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Abstract

˚ ˚ �Ž . Ž .The modification of the structural, transport and magnetic properties of Fe 28 A �Ni 85 A multilayers on 1-MeV Si
Ž .irradiation at low temperature 77 K has been studied as a function of dose. The as-deposited multilayers exhibit a strong

Ž . Ž .Ni 111 �Fe 110 texture with sharp interfaces. Upon irradiation, progressive intermixing at the interfaces is clearly observed in
the low-angle X-ray reflectivity and quantified by fitting the data with a standard optical model incorporating interface roughness,
intermixing and individual layer thickness fluctuations. Simultaneously, the average grain size gradually increases from �170 to

˚ 16 �2�250 A with increasing ion dose up to 3�10 ions cm . These changes lead to an increase in the anisotropic magnetoresis-
tance from �1.4% in the as-deposited sample to �1.8% after irradiation with a dose of 1016 ions cm�2, and to the
establishment of an in-plane easy axis for the magnetization. The effect of ion bombardment on the transport properties are
explained using a model based on the Boltzmann equation incorporating the intermixing characteristics determined from the
quantitative X-ray analyses. � 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Magnetic thin films and multilayers are currently of
interest for use as low-field magnetic sensors due to
their unique magnetic and transport properties. Con-
siderable effort is being deployed in order to under-
stand and to optimize the giant magnetoresistance
Ž . Ž .GMR and the anisotropic magnetoresistance AMR

Ž .of multilayer systems combining ferromagnetic F lay-
Ž . Ž .ers with non-magnetic N or other ferromagnetic F

ones. A strong driving force behind these studies can
be found in the technological potential of these materi-
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als, arising from their large sensitivities to magnetic
fields.

ŽRecently, a large AMR field sensitivity �0.18%
�1 . ŽOe at room temperature was reported for Ni 42

˚ ˚. Ž .A �Co 48 A multilayers grown on sapphire substrates
� �by molecular beam epitaxy 1 . Theoretical work by

� � � �Smit 2 , and Potter 3 has shown that the spin�orbit
interaction of the conduction electrons in a ferromag-
netic metal gives rise to an anisotropic scattering po-
tential, leading to a dependence of the resistivity on the
angle between the current and the sample magnetiza-
tion. Experimental investigations by McGuire and Pot-

� � � �ter 4 and Jaoul et al. 5 demonstrated that ferromag-
netic alloys based on Co, Ni, and Fe exhibit a large
AMR, with possible applications for magnetic record-
ing. They found that the most suitable candidates for
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sensor applications are bulk NiFe alloys with composi-
Žtions in the permalloy region near Ni Fe AMR�80 20

.4% at room temperature ; these alloys have the addi-
tional benefits of low coercivity and very small magne-
tostriction. In thin film samples, however, the value of
the AMR is limited to approximately 2%, due to the

� �strong scattering at the outer surface 6 .
The advantage of multilayered structures is the flex-

ibility to tailor the transport and magnetic properties in
order to obtain high saturation magnetization, low co-
ercivity and small magnetostriction. The magnetic
properties of the multilayers, in particular the magne-
tostriction and the AMR, depend strongly on the crys-
talline quality and the roughness at the interfaces

� �between layers. For example, Gallego et al. 7 found
strong superlattice effects in Ni�Co multilayers, with at
least eight periods in which resistivity and AMR oscil-
lations are observed as a function of layer thickness.

� �Theoretical and experimental results 8 also indicate
� �that a large interfacial anisotropy can occur in 111

f.c.c. polycrystalline Co�Ni multilayers composed of
˚Ž .thin 4�12 A layers; this anisotropy can lead to per-

pendicular magnetization and a larger saturation mo-
Ž .ment than obtained in Co�X X�Pd, Pt, Au F�N

multilayers.
Among F�F systems, Ni�Fe bilayers and multilayers

are particularly attractive due to the soft magnetic
Žbehavior low coercivity and magnetostriction, high re-

.manence and low saturation fields that can be achieved
by controlling the atomic and magnetic structure in the
interfacial region during growth, or through subsequent
interdiffusion process steps. The effects of interdiffu-
sion and layer thickness on the magnetostriction in

� �Ni�Fe multilayers have been previously reported 9 . It
was found that a very small magnetostriction can be
achieved via the interplay of the magnetostrictions of
the Ni, Fe, and Ni�Fe intermixed layers. Ehrlich et al.
� �10 have shown that multilayered polycrystalline Ni�Fe
samples with individual layer thicknesses large enough

˚Ž .to retain the bulk crystal structure �30 A possess
transport properties similar to those of the bulk ferro-

˚magnetic films. Fe layers thinner than �30 A, how-
ever, could be grown in an f.c.c. phase stabilized by the
Ni underlayers, causing such samples to exhibit a more
complicated magnetic structure due to changes in the
magnetic anisotropy in the interfacial regions.

