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Evidence for strong magnetoelastic effects in Ni nanowires embedded
in polycarbonate membranes
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The uniaxial anisotropy energy of arrays of submicronic~30–500 nm! Ni wires synthesized by electrodepo-
sition into cylindrical pores of track-etched polycarbonate membranes is studied as a function of temperature.
At room temperature, the uniaxial anisotropy is equal to the shape anisotropy whereas an additional contribu-
tion, that reinforces the wire axis as an easy axis is evidenced at low temperature. This additional contribution
is demonstrated to find its origin in magnetoelastic effects conjointly induced by the Ni and polycarbonate
thermal-expansion coefficients mismatch and by the low volume fraction of Ni in Ni/polycarbonate samples.
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I. INTRODUCTION

Mainly motivated by technological interests involving th
miniaturization of sensors and the continuous increase of
magnetic storage density, techniques for fabrication~such as
nanolithography! and characterization~near field micros-
copy, electronic microscopy, etc.! of magnetic nanoscale
systems have been developed.1 To date, physical vapor depo
sition techniques followed by lithography of ever increasi
resolution are usually considered to represent the ultim
technique for producing nanoscale magnets. However,
crystallized nanomagnets can also be fabricated using a
ferent method whose key ingredients are ‘‘template and e
trodeposition’’ techniques.2 In this method, thin wires of
magnetic metals with extremely large aspect ratios are e
trochemically synthesized within the voids of alumin
media3 and track-etched polymer membranes.4 Magnetic or-
der and reversal processes which have been extensively
ied since the turn of the century are consequently being
examined for nanostructured magnets. Interesting prope
are expected as the geometrical dimensions of the wires
come comparable to the characteristic nanoscopic len
scales such as domain wall width, exchange length, and
soscopic dimensions such as domain width. Ideally,
would like to study an individual and isolated particle
avoid effects arising from particle size variations and dipo
interactions between particles. However, measuring the m
netization of a single nanometer-scale particle is beyond
limits of traditional magnetometers. Nevertheless, using
crosuperconducting quantum interference devices~SQUID’s!
~Ref. 5! and magnetic force microscopy MFM,6 magnetiza-
tion reversal studies of individual Ni nanowires~free from
the polymer membrane! have been performed. Howeve
mSQUID’s measurements are limited to low temperature
MFM measurements have been performed at room temp
ture. Anisotropic magnetoresistance~AMR! measurements
performed on a single wire embedded in the polymer me
PRB 610163-1829/2000/61~21!/14315~4!/$15.00
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brane were also used as a probe of the magnetization o
tation with respect to the current.7 Such a technique is wel
suited to investigate magnetization reversal and switch
fields as a function of temperature.

Interestingly, it was shown that the presence of the po
mer membrane around the magnetic nanowires changes
magnetic properties as the temperature is decreased.8 It is
suggested in Ref. 9 that the Ni and polycarbonate~PC! ther-
mal expansion coefficients mismatch induces magnetos
tive effects. In these systems, the temperature dependen
switching fields may be strongly modified due to an additio
nal contribution to the anisotropy.

In this paper, we present results of uniaxial anisotro
energy measurements at 300 and 35 K on arrays of
nanowires of different diameter. Next, x-ray-diffractio
~XRD! analysis is performed to investigate the axial def
mation of Ni wires upon cooling. Finally, an elastic model
formulated to calculate the stress and deformation com
nents of Ni wires embedded in PC membranes. Magnetoe
tic contributions are then calculated and compared to exp
mental data.

II. EXPERIMENTAL DETAILS

Arrays of Ni nanowires were synthesized by electrode
sition in track-etched polymer membranes following t
same procedure as the one described by Withneyet al.4

However, in the present work, the host matrix consists
nanoporous PC membranes produced at the lab sca10

These membranes exhibit improved properties in terms
pore shape, pore orientation, pore size distribution, and p
surface roughness. As a result, Ni nanowires are almost
fectly cylindrical, parallel~deviation less than65°), and
present a low roughness on their surface. The pore den
and pore diameter of the different PC membranes use
this study are in the range@73106,23109# cm22 and@500,
30# nm, respectively. Membrane thickness~i.e., wire length!
14 315 ©2000 The American Physical Society
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is 20 mm. As the average spacing between wires is alw
larger than about five times the wire diameter, magnetic
teractions between Ni wires are expected to be small.11 For
XRD analysis, arrays of Ni wires are glued on a silic
single crystal to avoid parasitic diffraction and diffusio
from the support.

