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Abstract

Structural and magnetic properties of Ni81Fe19/Zr multilayers, prepared by DC magnetron sputtering, were studied

using X-ray diffraction, ferromagnetic resonance and magnetization. Low-angle X-ray diffraction results are typical of

a modulated structure, while high-angle data suggest that the Ni81Fe19 layers can have amorphous or crystalline

structure depending on the thickness. Saturation magnetization increases significantly with thickness of the Ni81Fe19
layers, an effect attributed to the increase in the bulk-to-interface ratio. In a sample where the thickness of the Ni81Fe19
layers is 40 (A, the FMR spectrum, with the magnetic field perpendicular to the film plane, displays a spin wave feature,

with odd and even modes. Two surface modes are also observed, suggesting that unpinning occurs at both interfaces of

the Ni81Fe19 layers. For Ni81Fe19 layers thicker than 40 (A, FMR and magnetization data show a surface anisotropy

constant ðKSÞ of about �0.32 erg/cm2, which is an indication that the magnetic moment in the Ni81Fe19 layers is

confined to the film plane.

r 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Magnetic multilayers have attracted great atten-
tion in recent years due to their interesting physical
properties and potential technological applica-
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tions. In the case of some multilayers, such as
Fe/Cr, Co/Cu and Ni81Fe19/Cu, the main focus
has been on the giant magnetoresistance effect
(GMR) [1–3], but in others, the goal has been the
investigation of the magnetic properties at the
interface regions, such as interfacial anisotropy
[4,5] and interfacial roughness [6].

Multilayers with Ni81Fe19 layers have been
intensively studied since the discovery of their
GMR effect [2]. In addition to magnetoresistance
d.
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(MR), these multilayers exhibit properties that
may lead to applications in magnetic sensing and
magnetic recording [7,8].

In this work, we report some results on
Ni81Fe19/Zr multilayers. Amorphous NiFeZr dis-
plays interesting magnetic properties but is seldom
observed in thin films [9,10]. On the other hand,
Ni81Fe19/Zr multilayers should be relatively easy
to prepare. Thus, counting with the possibility of
studying the structure and magnetism of the
Ni81Fe19 phase at the interfaces of Zr layers, we
prepared two series of Ni81Fe19/Zr multilayers,
varying the thickness of the Zr and Ni81Fe19
layers. X-ray diffraction, magnetization, ferromag-
netic resonance (FMR) and magnetotransport
measurements were used to investigate the struc-
tural and magnetic properties of these multilayers.
2. Experimental procedure

Ni81Fe19 and Zr single layers and Si/Zr/
[Ni81Fe19/Zr]n/Zr multilayers were prepared by
DC magnetron sputtering, using high-purity
Ni81Fe19 and Zr targets. The pressure in the
chamber before deposition was roughly
6� 10�8 Torr, while the gas (ultra-high-purity
argon) pressure was kept constant, at
2� 10�3 Torr, using feedback gauge valve control.
The DC power was 80W. Films were deposited
onto a water-cooled Si (0 0 1) substrate kept at a
temperature of 20�C. The Ni81Fe19/Zr multilayers
were prepared in two series. Series I, with the
thickness of the Ni81Fe19 layers ðtNiFeÞ varying
from 20 to 120 (A, keeping the Zr thickness ðtZrÞ at
15 (A. In series II, tNiFe was 30 (A while tZr varied
from 3 to 20 (A. In series I, the number of periods
ðnÞ varied from 10 (for tNiFe ¼ 120 (A) to 20 (for
tNiFe ¼ 20 (A), while for series II n ¼ 15: In both
series, Zr buffer and capping layers of 100 and
50 (A, respectively, were used.

Low-angle X-ray diffraction (LXRD) measure-
ments were done to check the artificial periodic
structure and layer thickness of the films. The
Ni81Fe19 (2.9 (A/s) and Zr (1.7 (A/s) deposition rates
were calculated dividing the single layers thick-
nesses by their respective deposition times. High-
angle X-ray diffraction (HXRD) measurements
were made to investigate the atomic structures of
the Ni81Fe19 and Zr layers in the multilayers.