Ž .Ion beam irradiation IBI can modify the interfacial
regions of multilayer structures in a controlled fashion
as a result of ion�solid interactions. While electronic
interactions transfer energy to bound and free elec-
trons, nuclear collisions can lead to permanent atomic
displacements from the original lattice positions. Thus,
significant ion-induced interfacial mixing can occur in
multilayers. The fractional energy losses via electronic
and nuclear processes are determined by the masses of

� �the incident and target atoms 11 . In addition to these

ballistic parameters, thermodynamic properties, such as
heat of mixing and cohesive energy, as well as external
variables, such as temperature, can also influence the

� �mixing efficiency 12 .
In this paper, we concentrate on the evolution of the

structural, magnetic, and transport properties of a
Ni�Fe multilayer with average atomic composition in
the permalloy region induced by bombardment with
1-MeV Si� ions. Progressive intermixing at the inter-
faces as the ion dose is increased from 1013 to 3�1016

ions cm�2 is quantified using specular X-ray reflectivity
Ž . Ž .XRR and diffraction XRD analyses. The evolution
of the transport properties, in particular the resistivity
and the AMR, is modeled using a charge transport
model based on the Boltzmann equation, incorporating
the exact multilayer characteristics determined from
the structural analysis.

2. Experimental details

� ŽMultilayer samples with the configuration Fe 28
˚ ˚. Ž .�A �Ni 85 A were deposited on thermally oxidized11
Ž . � �Si 100 wafers by RF triode sputtering 13 . In order to

simplify the notation, these multilayers are hereafter
referred to as Fe �Ni . Prior to sputtering, the sys-28 85
tem was cryopumped to a base pressure of 10�7 torr;
sputtering was carried out at an RF power of 200 W
and an Ar pressure of 3 mtorr onto a substrate main-
tained at 40�3�C. These conditions resulted in deposi-

˚ �1tion rates of 0.8 and 1.2 A s for Fe and Ni, respec-
tively. A rectangular sample geometry, 4�15 mm2

with thin side arms on each side distanced 8 mm apart,
was defined by deposition through a contact mask.

XRR measurements were performed in a Philips
system with a four-crystal Bartels Ge monochromator

Žin the 220 configuration and Cu-K radiation ���1
˚.1.540597 A ; XRD analyses were carried out with an

automated Nicolet-Stoe L11 powder diffractometer us-¨
ing Cu-K radiation. The magnetization was measured�

at room temperature using a vibrating sample magne-
tometer operating at 85 Hz with a resolution of better

�5 Žthan 10 e.m.u. Transport properties resistivity and
.anisotropic magnetoresistance were determined using

a standard four-point method on a high-resolution
AC-bridge. For both magnetic and magnetotransport
measurements, the external field was applied in the
sample plane. In the following, by longitudinal and
trans�erse we denote either magnetoresistance or mag-
netization measurements with the magnetic field ori-
ented along the length of the sample and perpendicular
to this direction, respectively.

Normal incidence IBI was performed at a pressure
near 10�7 torr with 1-MeV Si� ions rastered over an
area of 2.5�2.5 cm2 using the Universite de Montreal´ ´
Tandetron accelerator. To avoid sample heating during
irradiation, the beam current was kept below 50 nA
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cm�2 and the samples were placed in thermal contact
with a copper block maintained at 77 K. The dose �
was systematically increased from an initial value of
1013 to a final value of 3�1016 cm�2 . At each stage,
the irradiation was performed simultaneously on the

˚Fe �Ni multilayer and on reference 1000-A Fe and28 85
˚ Ž .1500-A Ni films, also deposited on oxidized Si 100

substrates. The ion energy of 1 MeV was selected such
that the projected ion range was much larger than the

˚Ž .total film thickness 1200 A ; consequently, a uniform
mixing profile throughout the multilayer is expected.

� �TRIM simulations 14 give a projected ion range of
1.5 �m and indicate that only a very small fraction
Ž .�0.1% of the implanted ions remain within the mag-
netic films, the rest being transmitted or backscattered.

3. Results and discussion

3.1. High-angle X-ray diffraction

Fig. 1 presents selected XRD curves for Fe �Ni28 85
as a function of the ion dose. The curve for the
as-deposited multilayer exhibits a strong peak located
at 2��44.5�, very close to the expected positions for

Ž . Ž . Ž .the 111 f.c.c. Ni 2��44.60� and 110 b.c.c. Fe
Ž .2��44.66� reflections, but characterized by a slightly
larger interplane separation perpendicular to the film
surface than the equilibrium structures of either ele-
ment. No other f.c.c. or b.c.c. peaks are visible in the

Ž .interval up to 65�; in particular the f.c.c. 200 peak at
approximately 52� is absent. Combining these results

� �with earlier studies 15,16 leads to the conclusion that
Ž . Ž .the film is strongly Ni 111 �Fe 110 textured in the

growth direction. Superlattice diffraction peaks are visi-
ble around the principal Ni�Fe peak, indicating that
the crystalline coherence length in the growth direction
is larger than the superlattice period. A number of
other peaks that arise from the interaction of the Ni
and Fe with the substrate or the atmosphere are also
observed.

