‘H Available online at www.sciencedirect.com

:ﬁg sclsucs@nlnsc'ro

4

ELSEVIER

Journal of Magnetism and Magnetic Materials 256 (2003) 93-99

/WA Joumnal of

magnetism
and

M materai

www.elsevier.com/locate/jmmm

Magnetic properties of NigiFe 9/WooTi;o multilayers

M.A. Morales®*, H. Lassri’, A. Biondo®°, A.M. Rossi®, E. Baggio-Saitovitch®

4 Centro Brasileiro de Pesquisas Fisicas, Rua Dr. Xavier Sigaud 150-Botafogo, 22290-180, Urca, RJ, Brazil
b Laboratoire de Physique des Matériaux et de Micro-électronique, Faculté des Sciences Ain Chock, Université Hassan II, B.P. 5366
Maarif, Route d’El Jadida, Km-8, Casablanca, Morocco
€ Departamento de Fisica, Universidade Federal do Espirito Santo, CCE-Campus de Goiabeiras 291060-900, Vitéria, ES, Brazil

Received 24 July 2001; received in revised form 13 May 2002

Abstract

The magnetization and anisotropy of Nig;Fe19/WgoTi;o multilayers prepared by DC sputtering are presented. At
high-angle X-ray diffraction, weak superlattice peaks appear around the NiFe (1 1 1) diffraction line, which indicate a
fiber texture {111) for NiFe. The magnetization decreases with NiFe layer thickness tnire and the analysis of the
results at 300 K indicates the presence of 6 A thick dead Nig,Fe 9 layer. The ferromagnetic resonance (FMR) spectra are
obtained with the applied magnetic field parallel and perpendicular to the film plane at 300 K. Complicated spin-wave
resonance spectra were observed and analyzed. From FMR, a negative value for Nig,Fe;9/WoTi interface anisotropy

is obtained.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Magnetic multilayered thin films with artificial
periodicity (modulated structure) have attracted
much attention in recent years due to their
anomalous magnetic properties, such as changes
in magnetization with the reduction of magnetic
layer thickness, appearance, in some cases, of an
uniaxial interfacial anisotropy, and interlayer
exchange coupling [1-6]. These phenomena are
commonly attributed to the existence of surface
and interface states, e.g., the reduced coordination
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number and symmetry of atoms on the surface,
transitional structure sublayers, and the availabil-
ity and role of highly localized interfaces. As the
dimensions decrease, the structures of the films
became increasingly sensitive to the thickness of
each constituent.

Permalloy (Nig;Fej9) heterostructures have
great interest for magnetoresistive devices based
on anomalous antiferromagnetic (AF)-coupling
and giant magnetoresistance (GMR) in NigFe 9/
Cu multilayers (MLs) [7-8] and spin-valves [8].
The AF-coupling and GMR depend sensitively on
Nig;Fei9/Cu interface structure and the film
morphology. The growth of epitaxial magnetic
films and the effects of coherence strain on
magnetic properties especially anisotropy and
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magnetic moment have been the object of many
previous investigation [9]. However, unlike Ni and
Fe, Nig Fej9 possesses very little magnetocrystal-
line anisotropy and the primary source of aniso-
tropy is uniaxial anisotropy induced during
deposition.

Recently, ferromagnetic resonance (FMR) and
spin-wave resonance (SWR) have been used to
study the effective parameters of MLs, such as A
(the effective stiffness constant), 4nM . (effective
magnetization), etc. [10-16]. In ML systems, the
resonance condition and behavior might be more
complicated than those in single-layer films,
increasing the difficulty and uncertainly interpret-
ing the FMR data.

In this paper, we present, the structural char-
acteristics and the magnetic behavior of sputtered
NigFe19/WqoTijo MLs with various thicknesses of
NiglFelg and Wg()Til() layers.

2. Experimental

The MLs were deposited onto water-cooled
Si(100) substrates by dc sputtering. The chamber
was initially evacuated to a pressure of I-
2x 1077 Torr, using a turbomolecular pump,
argon of 5N purity was used as the sputter gas
keeping a constant pressure of 6 x 107> Torr in the
chamber. Growth rates for NiFe and WTi were,
respectively, 1.4 and 0.7 A/s (these rates were
obtained from X-ray reflectivity measurement on
single films grown for different time intervals). In
one series the magnetic layer thickness /nire was
varied in the range 10-100 A and that of WTi layer
twT; was ﬁxgd at 20 A. In a second series INiFe Was
ﬁxeg at 40 A and rw1; was varied in the range 3—
35A. The number N of bilayers were in the range
15-25 and all the samples were grown on 100 A
thick WTi buffer layer. In all cases the first and the
last layer was WTi. In what follows the growth
parameters of the samples will be indicated as
(tNiFe/tWTi) N -

