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Magnetic anisotropy and magnetostriction in an Fe-rich amorphous film:
Analysis of the cantilever method
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Max Planck Institut fu¨r Metallforschung, Heisenbergstraße 1, D-70569 Stuttgart, Germany

~Received 27 May 1997; revised manuscript received 24 October 1997!

It is shown that the deflection of a cantilever consisting of a ferromagnetic film on an elastic substrate, arises
from both anelastic and magnetoelastic contributions. With wide generality, the anelastic component of the
film deformation, which is frozen in during the sample growth, is larger than its magnetoelastic deformations.
The anelastic deformation is also field dependent. This must be taken into account when determining the
magnetostriction constant from the deflection induced by applying a magnetic field. On the other hand we
show that the experimental deflection, combined with domain observation and magnetization measurements,
provides a coherent understanding of anisotropy and magnetostriction.@S0163-1829~98!01714-7#
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In the last years a noticeable effort has been experim
tally and theoretically carried out in order to control the p
pendicular magnetic anisotropy in ferromagnetic films.1 The
first objective was to unravel the origin of such anisotrop
Different models have been proposed to account for
strength and direction of the magnetic anisotropy.2,3 The ori-
gin of the anisotropy has been found to be related to
sample growth procedure and conditions.4 Certainly, the
cause of the anisotropic behavior does not seem to be
rectly dependent on whether the ferromagnetic film has
amorphous or crystalline structure. In particular rare-ea
transition metals amorphous films were found to exhibit
isotropy with strength as large as their crystalli
counterparts.5

More recently a great deal of interest has been focuse
the measurement and applications of magnetostriction in
films and multilayers. Among the direct measuring metho
that one based on the determination of the film end deflec
when magnetized, the so-called cantilever method, has b
widely used and discussed.6,7

In this paper we report experimental results obtained,
structurally soft Fe-rich amorphous alloy, by observing t
domain structure and measuring magnetostriction by the
tilever method. The importance of the internal stresses
the anisotropy and magnetostriction of thin films has be
emphasized. The analysis of the results points out the m
important effects of the stresses frozen in during the sam
growth and subsequent cooling:~i! the magnetic film, as
obtained, is anelastically deformed into a shell that gives
to a magnetoelastic energy and thereby an induced mag
anisotropy and~ii ! the magnetostatic energy density of t
film also depends on this anelastic deformation. Therefor
new effective magnetostriction associated with this dep
dence, which contributes to the experimental deflect
should also be present and has to be superimposed on
structural magnetostriction. The influence of deformation
the magnetostatic energy has been previously analyzed w
the deformation itself was purely magnetostrictive, and
was called pole effect.6 The experimental results as well a
the analysis reported here indicate that the pole effect a
ciated with the anelastic deformation masks the pole ef
originated by the magnetostrictive deformation.
570163-1829/98/57~13!/7458~4!/$15.00
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In thin films and multilayers a complex internal stre
distribution is generally observed. The origin of the stres
is the film-substrate interaction, through lattice mismatchi
difference in thermal expansion coefficients or intrins
growth factors. However, the complexity of the problem,
thoroughly analyzed by Lacheisserie,6 is drastically reduced
when the magnetic film thicknesshf is much smaller than the
substrate thicknesshs . In this case, the in-plane stress tens
components,sxx andsyy , which are the only relevant ones
become nearly uniform along the magnetic film thickne
The measurement of the bending provides information ab
the strength of the internal stresses8 through the relation tha
links internal stresses of the magnetic film with the curvat
R21 and the deflectionD of the whole bimorph that become
for isotropic in-plane stresses6

R21526s int

hf

hs
2

~12vs!

Es

and

D5L2/2R52As int where A53L2
hf

hs
2

~12vs!

Es
, ~1!

whereEs andvs are, respectively, the Young’s modulus an
Poisson’s ratio of the substrate;s int the value of the interna
stressessxx5syy in the magnetic film andL the cantilever
length. The constantA was introduced for the sake of sim
plicity.