III. RESULTS AND DISCUSSION

Magnetization measurements have been performed on
different arrays of Ni wires. For the different samples und
study, hysteresis loops have been measured with an ext
field applied parallel and perpendicular to the wire axis. Th
the uniaxial anisotropic energy, represented as a functio
the wire diameter in Fig. 1, has been estimated from
change in magnetization work calculated for applied fi
parallel and perpendicular to the wire axis.12 At room tem-
perature, a value of about 7.03105 erg cm23 is calculated
whatever the wire diameter. This value almost exactly co
sponds to the shape anisotropy energypMs

257.43105

erg cm23 ~with Ms5485 Oe for Ni at 300 K! of an infinite
Ni cylinder. As dipolar interactions between wires and ma
netocrystalline anisotropy can be neglected in our syste
internal tensile stresses, which are known to appear du
Ni films electrodeposition,13 do not induce any significan
magnetoelastic contribution to the anisotropy in the Ni wir
As a consequence, it can be considered that, at room
perature, the single contribution to the anisotropy com
from the shape. At low temperature, the uniaxial anisotro
energy increases. As the shape anisotropy is almost temp
ture independant~neglecting the slight variation ofMs), the
additional contribution to the anisotropy energy (Kexcess)
can be easily calculated with the following relationKexcess
5Ku27.031015 erg cm23.

As suggested in Ref. 9, this extra-uniaxial anisotropy m
be related to the presence of the polycarbonate memb
and to the chemical bonding existing between the polyc
bonate matrix and Ni wires. Considering the large misma
of the Ni and PC thermal expansion coefficients, therm
stresses and resulting magnetostrictive effects should
taken into account. X-ray-diffraction~XRD! analysis was
then performed to investigate the possible texture of the
nanowires, the Ni deformation induced upon cooling and
consequence on the magnetoelastic energy. Figure 2 sh

FIG. 1. Uniaxial anisotropy energy at 300 K~closed circles! and
35 K ~open squares! as a function of wire diameter. The dashed li
indicates the shape anisotropy.
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theu/2u spectrum recorded at room temperature on an a
of Ni wires ~diameter: 75 nm!. The intensities ratio of the
220 and 111 diffraction lines,I 220/I 11152.8, gives evidence
for a strong texture,̂ 110& being the preferentially growth
direction. Indeed, this ratio is expected to be 0.2 for a n
textured sample. We additionally record rocking curves
the 220 and 111 peaks to characterize the strength of
texture. The full width at half maximum is about 10° on th
220 peak which means, assuming a Gaussian distribu
that 75% of the wires have an orientation within 5° of th
direction. The rocking curve recorded on the 111 peak
veals a fiber texture, suggesting an isotropic behavior in
plane perpendicular to the wire axis. Due to the existence
such a texture, we decided to investigate the displacemen
the ~220! peak in the symmetric mode and the displacem
of the ~311! and~222! peaks in the asymmetric mode. The
peaks thus correspond to the grains with the^110& direction
parallel to the wire axis. The inset of Fig. 2 shows the~220!
peaks recorded at room temperature and at about 100
Displacement of the~220! peak gives evidence for a stron
compressive stress in the wire axis direction. The relat
variations of the interreticular distancesd311 and d222 are
also in agreement with such a compressive stress. Quan
tively, the relative variation of the interreticular distanc
(d220) is about 2(0.4560.05)% which is larger than the
expected variation due to the Ni thermal expansion coe
cient ~about20.15%). Given the experimental deformatio
@e52(0.4560.05)%# and the Young modulus in thê110&
direction~230 GPa!, one can calculate the compressive stre
in the wire axis direction :s5E•e521.03 GPa. From the
Ni magnetoelastic constants in the^110& direction, one can
deduce the magnetoelastic anisotropyKme through

Kme5sNi@l110~M //^110&!2l110~M'^110&!# ~1!

with l110(M //^110&)523031026 and l110(M'^110&)
517.331026 the magnetoelastic constants for magneti
tion lying parallel and perpendicular to the^110& direction,
respectively.14

FIG. 2. u/2u XRD spectrum recorded at 300 K on an array
wires ~diameter 75 nm!. Inset: ~220! peaks recorded in symetri
mode at room temperature~full line, black circles! and at about 100
K ~dotted line, empty squares!.
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FIG. 3. Absolute values of the calculated stress components in Ni wires as a function ofk5RNi /RPC
eq (a). Calculated magnetoelasti

energy~dotted line! and experimental anisotropy excess~closed circles! vs k ~b!.
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Equation ~1! then leads to Kme5(3.960.5)31015

erg/cm3 which is in very good agreement with theKexcess

value (4.331015 erg/cm3) determined at 100 K from
SQUID measurements. From XRD analysis, a large de
mation is observed in the wire axis direction. Induced m
netostrictive effects give account of the experimental anis
ropy excess. However, the origin of thermal stresses is
unclear as the Young’s modulus of Ni and polycarbonate
so different~about 230 GPa for Ni and 3 GPa for polyca
bonate! that the contraction of polycarbonate should not ha
a large influence on Ni. In order to check the possibility f
the PC membrane to impose a so large stress on Ni wire
isotropic elastic calculation has been performed to estim
stress and strain induced by the large mismatch between
Ni and PC thermal expansion coefficients. From the cal
lated stress components, the induced magnetoelastic en
is then calculated and compared to the experimental dat