Magnetization measurements were made using a
vibrating sample magnetometer (VSM) with pre-
cision better than 5% to obtain the saturation
magnetization MS:

The AC resistivity was measured as a function
of the applied field using the standard four-probe
configuration, with the applied field perpendicular
to the current, to investigate the film MR, which
was defined as

DR=R ¼ ðR0 � RSÞ=RS; ð1Þ

where RS is the sample resistance in the presence of
an applied field and R0 is the resistance at zero
field.

FMR measurements were performed at 300K
and 9.59GHz for the samples of series I. The
effective magnetization Meff and the g factor were
calculated from FMR spectra taken with the static
magnetic field perpendicular ðH>Þ and parallel
ðHJÞ to the film plane. From the HK versus 1=tNiFe

curve, the superficial ðKSÞ and volumetric ðKUÞ
anisotropy constants of the Ni81Fe19 layer were
estimated.
3. Results and discussion

The LXRD patterns of all multilayers in series I
and II show well-defined reflectivity peaks super-
imposed with small oscillations between the peaks
(see Fig. 1). The pronounced peaks in the LXRD
patterns are a clear indication for the well-
established artificial modulated structure of the
Ni81Fe19/Zr samples. The small oscillations be-
tween the pronounced peaks are related to good
quality of the interface (low roughness). However,
evidence of a periodic distribution was observed in
some of the samples, specifically in Ni81Fe19(30 (A)/
Zr (15 (A) multilayer (Fig. 1(b)). It can be caused
by atomic diffusion processes through the inter-
faces, forming layers with different shapes and
consequently no regular thickness. This topic
will be clarified later. One was able to estimate
the periods of the multilayers and the values, ob-
tained from the peak positions, are in reasonable
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Fig. 1. LXRD patterns of series I (a), and series II samples (b) of NiFe/Zr multilayers.
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Fig. 2. HXRD patterns of series I (a), and series II samples (b) of NiFe/Zr multilayers.
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agreement with the nominal ones, as indicated in
Figs. 1(a) and (b).

The HXRD patterns for series I and II are
shown in Figs. 2(a) and (b), respectively. In
general, these HXRD patterns show one Bragg
peak beyond the FCC-Ni81Fe19 diffraction and
two Bragg peaks related to the HCP-Zr. A sharp
peak that sometimes appears at 2y ¼ 33� is due to
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the silicon substrate. The coherence lengths of the
peaks were estimated using the Scherrer formula
[11,12]. Therefore, considering that: (a) the coher-
ence length and the intensity of Zr (1 0 0 0) and Zr
(0 0 0 2) peaks of both series are independent of Zr
spacing layers thickness (see Table 1); (b) the
HXRD pattern of the multilayer with the lowest
Zr spacer also presents the related HCP peaks and
(c) HCP-Zr detached crystalline peaks becomes to
appear in the diffraction patterns of Ni/Zr multi-
layers for Zr layers with more than 19 atomic
planes (about 98 (A) [13], one may suggest that the
HCP-Zr peaks, present in the HXRD patterns of
our multilayers, are related to the buffer and/or
capping layers. In addition, in all samples, the
coherence lengths extracted from the peaks related
to the Ni81Fe19 layers are not higher than tNiFe:
Then, one can be sure that these peak positions are
corresponding to the out-of-plane interatomic
distance of Ni81Fe19 and only the NiFe layers
contribute expressively to the Ni81Fe19/Zr super-
lattice crystallinity. However, one has to empha-
size that for the film with tNiFe ¼ 20 (A (series I) the
HXRD pattern does not show the presence of
the Ni81Fe19 Bragg peak. This can be explained by
the large size mismatch between the constituents
and intermixing during the deposition producing
disordered interfaces, which extend several atomic
planes on either side of interfaces. Summarizing,
the Ni81Fe19/Zr superlattices, with low tNiFe, could
Table 1