Structurally soft magnetic amorphou
Fe79.8Cu0.25Nb2.38Si11.4B6.23 films9 of 1.3 mm thickness have
been produced by ion-beam sputtering technique on g
substrates~thickness 150mm!. The as obtained samples e
hibit a clear anelastic curvature. Sample compositions w
monitored by wavelength dispersive x-ray analysis. T
amorphous character has been tested by x-ray diffraction
transmission-electron microscopy. Magnetic domain obs
vations were carried out by using magneto-optic Kerr effe
Hysteresis loops have been measured with a vibrat
sample magnetometer and a flux-gate magnetometer usin
earth field compensated solenoid. Magnetostriction meas
ments were performed by the cantilever method; theref
7458 © 1998 The American Physical Society
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57 7459BRIEF REPORTS
the deflection of the film-substrate bimorph, with dimensio
of about 20 mm in length and 2 mm in width, is measured
means of the deflection of the laser beam reflected on
free end of the bimorph. The magnetic field~max. 6.4
3105 Am21! can be applied parallel and perpendicular to
beam direction, in both cases within the plane of the t
film.

After demagnetizing the sample, with an in-plane ma
netic field, a domain structure formed by domains walls p
allel to the previously applied demagnetizing field is o
served. When a dc magnetizing field is applied paralle
film plane the domain walls grow, and the contrast gradua
disappears. The room-temperature magnetization curve,
ted in Fig. 1, shows the typical behavior corresponding to
case of a magnetic field applied along the direction perp
dicular to the easy axis. Therefore, the magnetization of
domains lies in perpendicular direction to the film pla
which we callz axis. The hysteresis observed at low fields
due to rotations of the magnetization within the Bloch wa
The remanence appears because all the walls have the
in-plane magnetization component. As the field decrea
from the saturation, the magnetization rotates toward thz
axis and domains are formed. Within the 180° Bloch wall t
spins rotate in such a way that their in-plane components
parallel to the field. When the field is applied along the o
posite direction the spin rotation within the walls changes
sign, process which gives rise to the small hysteresis.
influence of this component is also the origin of the orien
tion of the domains parallel to the in-plane demagnetiz

FIG. 1. ~a! Magnetization curve corresponding to a magne
field applied parallel to the film plane measured with a VSM.~b!
Detail of the magnetization curve in the region of low fields
which hysteresis is observed measured with a flux-gate magnet
ter.
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field. The field required to reach technical saturation
around 2.53104 Am21, therefore, after considering th
value of the spontaneous magnetization at room tempera
m0Ms51.3 T, the strength of the perpendicular anisotro
K1 is found to be 1.63104 Jm23. It is remarkable that the
domain width deduced by minimizing the sum of the dema
netizing energy, and the domain-wall energy10 is of the same
order as the domain wall width, about 0.1mm, when the
following parameters are considered,K151.63104 Jm23,
the out of plane demagnetizing factorNz51, and the ex-
change constantAex510211 Jm21. In fact the domain width
seems to be close to 1mm making difficult its observation
and measurement. The large number of walls may acco
for the relatively high value of the reduced remanence wh
is 0.23. The sample is magnetically isotropic in plane
evidenced by the domain orientation that is always that
the last field applied in plane. The in-plane domain reorie
tation is governed by the magnetic interaction between
in-plane field and the in-plane component of the magnet
tion that is within the domain walls.

As the film is an amorphous material with a negligib
structural magnetic anisotropy and positive isotropic mag
tostriction constantl, the magnetoelastic anisotropy orig
nated bys int can act as the main source of magnetic anis
ropy different to the film shape. According to th
magnetoelastic energy density corresponding to an isotr
sample, the estimated value of the anisotropy constan

