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Magnetic anisotropy and magnetostriction in an Fe-rich amorphous film:
Analysis of the cantilever method
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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 magnetostri@ioh63-18208)01714-7

In the last years a noticeable effort has been experimen- In thin films and multilayers a complex internal stress
tally and theoretically carried out in order to control the per-distribution is generally observed. The origin of the stresses
pendicular magnetic anisotropy in ferromagnetic fifmghe s the film-substrate interaction, through lattice mismatching,
first objective was to unravel the origin of such anisotropy.difference in thermal expansion coefficients or intrinsic
Different models have been proposed to account for thgrowth factors. However, the complexity of the problem, as
strength and direction of the magnetic anisotrépythe ori-  thoroughly analyzed by Lacheissefiés drastically reduced
gin of the anisotropy has been found to be related to thevhen the magnetic film thickness is much smaller than the
sample growth procedure and conditidn€ertainly, the  substrate thickneds,. In this case, the in-plane stress tensor
cause of the anisotropic behavior does not seem to be deomponentsg,, anday,, which are the only relevant ones,
rectly dependent on whether the ferromagnetic film has abecome nearly uniform along the magnetic film thickness.
amorphous or crystalline structure. In particular rare-earthThe measurement of the bending provides information about
transition metals amorphous films were found to exhibit anthe strength of the internal stres$ésrough the relation that
isotropy with strength as large as their crystallinelinks internal stresses of the magnetic film with the curvature
counterparts. R~ ! and the deflectio® of the whole bimorph that becomes

More recently a great deal of interest has been focused ofor isotropic in-plane stressgs
the measurement and applications of magnetostriction in thin
films and multilayers. Among the direct measuring methods,
that one based on the determination of the film end deflection
when magnetized, the so-called cantilever method, has been
widely used and discusséd. and

In this paper we report experimental results obtained, in a
structurally soft Fe-rich amorphous alloy, by observing the
domain structure and measuring magnetostriction by the can-
tilever method. The importance of the internal stresses for
the anisotropy and magnetostriction of thin films has beenvhereEg andv are, respectively, the Young’'s modulus and
emphasized. The analysis of the results points out the mor@oisson’s ratio of the substrate;, the value of the internal
important effects of the stresses frozen in during the sampletressesr,,= oy, in the magnetic film and. the cantilever
growth and subsequent cooling(i) the magnetic film, as length. The constamh was introduced for the sake of sim-
obtained, is anelastically deformed into a shell that gives ris@licity.
to a magnetoelastic energy and thereby an induced magnetic Structurally soft magnetic amorphous
anisotropy andii) the magnetostatic energy density of the Feg fCly 2N, 36Si11 Bg 23 films® of 1.3 um thickness have
film also depends on this anelastic deformation. Therefore, heen produced by ion-beam sputtering technique on glass
new effective magnetostriction associated with this depensubstratesthickness 15Qum). The as obtained samples ex-
dence, which contributes to the experimental deflectiorhibit a clear anelastic curvature. Sample compositions were
should also be present and has to be superimposed on thenitored by wavelength dispersive x-ray analysis. The
structural magnetostriction. The influence of deformation oramorphous character has been tested by x-ray diffraction and
the magnetostatic energy has been previously analyzed whéransmission-electron microscopy. Magnetic domain obser-
the deformation itself was purely magnetostrictive, and itvations were carried out by using magneto-optic Kerr effect.
was called pole effe&.The experimental results as well as Hysteresis loops have been measured with a vibrating-
the analysis reported here indicate that the pole effect asssample magnetometer and a flux-gate magnetometer using an
ciated with the anelastic deformation masks the pole effecearth field compensated solenoid. Magnetostriction measure-
originated by the magnetostrictive deformation. ments were performed by the cantilever method; therefore
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field. The field required to reach technical saturation is
around 2.%10* Am~!, therefore, after considering the
value of the spontaneous magnetization at room temperature
noM=1.3T, the strength of the perpendicular anisotropy
K, is found to be 1.&10%*Jm 3. It is remarkable that the
domain width deduced by minimizing the sum of the demag-
netizing energy, and the domain-wall eneftig of the same
order as the domain wall width, about Ouim, when the
following parameters are considereld;=1.6x10* Jm 3,

the out of plane demagnetizing factbr,=1, and the ex-
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change constam,=10"11Jm™ L, In fact the domain width
seems to be close to Zm making difficult its observation
and measurement. The large number of walls may account
for the relatively high value of the reduced remanence which
is 0.23. The sample is magnetically isotropic in plane as
] evidenced by the domain orientation that is always that of
the last field applied in plane. The in-plane domain reorien-
tation is governed by the magnetic interaction between the
in-plane field and the in-plane component of the magnetiza-
tion that is within the domain walls.