Low-angle X-ray diffraction (XRD) studies
were made to check the periodic structure and to
determine the layer thickness. Low-angle XRD of
all the samples revealed peaks typical of the
modulated structure and the thickness calculated

from these peaks agrees with that designated
according to the deposition rates. Magnetization
Mg was measured using a vibrating sample
magnetometer (VSM) with a precision better than
+5% under magnetic fields up to 12kOe. The
magnetoresistance (MR) was measured using
standard four-probe method with an applied field
parallel to current in the film plane. The MR ratio
is defined as AR/R = (Ry — Rs)/Rs, Rs is the film
resistance in saturation state in the applied field
and R, in demagnetized state, respectively. All the
measurements were carried out at room tempera-
ture.

The FMR spectra at 9.8 GHz, using a Bruker
EPR spectrometer, were carried out, with the static
field applied both perpendicular (A ) and parallel
(H)) to the film plane. We calculated the effective
magnetization 4t M.y = 4nMs — Hg where Hg is
the perpendicular anisotropy field.

3. Results and discussion

The XRD pattern of 6 — 20 scan on the (NiFe
40 A/WTi25 A),y and (NiFe50 A/WTi20 A),o MLs
is shown in Fig. 1. In the high-angle region, a
broad peak close to the position expected for NiFe
(111) appears. This is in agreement with texture
measurements which indicate a {111) fiber
texture for NiFe. On each side of the NiFe (111)
reflection from the ML there is a satellite peak,
which is an evidence that coherent stacking exists
in the ML. If coherent stacking did not exist, these
high-angle satellite reflections would be absent
[17]. However, these high-angle satellite peaks
cannot be clearly observed with increasing NikFe
layer thickness above than 35A and when
decreasing the WTi thickness below than 7 A, see
Fig. 2. This result indicates that the coherent
stacking cannot be maintained for the layer
modulation wavelengths of NiFe/WTi MLs be-
cause of the large lattice mismatch between the
NiFe and WTi. In the low-angle region, many
peaks can be observed. Together with the satellite
peaks in the high-angle region, this fact shows that
the ML has a periodic structure. The period
deduced from the low-angle Bragg peaks and the
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Fig. 1. Low-angle (a), (b) and high-angle (c), (d) X-ray
diffractipn patterns of (NiFe40 A/WTi25A),, and (NiFe50 A/
WTi20 A),, multilayers, respectively.

satellite peak is in good agreement with the
designated one.

The magnetization decreases with the decrease
in NiFe layer thickness. This could be explained in
terms of a magnetically dead layer of NiFe at each
interface due to alloying effects. It is known from
the dead layer model that the magnetization of
multilayer (M) can be expressed

M = My(1 — to/txiFe), (1)

where M is the bulk NiFe value and #,/2 is the
dead layer thickness at each interface. The thick-
ness of such a dead layer can be estimated as
shown in Fig. 3, where we have plotted the
product M X tnige as a function of fnjre. The slope
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Fig. 2. High-angle X-ray diffraction patterns of: (a) (NiFe40 A/
WTi5 A),g and (b) (NiFe40 A/WTi9 A),, multilayers.
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Fig. 3. The tnjre dependence of the product M X fjre at 300 K.

which corresponds to the magnetization yields
800 emu/cm’. The intercept on the abscissa gives
the value of #y which is found to be 6.0+0.5A at
300 K.

Fig. 4 describes the variation of the MR with the
magnetic layer thickness for NiFe/WTi MLs with
a fixed nonmagnetic spacer layer thickness
(twti = 20 A). The MR ratio displays a maximum
of 0.8% at fnjre = S0A. The MR as a function of
twri 1s given in Fig. 5 where two defined oscillation
peaks are evident: the first at twr; = 13A is quite
narrow, while the second at 25 A is broader. These
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Fig. 5. Magnetoresistance curves of NigjFe;o/WooTi;o multi-
layers for different WTi layer thickness.

variations, which we assume correspond to the
oscillation of the coupling between the NiFe layers
from ferromagnetic to AF.

In the FMR spectra, the absorption line with
maximum intensity is the uniform mode, corre-
sponding to the regular in-phase excitation of the
magnetization in NiFe/WTi MLs. When the
magnetic field was parallel to the film plane, only
one resonance peak related to the uniform mode
appeared. When the field was applied perpendi-
cular to the film plane, multiples resonance peak
spectra were observed for the samples with
INiFe = 100};, but only one or two peaks for
tnire <100 A. Fig. 6 shows two typical examples

when fnjre = 40 and 100 A. We have considered
only the strongest mode to calculate 4n M. and
the g factor. The g factor value for all the samples
lies in the range 2.08-2.1, in agreement with the
classical value of 2.09 for permalloy [18].