Coherence lengths LNiFe; LZr (1 0 0 0) and LZr (0 0 0 2) calculated from

using the Scherrer formula

Multilayer Period (nominal) ( (A) LNi

Ni81Fe19(20 (A)/Zr(15 (A) 35 ––

Ni81Fe19(30 (A)/Zr(15 (A) 45 297
Ni81Fe19(40 (A)/Zr(15 (A) 55 317
Ni81Fe19(60 (A)/Zr(15 (A) 75 517
Ni81Fe19(80 (A)/Zr(15 (A) 95 757
Ni81Fe19(120 (A)/Zr(15 (A) 135 115

Ni81Fe19(30 (A)/Zr(3 (A) 33 317
Ni81Fe19(30 (A)/Zr(5 (A) 35 277
Ni81Fe19(30 (A)/Zr(7 (A) 37 247
Ni81Fe19(30 (A)/Zr(9 (A) 39 187
Ni81Fe19(30 (A)/Zr(10 (A) 40 167
Ni81Fe19(30 (A)/Zr(15 (A) 45 247
Ni81Fe19(30 (A)/Zr(16 (A) 46 177
Ni81Fe19(30 (A)/Zr(20 (A) 50 267
be entirely amorphous, as indicated by the broad
Bragg peak observed in the X-ray patterns. As
tNiFe increases, the central portion of the layers will
be crystalline. For the sample with tNiFe ¼ 30 (A the
broad peak close to the (1 1 1) Ni81Fe19 Bragg
diffraction is slightly shifted to lower angles. In
principle, the broadening effect can be attributed
to the Ni81Fe19 thickness effect, as estimated using
the Scherrer formula. However, the observed shift
is real and may be a consequence of (i) an
amorphous NiFeZr alloy formed at the interfaces
or (ii) a strained Ni81Fe19 structure grown, on the
top of the Zr layer, with lattice parameter larger
than that of bulk Ni81Fe19 phase. Both effects may
be enhanced when the Ni81Fe19 thickness is
relatively low. It can also be seen in the HXRD
of series I that increasing tNiFe; the Ni81Fe19 peak
related to (1 1 1) plane shifts in the direction of the
bulk (1 1 1) angular position of the Ni81Fe19 phase.
Indeed, for films with tNiFe > 80 (A, the (1 1 1)
peak has the same angular position as the bulk
Ni81Fe19 reflection. Thus, one may say that
increasing tNiFe; the interface contribution be-
comes less evident compared with the contribution
of the inner part of the Ni81Fe19 layer, resulting in
a global observation that is governed by the
bulk Ni81Fe19 phase. Apparently, the Ni81Fe19
layers have a relaxed lattice structure, as suggested
by the shift of (1 1 1) peak to bulk angular
position.
the Ni81Fe19 (1 1 1), Zr (1 0 0 0) and Zr (0 0 0 2) Bragg peaks,

Fe (1 1 1) ( (A) LZr (1 0 0 0) ( (A) LZr (0 0 0 2) ( (A)

4071 5671

1 6271

1 4371 5571

1 –– 7571

1 –– 7571

71 –– 5471

1 –– 7871

1 –– 7271

1 –– ––

1 –– 3171

1 –– 5771

1 –– 7771

1 –– 5971

1 –– 5371
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Another important point to be stressed is that
close to the Ni81Fe19 peaks, the HXRD patterns
show the satellite peaks characteristic of super-
structure with a Ni81Fe19 (1 1 1) fiber texture. The
periods deduced from the low-angle Bragg peaks
and from the satellite peaks are in good agreement
and the values are specified in Fig. 2(a).