The method of eigenstrain, already used to solve a n
ber of problems in micromechanics of solids,15 can be ap-
plied to our problem. This method consists in calculati
elastic stresses and strains due to nonelastic strains whic
induced, in our problem, by the difference between the
and PC thermal expansion coefficients.16 Since the distance
between the Ni nanowires is greater than the wire diame
the elastic interaction between nanowires can be neglect15

Thus the study can be limited to an equivalent PC cylin
around a single Ni wire of radiusRNi .

At T05300 K, the single Ni wire and the PC membra
are assumed to be in the reference equilibrium state. At
temperature, thermal contraction induces nonelastic str
which are given byezz

Ni,* 5e rr
Ni,* 5aNi(T02T)5aNiDT in

the free Ni cylinder and byezz
PC,* 5e rr

PC,* 5aPCDT in the
free PC matrix.

When the Ni cylinder is considered in the matrix, and
temperatureT, the resulting elastic state due to the differen
of nonelastic strainde* 5(aPC2aNi)DT can be determined
using an extension of the plane strain problem.16 Considering
that axial strains in the cylinder (ezz

Ni) and in the matrix

(ezz
PC) are constant, the stresss% i(r ) and displacementuW i(r )

components can be expressed, in cylindrical coordinates
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with i 5Ni in the Ni cylinder andi 5PC in the PC matrix.
Ai , Bi are elastic constants to be analytically calculated

Ni wire and in polycarbonate matrix,m i andn i are, respec-
tively, the shear modulus and the Poisson’s ratio of e
material. In the Ni cylinder, the constantANi must be zero to
avoid the divergence of thes rr stress component. The othe
elastic constantsAPC and Bi have been determined consid
ering the equilibrium conditions of forces and the continu
of displacement.16

The determination of the elastic relaxation has been p
formed to the first order inde* . Stress and deformation com
ponents were calculated as a function of the pertinent par
eter (k5RNi /RPC

eq ) of the problem withRNi in the range
~0.01RPC

eq – 0.25RPC
eq ). Absolute values of the axial and radia

compressive stresses are plotted in Fig. 3~a!. For k smaller
than 0.15, the axial compressive stress (szz

Ni) is at least one
order of magnitude larger than the radial stress (s rr

Ni). Thus,
a magnetoelastic energy is associated with the difference
tween the radial and axial stress. In a first approximati
magnetoelastic energy can be estimated from the axial c
pressive stress, neglecting the radial stress component.

The magnetoelastic energy (Kme) can be estimated from
Eq. ~1! and magnetostrictive constants. Considering the d
sity of Ni nanowiresr and the PC membrane radius (RPC),
the values of the radius ratiok5RNi /RPC

eq 5ArRNi /RPC

have been calculated for the different samples. Experime
and calculated values of anisotropy energy,KexcessandKme

respectively, are then plotted as a function ofk5RNi /RPC
eq in

Fig. 3~b!. Calculated values ofKme are in good agreemen
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with the experimental data. This result confirms that the te
perature dependence of uniaxial anisotropy is effectively
lated to the axial elastic strain in the Ni wires and in the
matrix. Our elastic model demonstrates that this strain
conjointly induced by the Ni and PC thermal expansion
efficients mismatch and by the low volume fraction of Ni
the Ni/PC samples.

IV. CONCLUSION

In summary, hysteresis loops of Ni nanowires arrays e
bedded in PC matrix have been analyzed to investigate
temperature dependence of the uniaxial anisotropy. At ro
temperature, the uniaxial anisotropy is dominated by
shape anisotropy whereas an additional anisotropy has
evidenced at low temperature. XRD analysis demonstr
that thermal stresses and induced magnetostrictive eff
can give account of the anisotropy excess encountered a
temperature. Finally, the calculation of the thermal stress
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deformation components demonstrates that magnetostric
effect are conjointly induced by the PC and Ni thermal e
pansion coefficients mismatch and by the low volume fr
tion of Ni in our Ni/PC composites. As a consequence, m
netization reversal studies performed on elongated parti
embedded in polymer membranes have to take into acc
an additional contribution to the anisotropy which reinforc
the long axis as an easy direction for magnetization. T
temperature-dependant magnetoelastic anisotropy shoul
fluence the switching fields.
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