( 3
2 )ls int . The measurement of the magnetostriction, as

shown below, leads tol5231025, hence, in order to ac
count for the experimental anisotropy constant, the stren
of the elastic stresses due to the anelastic deformation o
film should be ofs int52530 MPa, where the negative cha
acter accounts for the direction of the easy axis, which
perpendicular to the stresses. The actual value ofs int can be
estimated experimentally through the measurement of
curvature of the sample by using the expression~1!. Cer-
tainly the expressions given in Eq.~1! should be corrected to
include the magnetostrictive strain produced by the mag
tization oriented along thez axis, which yields a supplemen
tary in-plane stress contribution ofsme52«me@Ef /
(11n f)#52(ls/2)(Ef /11n f)52B/3; B, Ef , and n f de-
noting the magnetoelastic coupling coefficient, Young
modulus, and Poisson’s ratio of the film, respectively. W
this correction in the expression ofR21 andD, the resultant
spontaneous deflectionD0 becomes11

D052AS s int1
B

3 D . ~2!

In our experiments the following values hold,12 L52 cm,
ns50.2,Es573104 MPa, Ef52.53105 MPa and therefore,
B56 MPa andA as defined in Eq.~1! takes a value of abou
10212 mPa21. Notice that the initial deflection, in the ab
sence of any applied field, consists of two terms, an anela
one proportional to the internal stress and a magnetostric
contribution proportional to the coupling coefficient. F
s int5530 MPa, which is the value expected by assuming
internal stresses to be the origin of the experimental ani
ropy,R can be estimated directly from Eq.~1!, neglectingB,
and leads to a value of 0.5 m. This is in perfect agreem
with the experimental determination of equally 0
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7460 57BRIEF REPORTS
m. Therefore it can be concluded that the magnetic ani
ropy is governed by the magnetoelastic energy induced
the elastic stresses exerted by the substrate on the mag
film.

Let us analyze the influence of the initial deformation
the bimorph in the field dependence of the deflections m
sured by the cantilever method. As a first approximation
field dependence of the anelastic deformation is disregar
In particular when the sample saturates along the cantile
direction, y direction, the deflection of the cantilever b
comes

D i52A~s int22Ba i! ~3!

with

a i5
~12n fns!2 1

2 ~n f2ns!

3~12n f !~12ns!
.

The coefficienta i accounts for the anisotropic character
the magnetostrictive strains when the magnetization liesy
direction6 and replaces the constant1

3 for magnetization inz
direction.

When saturated in plane but perpendicular to the can
ver direction,x direction, the cantilever deflection is

D'52A~s int1Ba'! ~4!

with

a'5
~12n fns!22~n f2ns!

3~12n f !~12ns!
.

The magnetostriction can be obtained through the differe
D02D i , after saturating alongy direction, or throughD i

2D' , after saturating alongx direction, the latter leading to
the known formula elaborated by Tre´molet.6 However, it is
important to know that the three terms~2!, ~3!, and~4! con-
tain an anelastic term 90 times larger than the magnetoel
contributions, and this anelastic term also depends on
applied field, as illustrated by the experimental results in
following.

Figure 2 shows the experimental cantilever deflectionD i

2D0 undergone by the sample as a function of the app
field along they direction. The deflection does not satura
but, after a maximum, decreases continuously to fields m
higher than that in which saturation is observed in the m

FIG. 2. The experimental deflectionD i2D0 plotted as a func-
tion of the applied fieldHy along the cantilever direction.
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netization curve. This anomaly can be well understood a
consequence of the combination of film geometry and
initial bendingD0 , which leads to the field dependence
the effective elastic constantEs .

Consider that once the magnetization saturates under
action of the in-plane field it is not parallel to the field b
contained in the deformed sample to eliminate poles
decrease the demagnetizing energy, according to the sch
shown in Fig. 3. As the field rises, the magnetization tends
rotate toward the field direction so exerting an effecti
bending torque opposite to that due to the internal stres
This rearrangement of both magnetization and sample de
mation are not observed by the pickup coils which measu
the magnetization, however, it turns out to be perfectly
tected by the extremely more sensitive cantilever. The
pendence of the magnetostatic energy with the elastic st
is known as pole effect13 and produces an effective increa
of Es that has been calculated in Ref. 6 as

DEs53m0MsHL2~hf /hs
3!, ~5!

which in our case becomesDEs5600H @Am21# Pa. This
magnetic field dependence of the elastic constant reduce
total deflection of the cantilever expressed in relation~3!
where instead ofEs it should be writtenEs1DEs ; and aug-
ments the deflection expressed in Eq.~4! whereEs has to be
replaced byEs2vsDEs . After introducing this substitution
the experimental deflection obtained by applying a satura
field Hy along the cantilever direction is expected to be

D i2D05AB~2a i1
1
3 !2D0DEs /Es , ~6!