Several effects of ion bombardment should be noted
Ž .from Fig. 1. The first is the shift of the 111�110 peak

position toward lower angles upon irradiation, indicat-
ing that the average lattice parameter in the growth
direction, a , increases with dose. Assuming an f.c.c.	
structure for the crystals, the lattice parameter of the

˚as-deposited sample equals 3.525 A, somewhat larger
˚Ž .than that of bulk f.c.c. Ni 3.517 A , a fact which might

indicate the presence of a small in-plane compressive
strain. No significant changes in the lattice parameter
are apparent for doses up to 5�1013 ions cm�2 . At
higher doses, a increases monotonically to reach a	

˚ 16value of 3.565 A at the maximum dose of 3�10 ions
cm�2 as a result of progressive intermixing of the two
elements driven by a negative enthalpy of mixing. This
variation is consistent with the measured lattice

Fig. 1. High-angle �-2� XRD curves for the Fe �Ni multilayer as28 85
a function of ion dose �. The acquisition time per step was 80 s.
Successive curves have been shifted vertically for clarity.

parameters of f.c.c. Ni�Fe alloys, which rise linearly
˚ ˚from 3.517 A for Ni to a maximum of 3.589 A at 39

� �at.% Ni 17�19 before decreasing again in the Invar
region of the Fe-rich f.c.c. alloys.

The multilayer period � has been calculated fromh
the spacing between superlattice peaks using the rela-
tionship:

2sin� 1 n Ž .� � 1
� d �Cu h

where n is the order of the satellite around the main
Ž .Bragg peak n�0 and d is the interatomic layer

Ž .spacing between 111 planes. � values calculatedh
from the XRD data are summarized in Table 1, along

Žwith those determined from XRR measurements see
.Section 3.2 .

The second effect attributed to IBI is grain coarsen-
ing, which results in a decrease of the linewidth of the

Ž .Bragg peaks as the dose increases Fig. 1 . Fig. 2
presents the evolution of the grain size D in the growth

� �direction, obtained using the Scherrer formula 20 . D
˚remains approximately constant at �170 A, slightly

larger than the multilayer period, for � up to 5�1014

ions cm�2 and, thereafter, increases continuously by
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Table 1
aStructural parameters as a function of ion dose

Ž .Dose � � �2 � W 	 t 	h l i oxide s
14 �2 ˚ ˚ ˚ ˚ ˚ ˚Ž . Ž . Ž . Ž . Ž . Ž . Ž .10 ions cm A A A A A A

0 112 111.6�0.4 6.6�0.2 3.7�0.2 28.1�0.3 3.6�0.2
0.1 112 111.8�0.5 10.3�0.2 3.7�0.1 27.8�0.4 3.5�0.2
0.5 
 112.3�0.6 12.3�0.3 4.1�0.2 28.7�0.3 5.0�0.2
1.0 113 112.1�0.6 16.7�0.2 6.9�0.2 28.8�0.3 4.7�0.2
5.0 113 112.4�0.8 20.9�0.3 6.3�0.2 38.5�0.4 4.9�0.4

30 
 112.7�0.6 26.1�0.3 5.8�0.2 42.6�0.6 7.6�0.2
60 113 112.9�0.5 32.9�0.3 6.1�0.4 45.3�0.4 9.0�0.1

100 112 111.3�1.3 38.8�0.9 11.0�0.7 51.4�0.5 11.8�0.2
300 
 110.9�2.4 55.2�2.2 19.9�2.5 72.5�0.4 9.3�0.1

a The superlattice period � determined from the XRD superlattice peaks and the superlattice period � , obtained from the XRR simulationsh l
as well as the intermixing width W, the interface roughness 	 , the surface oxide layer thickness t and the substrate roughness 	 .i oxide s

˚almost 50% to reach �250 A at maximum dose. Such
grain growth has been previously reported in thin Ni

Ž � � �films bombarded with different ions Ag , Ar , Kr ,
�.and Xe at energies ranging from 240 to 560 keV

� �21�23 . We have also observed such coarsening in
cross-sectional and plane-view transmission electron

Ž . Žmicroscopy TEM images on a series of Ni 500
˚ ˚. Ž .A �Fe 500 A bilayers irradiated under similar condi-