Table 2 displays the saturation magnetization
per unit volume of the multilayers as a function of
the thickness of the magnetic layers. The magne-
tization saturation values increase with the mag-
netic layer thickness. This could be explained in
terms of a magnetically dead layer contribution in
both interface sides of the Ni81Fe19 layers due to
alloying effects. It is known from the dead layer
Table 2

Magnetization per unit volume of series I samples

tNiFe ( (A) 4pMS (G)

20 1449

30 4788

40 5049

60 6590

80 7700

120 9215
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Fig. 3. Dependence of the product MS (at 300
model [14] that the magnetization of multilayer
ðMÞ can be expressed as

M ¼ M0ð1� t0=tNiFeÞ; ð2Þ

where M0 is the bulk Ni81Fe19 value and t0=2 is the
dead layer thickness at each interface. The thick-
ness of such a dead layer can be estimated by
plotting the product MtNiFe as a function of tNiFe;
as shown in Fig. 3. The slope of this curve
corresponds to a magnetization value of
(8.570.3)� 102 emu/cm3, while its x-intercept
gives a t0 (dead layer thickness) of (19.370.2) (A.

Fig. 4 shows the room-temperature MR of series
I (Fig. 4(a)) and series II (Fig. 4(b)) as a function
of the tNiFe and tZr; respectively. In series I, the
MR curve displays one maximum of about 1.8%
at tNiFe ¼ 80 (A and the MR values practically
vanished for tNiFe up to 40 (A. Also, the MR peaks
of series II show amplitudes close to those
observed in series I for tNiFep40 (A; the two peaks
are of 0.4% at tZr ¼ 7 (A and 0.3% at tZr ¼ 15 (A.

Since it is well known that the MR values for
amorphous materials are small in magnitude and
combining the results of X-ray, magnetization and
MR one can suggest that for low tNiFe the main
contribution is due to an amorphous phase formed
80 100 120 140

0 -8  cm)

K)tNiFe on the Ni81Fe19 layer thickness.
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by the diffusion of Zr into the Ni81Fe19 layer. The
latter argument is based on the observation of
(1 1 1) Bragg peak of the Ni81Fe19 phase.

Typical FMR spectra for series I are shown in
Fig. 5. For tNiFeX60 (A, a linear resonance mode
ðk ¼ 0Þ is observed in the multilayers for applied
magnetic fields, both parallel ðHJÞ and perpendi-
cular ðH>Þ to the film plane. In the perpendicular
case, for higher resonance fields, a surface spin
wave mode appears as an extra peak, indicating
that an unpinning of the spins occurs at one
surface [15,16]. The absence of multipeak reso-
nance can be explained by a situation where the
spins of both surfaces have a natural freedom
(surface parameters equal to 1), where only one
resonance absorption (uniform mode) would be
observed. However, it does not explain the surface
mode existence. Thus, the absence of bulk modes
and the presence of one surface mode could be
explained by a situation where the spins of both
surfaces have a pinning condition close to the
natural freedom (surface parameters near 1) and
one of the surface parameters has to be slightly
greater than 1 (unpinning of the surface spins) to
excite the surface mode forming a quasi-antisym-
metric surface state [16]. For tNiFe ¼ 40 (A, in the
HJ case, only one absorption mode (linear mode)
is observed; however, in the H> case, one spin
wave spectrum with both odd- and even-numbered
modes can be seen; indicating that pinning in this
film is asymmetrical [16] at the two surfaces of the
magnetic layer. In addition, the intensity of the
odd modes is higher than of the even modes; this
effect appears when the same situations occur at
both surfaces, either pinning or unpinning [16].
This ambiguity is removed by the presence of two
surface modes observed in this spectrum, for
higher fields, which shows that both surface
parameters are greater than 1 and consequently
the spins of both surfaces of the magnetic layer are
unpinning [16].

Fig. 6 shows the dependence of the spin wave
resonance field Hres on the spin wave numbers n;
the curve has the usual linear behavior when the
spin wave field positions are plotted against n2:
For tNiFe equal to 20 and 30 (A, three and two,
respectively, resonance peaks with low intensity
appear in the spectra for HJ and H>: The presence
of more than one resonance absorption mode may
be associated with magnetic inhomogeneities pre-
sent in the layer [17], which, according to X-ray
and magnetization are due to Zr atoms diffusing
into the Ni81Fe19 layers and forming an amor-
phous NiFeZr phase.