For fnjre = 100A, we observed spin-wave
modes. Fig. 7 shows the dependence of the spin-
wave resonance fields H. on spin-wave number n
in perpendicular geometry of (NiFel00 A/WTi20—
A) multilayer. This plot exhibits a linear relation-
ship with respect to n when n< 5, as shown in the
inset of Fig. 7, while a n> law holds when n> 5, n
takes both odd and even numbers. In approxima-
tion, for high mode n, the n* law can be satisfied.
This may be due the spin-waves modes that are
pinned by a region of reduced magnetization and it
is nonuniform within the magnetic sublayers,
which is caused by alloying effect in NiFe/WTi
MLs. The volume inhomogeneity model proposed
by Portis [19] is likely suitable to describe the
complicated dependence of spin-wave resonance
fields Hies.

The effective anisotropy was deduced by using
the following expressions where the resonance field
H.s corresponds to the main mode:

For the perpendicular geometry we have

(w/y), = Hi — 4nMe. (2)
For parallel geometry we get
(/7)) = Hy(Hj + 4nMe). A3)

As displayed in Table 1, the 4nM; and the
linewidth AH| in the parallel geometry of NiFe/
WTi MLs change in a correlated way. With
increasing fnjre the effective magnetization in-
creases and the linewidth decreases, respectively.

According to previous studies [1,20], an inter-
face magnetic anisotropy of MLs can be deduced
through the dependence of the perpendicular
anisotropy on the thickness of the magnetic layer,
if the interface anisotropy essentially enhances the
first-order anisotropy energy K.

Then the perpendicular anisotropy field (exclud-
ing the demagnetization term) can be written as

Hg = Huy + 2Hg/ NiFe, 4)
1.e.
HK = 47'EM5 — 47'[Meff. (5)
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Fig. 6. FMR spectra with H perpendicular (L) and parallel ( H) to the film plane, for Nig;Fe 9/WyoTi;o multilayers with #njge = 40, and
100A, at T = 300K.
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Fig. 7. Wave number n dependence of H,.s for NiFe/WTi multilayer (with #Njre = 100 A).

The perpendicular anisotropy field Hx = 2K,/ Ms where

includes two terms, a volume anisotropy Hy = 2 2
> . K = Ky — 2nMs, Ky = Ky — 2nMs. 7
2Ky/Ms, and a surface-induced one Hg= eff ! s v v s )
2Ks/ Ms. K and Ky are the effective perpendicular
Thus Eq. (4) can be written as anisotropy energy and effective volume anisotropy

energy, respectively (including the demagnetiza-
Kerr = Kv + 2Ks/IniFe, ©) tion energy). Fig. 8 shows a linear plot of Hk as a
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Table 1
Summary of magnetic parameters on NiFe/WTi multilayers
inire (A) 4nMs (G) 4nMer (G) AH) (G)
20 6707 7137 75
40 8340 8482 47
50 9232 9000 41
60 9420 8919 39
80 9885 9050 41
100 9294 8166 35
[ J
1000 |
G 500
I
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10 15 20 25
1t (10°A)
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Fig. 8. Variation of Hk versus 1/tnire for NiFe/WTi multi-
layers at 300 K.

function of 1/tnipe for the MLs with different
NiFe layer thickness and a constant WTi layer
thickness (twti = 20A). From the slope of the
straight line, the value of the interface anisotropy
constant Ks is deduced to be Kg = —0.17 erg/cm?.
Also, by extrapolating the straight line to
1/tniee =0, we obtained Hy = 19120e (Ky =
0.76x 10° erg/cm®).

In general, we assume that the surface aniso-
tropy energy constant Kg could be treated as
originated from several effects which change the
surface spins at the interfaces such as misfit strain
anisotropy [2], surface roughness [21-22] and
Neéel’s anisotropy [23]. When there is some
interdiffusion between the magnetic and nonmag-
netic layers, roughness effects may strongly modify

the magnetic surface anisotropy. Here Ky is a
negative value, which means that the interface
anisotropy confines the magnetization to the plane
of the film. Furthermore, the anisotropy energy
Ky (excluding the demagnetization energy) is
much larger than the magnetocrystalline anisotro-
py energy of cubic NiFe. Assuming that a possible
contribution to Ky arises from the effect of stress
through magnetostriction.

4. Conclusion

In conclusion we have presented the ferromag-
netic resonance (FMR) results for NiFe/WTi
multilayers (MLs) prepared by DC sputtering.
The magnetic anisotropy of the NiFe/WTi MLs
has been investigated by FMR measurements. A
negative interface anisotropy constant confines the
magnetization to the plane of the film.
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