� �tions 24 . As suggested by Liu and his colleagues
� �25,26 , IBI-induced grain growth can be understood in
a manner similar to grain boundary migration in a
deformed metal during recrystallization. In their pic-
ture, relatively undamaged grains act as nucleation
sites for growth into the damaged region. Since the
probability of damaging an entire grain is high for
small grains, the larger grains consume the smaller, and
the average grain size increases. This model, however,
relies only on collisional properties to explain grain
growth and requires recrystallization, an unlikely sce-
nario for metal irradiation at 77 K. To circumvent

� �these difficulties, Liu et al. 25,26 , followed by Alexan-
� �der et al. 27 , proposed that grain growth during heavy-

ion irradiation of fine-grained thin films could be inter-
preted as boundary migration during thermal spikes.
The kinetic energy of the recoils during a cascade is
thermalized in the lattice, resulting in the formation of
thermal spikes in localized areas. A spike that occurs
near a grain boundary leads to atomic jumps, and could
result in a net boundary motion.

Additional reflections appear as the dose increases,
in particular, a small intensity peak near 2��38� be-
comes visible after the initial dose of 1013 ions cm�2

and grows systematically with further irradiation. This
Ž .peak is close to the expected position for f.c.c. NiO 111 .

Since its presence is clearly established well before Ni
Ž 15completely mixes into the top Fe layer �6�10 ions

�2 .cm , the initial formation of this NiO layer must
occur at the substrate�Ni interface. The minor peak at
approximately 40� in all the curves can be associated

Ž .with Ni Si 132 at the same interface. Since the2

Ni�SiO system has been shown to be stable during2
conventional thermal anneals, our results indicate that
1-MeV ion-beam irradiation leads to significantly dif-
ferent reaction pathways that are probably the result of
atom motion following collisions. Finally, the oxidation
of the Fe cap-layer after irradiation with 3�1016 ions

�2 Ž .cm is evidenced by the presence of small FeO 200
Ž . Ž . Ž .2��42.1� and Fe O 224 2��53.2� peaks.3 4

3.2. Specular low-angle X-ray reflecti�ity

Low-angle XRR measurements of the Fe �Ni28 85
multilayer are shown in Fig. 3 at various stages of ion

Ž .bombardment. Beyond the critical wave vector Q for
Ž �4 .total reflection, the intensity falls off abruptly �Q

with a series of finite-thickness interference fringes and
superlattice peaks superimposed on the falling back-
ground. The amplitudes and persistence of both sets of
oscillations are functions of the electron-density con-
trast and the sharpness of the individual layers.

Fig. 2. Average grain size in the growth direction as a function of the
ion dose � as calculated from the high-angle XRD curves using the
Scherrer formula.
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Fig. 3. XRR curves for the Fe �Ni multilayer as function of the28 85
ion dose �. The open circles are experimental data, while the solid
lines are fitted curves. Successive curves have been shifted vertically
by one decade for clarity.

For the as-deposited multilayer, superlattice peaks
are observed up to the fifth order, confirming that the
Ni�Fe interfaces are flat and parallel to the substrate
surface and that the bilayer thickness is reasonably
uniform throughout the multilayer. The absence of the
fourth-order peak is expected for a 3:1 thickness ratio
between the Ni and Fe sublayers. A low-amplitude
long-wavelength oscillation is superimposed on the
overall profile of the curves, and can be attributed to a
thin layer of surface oxide formed during exposure of
the sample to the atmosphere after deposition. The
intensities of the superlattice peaks in Fig. 3 are pro-
gressively reduced as the ion dose increases. However,
even at the maximum dose of 3�1016 ions cm�2 , a
weak first-order peak can still be observed, revealing
that a compositionally modulated structure persists to
some extent. In addition, the total-thickness peaks are
also visible, from which it can be concluded that an
abrupt interface between the multilayer and the SiO2
substrate is preserved, even though the Fe and Ni
layers have been substantially mixed.

The effects of IBI on the multilayer structure and
interfaces have been quantified by fitting the XRR data

� �using a standard optical model 28 based on the recur-
� �sive theory of Parratt 29 . In this model, the multilayer

is considered to consist of a stack of individual layers,

each having a constant electron density, and the reflec-
tivity for the whole heterostructure is calculated using

� �a matrix method 30 . In order to include interfacial
mixing, each interface is treated as a sequence of slices
Ž .�1 monolayer thick with a linear variation of the
electron density and the absorption coefficient from
one side of the interface to the other. Roughness
values at the top surface and at each interface are
modeled as Gaussian distributions of the interface po-
sition and are directly incorporated into the calculation

Ž 2 2 .by multiplying a Debye�Waller factor exp �	 Qi
into the appropriate multilayer reflectivity. 	 measuresi
the rms roughness. Model calculations were fitted to
the data using the non-linear least-squares procedure