In order to obtain information about the
magnetic properties of the FCC-Ni81Fe19 layer in
series I (tNiFeX40 (A), the FMR spectra were
analyzed taking into account the strongest mode.
Thus, one calculated the constants 4pMeff and the
g factor using the expressions proposed in the
literature [18–20], where the resonance field Hres

corresponds to the uniform mode in a single-layer
film:

For the perpendicular geometry, one has

ðo=gÞ> ¼ H> � 4 p Meff : ð3Þ
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For parallel geometry, one has

ðo=gÞ2J ¼ HJðHJ þ 4 p Meff Þ: ð4Þ

Table 3 shows the values of 4pMeff and g for
series I.
According to previous studies [5,21], the inter-
face magnetic anisotropy of multilayers can be
derived from the dependence of the perpendicular
anisotropy field on the thickness of the magnetic
layer, if the interface anisotropy essentially
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Table 3

Effective magnetization and g factor of series I samples

tNiFe ( (A) 4pMeff (G) g

20 5098 2.09

30 7590 2.10

40 8911 2.10

60 9133 2.11

80 9615 2.11

120 9995 2.11
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enhances the first-order anisotropy energy K1:
Thus the perpendicular anisotropy field (excluding
the demagnetization term) can be written as

HK ¼ HU þ 2HS=tNiFe; ð5Þ

i.e.,

HK ¼ 4 p MS � 4 p Meff ¼ HU þ 2HS=tNiFe: ð6Þ

The perpendicular anisotropy field HK ¼
2K1=MS includes two terms, a volume anisotropy
HU ¼ 2KU=MS and a surface-induced anisotropy
HS ¼ 2KS=MS:

When the demagnetization energy is taken into
account, one may write Eq. (6) as

Keff ¼ KV þ 2KS=tNiFe; ð7Þ

where

KV ¼ KU � 2 p M2
S ; Keff ¼ K1 � 2 p M2

S : ð8Þ

Keff and KV are the effective perpendicular
anisotropy energy and effective volume anisotropy
energy, respectively (including the demagnetiza-
tion energy).

Fig. 7 shows a plot of HK as a function of
1=tNiFe: From the slope of the straight line, the
value of the interface anisotropy constant KS is
found to be KS ¼ ð�0:3270:01Þ erg/cm2. Also, by
extrapolating the straight line to 1=tNiFe ¼ 0; we
obtain HU ¼ 522Oe and KU ¼ ð1:970:5Þ�
105 erg/cm3.

In general, we assumed that the interface
anisotropy energy constant Ks could be originated
from several effects which change the surface spins
at the interfaces, such as misfit strain anisotropy
[4], surface roughness [6] and N!eel anisotropy [22].
This assumption was considered in our samples for
tNiFe larger than 30 (A, where the Zr atoms diffused
in the Ni81Fe19 layers is a minority fraction and
one may suppose that the magnetic interface
anisotropy is not drastically affected. The negative
value of KS may be an indication that the magnetic
moments in the magnetic layer surface are
confined to the film plane.
4. Conclusions

In this work, structural and magnetic properties
of the Ni81Fe19/Zr multilayers have been studied
by different experimental techniques. An amor-
phous NiFeZr phase is formed by the diffusion of
Zr into the Ni81Fe19 layer. This phase shows soft
magnetic properties similar to that of the FCC-
Ni81Fe19 phase that constitutes the inner part of
the magnetic layers. Also, as it is well known and
we have shown, the room-temperature magnetic
moment of the amorphous NiFeZr phase is
smaller than that of the FCC-Ni81Fe19 phase.
The magnetization ratio between the FCC-
Ni81Fe19 and amorphous NiFeZr phases increases
with tNiFe and the saturation magnetization
reaches the FCC-Ni81Fe19 bulk value for
tNiFe > 80 (A. For tNiFe ¼ 40 (A, FMR measure-
ments show one spin wave resonance with both
odd- and even-numbered modes. In addition, two
surface modes are observed, indicating that there
is unpinning at both surfaces of the magnetic layer.
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The negative value of KS may be an indication that
the magnetic moments in the magnetic layer
surface are confined to the film plane.
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