FIG. 3. Scheme of the origin of the pole effect. As indicated
the text, the in plane field is higher than the effective field cor
sponding to the initial perpendicular anisotropy. The case~b! cor-
responds to a shape anisotropy energy much larger than the e
energy. This assumption was made to obtain relation~5!. The case
~c! corresponds to the case of comparable demagnetizing and e
energies and has been disregarded in the present calculations
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57 7461BRIEF REPORTS
or, when the saturating field is applied along thex direction,
the experimental deflection along the cantilever direction

D'2D05AB~ 1
3 2a'!1nsD0DEs /Es . ~7!

It was considered thatDEs /Es!1; relation that, for the case
of our sample and according to Eq.~5!, holds well for fields
below 106 Am21.

For applied fields larger than the saturating field, 2.53
104 Am21, which also produce the magnetostrictive stra
saturation, relation~6! describes the experimental curv
shown in Fig. 2. The second term in Eq.~6! is responsible for
the monotonic decrease of the experimental deflection
can be estimated from the value ofD0 (5431024 m) as a
function of the field, which yields

D0DEs /Es53310212Hy~Am21!. ~8!

The curve shown in Fig. 2 is in good agreement with the o
predicted by relation~6!. The maximum component of the
magnetostrictive deflection, which saturates atHy52.5
3104 Am21, corresponds toD i2D0 . According to Eq.~6!,
the maximum magnetostrictive deflection is of the order
AB51026 m, as experimentally found~see Fig. 2! whereas
according to Eq.~8! the deflection due to the pole effec
takes this same value for fields of the order of 106 Am21.

In the present case, the experimental magnetostric
constant is underestimated by the pole effect, but forHy
533104 Am21 this last contribution gives rise to a deflec
tion of 1027 m, hence, one order of magnitude smaller th
the magnetostrictive deflection. Therefore, the experime
valuel5231025, obtained from the experimentalD i2D0
at 2.53104 Am21, through relation~6!, can be considered a
good value within 10%. From the experimental point
view, the resolution to distinguish between the two contrib
tions, anelastic and magnetoelastic, is larger as magnetic
softer is the material and lower is the slope ofDEs with
respect toH.
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As the pole effect produces an effective increase ofEs , it
always acts to decrease the total bending of the films. No
that in the present case the magnetoelastic coupling co
cient and the initial deformation of the sampleD0 are posi-
tive. As shown above, the anelastic strains producing t
initial bending are presumed to induce the magnetic anis
ropy in our samples. The case of a pole effect decreasing
measured deflection at high fields is therefore characteri
for a strain induced perpendicular anisotropy in as-sputte
thin films.

However, when the anisotropy has not any relation to
initial deformation of the magnetic film, the magnetostrictiv
deflection induced by the applied field can be either of t
same or of different sign than that one due to pole effect.
particular, in ideal initially undeformed samples both cont
butions should be opposite in sign since in this circumsta
the magnetostrictive deflection is the only one to be elim
nated by the pole effect. It is concluded that the measu
ment of the deflection up to fields high enough to ma
evident the pole effect can elucidate the correlation betw
the internal stresses and the magnetic anisotropy.

In summary, our experiments have evidenced that
elastic stresses exerted by the substrate on the magnetic
due to the anelastic deformation, are the cause of the per
dicular anisotropy observed in the amorphous film stud
here. The magnetic field produces two types of modificatio
in the initial deformation. First, those associated with t
magnetostriction and second, those originated from the
tial deformation itself and which tend to eliminate it. Ca
should be taken when measuring magnetostriction consta
since the pole effect is field dependent. On the other ha
the relation between the signs of both components supp
information on the origin of the magnetic anisotropy.
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