� �described in 30 .
Although many parameters are involved in the fitting

procedure, convergence to a unique set is obtained in
each case. Since the positions and intensities of the
superlattice peaks are very sensitive to the parameters
characterizing the interface, namely the individual layer

Ž .thickness t and t , the width of the linearly gradedNi Fe
Ž .interfacial region W and the Gaussian interface

Ž .roughness 	 , the fitting procedure provides well-de-i
fined values for them. Parameters, such as the oxide

Ž . Ž .thickness t and its roughness 	 , as well as theoxide ov
Ž .substrate roughness 	 , influence the overall profiles

of the reflectivity curves, but have little effect on the
intensities of superlattice peaks. Increasing 	 and 	ov s
leads to a faster decrease in the reflected intensity and
to a reduction of the amplitude of the total thickness
fringes as the scattering wave vector increases. In addi-
tion, the presence of an oxide overlayer introduces
extra oscillatory features, for which the wavelength is
inversely proportional to the layer thickness. As shown
in Fig. 3, such an oscillation is evident near the
second-order superlattice peak after irradiation at 3�
1015 ions cm�2 . At this dose, t is calculated asoxide

˚ ˚45�3 A; it evolves towards 73 A at the maximum dose.
The calculated curves are shown as solid lines in Fig.

3, where it is seen that the agreement between experi-
mental and calculated curves with respect to both the
position and the intensity of the peaks is excellent for
all ion doses. The principal fitting parameters are pre-
sented in Table 1 for the as-deposited and irradiated
samples. Upon irradiation, the intermixing width W

˚ ˚increases from 7 A for the as-deposited sample to 26 A
at a dose of 3�1015 ions cm�2 , at which point the
entire Fe layer is mixed and the multilayer consists of
only Ni and NiFe alloy regions. At maximum dose, the
intermixing width reaches half of the modulation wave-

˚Ž .length �55 A and the pure Ni layer is completely
consumed. The sample has become a compositionally
modulated alloy structure.

Fig. 4 shows that the square of the irradiation-in-
duced intermixing width W 2 �W 2 �W 2, where W ,ion 0 0
the zero-dose width, varies linearly with ion dose, as
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predicted by the cascade model of ion beam mixing
˚4� �31 . A value of approximately 300 A is obtained for

Ž 2 .the ion-beam mixing efficiency d W �d�, and can beion
compared with that calculated from the theory of colli-
sional mixing developed by Sigmund and Gras-Marti

� �for ballistic ion beam mixing 32 :

Ž 2 . 2d W F R2ion D c Ž .� � � 20d� 3 Ed

where � �0.608 is a dimensionless parameter, � is a0
�mass-sensitive kinematic factor given by 4M M �1 2

Ž .2 �1�2M �M where M and M are the masses of1 2 1 2
the atoms involved in collisions, R2 is the mean squaredc

˚2 � �range of a displaced atom, taken here to be 100 A 33 .
E is the threshold displacement energy,  is the aver-d
age atomic density and F is the energy deposited perD
unit length due to nuclear collisions. Typical values for

Žthe pertinent parameters are E �20 eV the averaged
˚�1� �. Žfor Ni and Fe 34 , F �25 eV A obtained fromD

.TRIM simulation , and a kinetic factor averaged for
� Žthe composition of the multilayer �� x� � 1�Ni

. �x � , x being the Ni fraction.Fe
Ž .Using these values, Eq. 2 gives a mixing efficiency

˚4of 540 A . The difference between theoretical and
experimental values of the mixing efficiency is at-
tributed to finite thickness effects related to the multi-
layer structure, which are not accounted for in the
simple model. For example, intermixing initially occurs
between Ni and Fe layers and subsequently between Ni
and a Ni�Fe mixture.

3.3. Magnetic properties

The magnetization of the as-deposited Fe �Ni28 85
multilayer is isotropic within the plane of the sample,

Fig. 4. The square of the irradiation-induced intermixing width W 2

�W 2 obtained from fitting of the XRR curves, as a function of the0
ion dose �.

