such
systems, where magnetically inactive layers of
(== 1)/0% at each interface were obtained by
conversion electron Mdssbauer spectroscopy.
Therefore, our estimation for the non-magnetic
interfacial layer thickness for the bilayer samples is
in good agreement with those obtained for NiFe/
Cu multilayers. The different values obtained for
4nM e for NiFe(1) and NiFe(2) could be attrib-
uted to the interface-induced or stress-induced
anisotropy, since the first layer is grown directly on
the Si substrate, and the second layer is grown on
the NiFe/Cu structure.

In summary, the magnetic characteristics of
symmetrical NiFe/Cu(9 A) /NiFe/Cu(9 A) struc-
tures were studied by using magnetization and
FMR experiments, when the NiFe layers’ thick-
ness was varied. It was shown that, in order to
obtain AF coupling for such films with 9 A thick
Cu spacer, the NiFe thickness is necessary to be,
at least, higher than 64 A. For the sample with
t = 1280 A, coexistence of FM and AF couplings
was found. The effective normal-to-the-plane
uniaxial anisotropies were estimated for the first
and second NiFe layers for the bilayer structures.
Magnetically inactive layer of (3.7:&0.3)1& was
estimated for the NiFe/Cu and Cu/NiFe interfaces
and of about (10.3+£1.6) A for the SiO,/NiFe
interfaces from the variation of the effective
magnetization as a function of the NiFe thickness.
The difference between the effective magnetization
values of the NiFe layers is attributed to the
interface-induced or stress-induced anisotropies.
The results demonstrate that the combination of
the two techniques used here for the characteriza-
tion of the samples is very successful for the
evaluation of the continuity of the layers, the
exchange coupling, as well as possible presence of
pinholes in such structures.
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