Fig. 5. Magnetization curves for the Fe �Ni multilayer, measured28 85
Ž . Ž . Ž .at 300 K, in longitudinal 
 and transverse � geometries for a

Ž . 15the as-deposited sample and b after irradiation with ��6�10
ions cm�2 .

as indicated by the very similar magnetization-field
curves measured in the longitudinal and transverse

Ž .configurations Fig. 5a . The magnetic moment satu-
Ž .rates in relatively low fields �15 Oe , with a coercivity

in both directions of approximately 8 Oe and a rema-
nent magnetization M of approximately 80% of ther
saturation value M . IBI has several effects on thes
magnetic behavior of this sample, the most noticeable
being the development of an easy axis in the transverse
direction. Fig. 5b shows the magnetization curves after
an ion dose of 6�1015 ions cm�2 . At this point, the
longitudinal magnetization requires a much higher field

Ž .for saturation �30 Oe , while its remanence has
dropped to approximately 45% of M . In the transverses
direction, the saturation field has fallen to �10 Oe
and the remanence has grown to �95% of M . Sinces
the presence of NiO, which is antiferromagnetic, has
been detected in the sample after irradiation, coupling
between antiferromagnetic NiO and ferromagnetic
Ni�Fe is a possible mechanism for the establishment of
the easy axis.
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In parallel with the changes outlined above, the
coercivity, H , decreases from �8.2 Oe in the as-de-c
posited multilayer to �2 Oe after irradiation at 6�

15 �2 Ž .10 ions cm Fig. 5 . The variation in H with ionc
dose is detailed in Fig. 6, along with the behavior of
pure Ni and Fe films irradiated simultaneously. This
figure clearly demonstrates that the normalized coerciv-

Ž . Ž .ity H �H 0 , with H 0 being the coercivity at zero-c c c
dose, decreases more rapidly for the multilayer than
the pure films. A decrease in H with increasing grainc
size, approximately following a H �1�D dependence,c
was observed in polycrystalline NiFe and CoFe alloys
� �35 and was explained by domain-wall pinning at grain
boundaries that become progressively less efficient as
the volume fraction of grain boundaries decreases.
However, this effect should be similar for multilayers
and the pure Ni and Fe films. The more pronounced

Ž .decrease of H �H 0 in the multilayered sample canc c
be attributed to a progressive intermixing at the inter-
faces, which leads to the formation of an NiFe alloy
magnetically softer than the individual elements.

3.4. Transport properties

3.4.1. Experimental results
The AMR of Fe �Ni , as-deposited and after irra-28 85

diation at 1016 ions cm�2 , are illustrated in Fig. 7a.
These curves are obtained by rotating the magnetic
field at saturation between the longitudinal and trans-
verse orientations. Since the magnetization lies in the
film plane, only one direction of the magnetization
perpendicular to the current is allowed, so that the

Ž .average resistivity is defined as � � � �� �2. As0 � 	
� �for most ferromagnetic films, including NiFe alloys 4 ,

the total anisotropic magnetoresistivity ���� �� ,� 	
calculated at saturation, is positive; its amplitude does

Fig. 6. Longitudinal coercivity for the Fe �Ni multilayer and for28 85
˚ ˚1000-A Fe and 1500-A Ni single-layer films as a function of the ion

dose �.

Ž .Fig. 7. a Resistivity at 300 K for the Fe �Ni multilayer as a28 85
Ž .function of the intensity of the magnetic field H applied parallel � �

Ž .and perpendicular � to the current, before irradiation and after	
16 �2 Ž .irradiation with ��1�10 ions cm ; and b the variation of the

parallel �� �� and perpendicular �� �� AMR ratios as function� 0 	 0
of the ion dose �.

not depend on the magnetic domain structure or the
� �mechanisms involved in the magnetization process 36 .

However, usefulness as a magnetic sensor is de-
termined by the variation in �� and �� with fields� 	

Žbelow saturation, and hence on the mechanisms wall
.displacements, coherent rotations involved in the mag-

netization process. Large amplitudes for �� and ��� 	
can be expected in samples in which the magnetization
process is dominated by in-plane rotations of the mag-
netic moments.

For the as-deposited sample presented in Fig. 7a, the
Ž .amplitudes of both the parallel �� �0.23 �� cm�

Žand perpendicular magnetoresistivities �� �0.27 ��	
.cm are comparable to the total anisotropic magnetore-

Ž .sistivity �� �0.32 �� cm , demonstrating that the
magnetization process for both field orientations is
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dominated by in-plane rotations of the magnetic mo-
ments rather than domain-wall displacements. The
Ž . Ž .� H and � H values saturate in fields comparable� 	

to those of the magnetization, and peaks appear in
both curves at fields identical with the corresponding

Ž .coercivity �8 Oe . After irradiation, �� is much�

larger than �� , confirming the presence of an easy	
axis in the transverse direction. During the field sweep
in the longitudinal direction, the magnetization actually
rotates 90� into the transverse direction at small fields.
However, for the field oriented in the transverse direc-
tion, the magnetization process is controlled by do-
main-wall displacements with little moment rotation,
and thus little change in the resistivity. Fig. 7b shows
the evolution of this phenomenon with ion dose, and
reveals a threshold dose of the order of 1014 and a
saturation near 1015 ions cm�2 . The field sensitivity,

Ž . Ž .defined as �� �� � � H , with �H being the full� 0
width at half-maximum for the MR peak, at maximum
dose is 0.18% Oe�1, comparable with that reported for

� �Ni�Co multilayers by Gallego et al. 1 .
Fig. 8 shows � and the AMR as functions of � for

the multilayer as well as for the single-layer Ni and Fe
films. While the resistivities of neither Ni nor Fe change
with ion dose, that of the multilayer increases progres-
sively from 23.3 to 28.6 �� cm. Consequently, the
increase in multilayer resistivity can be associated with

� �mixing at the Ni�Fe interfaces 4 rather than to bulk
defects produced by ion irradiation. As noted in Sec-

˚tion 3.1, the grain size increases from 170 to 250 A
upon irradiation. On the one hand, this increase leads
to a decrease in the film resistivity through a diminu-
tion of the number of gain-boundary scattering events.
On the other, it is offset by the significant increase in

Ž .scattering from impurity atoms Ni in Fe, or Fe in Ni
˚Ž .in the interface region, since the grain size D�150 A

is much larger than electron mean free-paths in both
˚ ˚Ž . Ž .the Ni � �35 A and the Fe � �15 A layers.Ni Fe

Finally, the AMR for the as-deposited Fe and Ni
films are �0.15 and �1.5%, respectively, in agree-

� �ment with previously reported values 4 . While these
values remain almost unchanged upon irradiation, the
AMR of the multilayer rises to �1.8% at a dose of
1016 ions cm�2 . This behavior underscores the forma-
tion of NiFe alloys, which are known to have an AMR
larger than that of the two constituents. Indeed, the
AMR attains its maximum value for this alloy system in

� �the permalloy region 4,37 .

3.4.2. Model calculations
In order to obtain quantitative information about

electron scattering in the interfacial regions created by
the IBI, we adopt a semi-classical model based on the
Boltzmann transport equation as proposed by Carcia

� �and Suna 38 . The multilayer is described as a re-
peated structure of two ferromagnetic layers with thick-

Ž . Ž .Fig. 8. a Resistivity and b AMR ratio measured at 300 K as a
function of ion dose � for the Fe �Ni multilayer, as well as for28 85

˚ ˚1000-A Fe and 1500-A Ni single-layer films.

ness t and t . The electric field E is applied in the1 2
Ž .film plane along the longitudinal x direction and the

current is determined within each layer by the spin-de-
�

Ž .Žpendent electron distribution function f 	 � , z i�i
.1,2 , which depends only on the co-ordinate perpendic-

Ž .ular to the film z and the velocity �:

� � �0 Ž .f � , z � f � , z �g � , z 3ž / ž / ž /i	 i	 i	

�
0 Ž . Ž .Here f � , z is the equilibrium zero-field distribu-i	

�
Ž .tion function and g � , z , the deviation from equilib-i	

rium due to the applied field. Following the general
�

�� � Ž .method 38�40 , we divide g into two parts: g � , zi	
�

� Ž .for electrons with � �0, and g � , z for those withz i	
� �0. The general solution of the Boltzmann equationz
in the relaxation time approximation takes the form:

�o� f �� � ž /i	e E�g � �i	 m �z

�
� z� Ž .1�F � exp 	 4ž /i	½ 5� �� �i z
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in which � , is the relaxation time in layer i for spin 	,i	
e and m are the electron charge and mass, respectively.
The functional form of F � is obtained by requiringi	
the electron distribution function to satisfy the
boundary conditions, which are written, for � �0, as:z

� Ž �. � Ž �. Ž .g 0 �Tg 0 , at z�0 51	 2 	

� Ž �. � Ž �. Ž .g t �Tg t , at z� t 62 	 1 1	 1 1

where T is the transmission coefficient which depends
Ž .on the incident angle � of the electron at the inter-

face according to:

Ž . Ž .T�T cos � 70

In order to calculate the AMR, we assume a cosine
Žsquared dependence of the mean free path � i�Nii	

.or Fe, 	, spin on the angle � between the electron
� �velocity � and the magnetization M 41 according to:s

0 2 Ž . Ž .� �� 1�� �cos � 8	 i i	 i	

with anisotropic scattering factors � . The currenti	
Ž .density J along the electric field in each layer is

found by integrating the solution of the Boltzmann
equation over the velocity space to yield:

3 � �m 3Ž . � � Ž .J z �� e � g � , z d � 9H ž /x ,i	 x i	h

in which h is Planck’s constant. The effective conduc-
tivity is found by averaging over the whole film accord-
ing to:

21 Ž . Ž .	� J z d z 10HÝ Ý x ,i	Ž .E t � t1 2 i�1 	���

For simplicity in the numerical calculations, the spin-
up and spin-down electrons are treated equivalently,
using average values of the mean free path and the
asymmetry scattering factor for the two spin channels
of each magnetic layer. By fitting the thickness depen-
dence for � and AMR using the model described

Ž .Fig. 9. Anisotropic magnetoresistance ratio �� �� and resistivity	 0
Ž . Ž� as a function of the Ni layer thickness for a series of Fe x
˚ ˚. Ž . Ž .A �Ni 3 x A multilayers deposited on oxidized Si 100 . The solid
lines have been calculated using the semi-classical model with the
parameters described in the text.

above, we have obtained the mean free paths and the
anisotropic scattering factors for Ni and Fe in the
as-deposited samples. Since the bulk magnetoresistance
of Ni is 10-fold larger than that of Fe, the anisotropic
electron scattering is assumed to arise solely from the
Ni layers and � , is set to zero in the subsequentFe
analysis.

In Fig. 9 are presented the resistivity � and AMR for
a series of non-irradiated multilayers with a fixed 3:1
ratio between the Ni and Fe layer thickness; the total
thickness was fixed by varying the number of periods of
the multilayer. The fitted results presented as solid

Ž .lines in the figure were calculated with � � 37�2Ni
˚ ˚Ž .A, � � 15�2 A, T �0.8�0.1 and � �0.040�Fe 0 Ni

� �0.005 15,16 . These values of the mean free paths are
close to values found from fitting the thickness depen-
dence of the resistivities of the pure film. Only the first
three parameters are needed to determine the thick-
ness dependence of the resistivity of the multilayers,
the fit depending very sensitively on T . Once these0
parameters are determined, the AMR is fitted with � Ni
as the only free parameter. Using these parameters,

Table 2
aŽ .Anisotropic scattering parameter � and the electron mean-free path � for the intermixed regionNiFe NiFe

Dose � � � � �Ni Ni NiFe NiFe
14 �2 ˚ ˚Ž . Ž . Ž . Ž . Ž .10 ions cm �2 A �0.002 �2 A �0.002

0 38 0.040 


30 18 0.042
60 19 0.047

100 21 0.052

a Ž .Obtained from the measured values for the resistivity � and anisotropic magnetoresistance ratio �� �� using the semi-classical model. �� 0 Ni
and � are the electron mean-free path and the scattering parameter for the Ni layer, respectively.Ni
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the resistivity and AMR of the as-deposited Fe �Ni28 85
multilayer are calculated to be 23.3 �� cm and 1.43%,
respectively, in excellent agreement with the experi-
mental values of 23.3 �� cm and 1.40%.

The threshold for significant changes in � and AMR
14 �2 Žwith an ion dose of approximately 10 ions cm see

.Fig. 8 occurs near the point where the XRR data
indicate that the interface width W exceeds the Fe-layer
thickness, so that no pure Fe layers remain. In order to
fit the transport model to the data for these irradiated
multilayers, we replace the Fe-layers with NiFe in-
termixed layers and make corresponding changes in the
model parameters: specifically, � replaces � , andNiFe Fe
� is not fixed at zero, as was � . All Ni-relatedNiFe Fe
parameters are taken to be independent of dose. �NiFe
and � are then determined following each irradia-NiFe
tion using the data of Fig. 8. The resultant parameters
are listed in Table 2, where it is noted that both �NiFe
and � increase approximately 15�20% with ionNiFe
dose.

� �Empirically, McGuire and Potter 4 point out that
the AMR increases when Fe is alloyed into Ni to a
maximum near the composition Ni Fe . In this con-0.9 0.1
text, the increase in � with ion bombardment isNiFe
consistent with the assumption of alloy formation, which
is the basis of the present analysis. However, they have
emphasized that the microscopic treatment of AMR
involves a complicated combination of elements, in-
cluding crystal symmetry and band structure, intrinsic
parameters, such as the spin�orbit interaction and band
splitting energy, as well as extrinsic ones, such as grain
size and film thickness. As a result, it is not possible to
assign a specific mechanism for the variation of the
AMR within the NiFe alloy system.

4. Conclusion

XRR, XRD, magnetization, and magnetotransport
measurements all give a consistent picture of the evolu-
tion of the structural and magnetic properties of Fe�Ni
multilayers irradiated with 1-MeV Si� ions. As de-
posited, the multilayers have a high degree of texture,
which is largely preserved under ion bombardment.
The principal effect of IBI is to mix the layers progres-
sively from a clearly delineated superlattice up to the
point of being almost a uniformly mixed alloy. Not
surprisingly, the resulting magnetization and magne-
toresistance tend systematically towards those charac-
teristic of the uniform alloy. By constructing a semi-
classical model for the electrical transport in multilay-
ers consistent with the structural data, we have been
able to parameterize the evolution of the resistivity and
the anisotropic magnetoresistance during this transfor-
mation.
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