As the film is an amorphous material with a negligible
structural magnetic anisotropy and positive isotropic magne-
tostriction constant\, the magnetoelastic anisotropy origi-
nated byo;, can act as the main source of magnetic anisot-
ropy different to the film shape. According to the
magnetoelastic energy density corresponding to an isotropic

FIG. 1. (a) Magnetization curve corresponding to a magneticS@mple, the estimated value of the anisotropy constant is
field applied parallel to the film plane measured with a VSK).  (3)Aoy;. The measurement of the magnetostriction, as is
Detail of the magnetization curve in the region of low fields in shown below, leads m=2><10*5, hence, in order to ac-
which hysteresis is observed measured with a flux-gate magnetomepunt for the experimental anisotropy constant, the strength
ter. of the elastic stresses due to the anelastic deformation of the

film should be ofo;,;=—530 MPa, where the negative char-
the deflection of the film-substrate bimorph, with dimensionsacter accounts for the direction of the easy axis, which is
of about 20 mm in length and 2 mm in width, is measured byperpendicular to the stresses. The actual value;gfcan be
means of the deflection of the laser beam reflected on thestimated experimentally through the measurement of the
free end of the bimorph. The magnetic fielthax. 6.4 curvature of the sample by using the expressibn Cer-
x10° Am~?) can be applied parallel and perpendicular to thetainly the expressions given in E¢L) should be corrected to
beam direction, in both cases within the plane of the thininclude the magnetostrictive strain produced by the magne-
film. tization oriented along the axis, which yields a supplemen-

After demagnetizing the sample, with an in-plane mag-tary in-plane stress contribution ofo = —¢&mnd Ef/
netic field, a domain structure formed by domains walls par{1+ v;)]=—(\4/2)(E{/1+ v{)=—B/3; B, E¢, and v; de-
allel to the previously applied demagnetizing field is ob-noting the magnetoelastic coupling coefficient, Young’s
served. When a dc magnetizing field is applied parallel tomodulus, and Poisson’s ratio of the film, respectively. With
film plane the domain walls grow, and the contrast graduallithis correction in the expression Bf * andD, the resultant

disappears. The room-temperature magnetization curve, plo§pontaneous deflectidd, become¥
ted in Fig. 1, shows the typical behavior corresponding to the

case of a magnetic field applied along the direction perpen-
dicular to the easy axis. Therefore, the magnetization of the
domains lies in perpendicular direction to the film plane
which we callz axis. The hysteresis observed at low fields isIn our experiments the following values hdflL =2 cm,

due to rotations of the magnetization within the Bloch walls.vs=0.2,E=7x10* MPa, E;=2.5x10° MPa and therefore,
The remanence appears because all the walls have the saBe 6 MPa andA as defined in Eq(1) takes a value of about
in-plane magnetization component. As the field decreased0 *> mPa . Notice that the initial deflection, in the ab-
from the saturation, the magnetization rotates towardzthe sence of any applied field, consists of two terms, an anelastic
axis and domains are formed. Within the 180° Bloch wall theone proportional to the internal stress and a magnetostrictive
spins rotate in such a way that their in-plane components areontribution proportional to the coupling coefficient. For
parallel to the field. When the field is applied along the op-oi,;=530 MPa, which is the value expected by assuming the
posite direction the spin rotation within the walls changes itgnternal stresses to be the origin of the experimental anisot-
sign, process which gives rise to the small hysteresis. Theopy, R can be estimated directly from E({), neglectingB,
influence of this component is also the origin of the orienta-and leads to a value of 0.5 m. This is in perfect agreement
tion of the domains parallel to the in-plane demagnetizingwith the experimental determination of equally 0.5
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FIG. 2. The experimental deflectidh,— D, plotted as a func-
tion of the applied fieliHy along the cantilever direction.
c)

m. Therefore it can be concluded that the magnetic anisot-
ropy is governed by the magnetoelastic energy induced by H
Elle elastic stresses exerted by the substrate on the magnetic +++++_—’___--
ilm. £ + 4 - - S

Let us analyze the influence of the initial deformation of
the bimorph in th_e field dependence O_f the def'e_C“O”_S ME2a- 5. 3. Scheme of the origin of the pole effect. As indicated in
Sfured by the cantilever methOd'_ As a first ‘fflppr_ox'mat'on th‘?he text, the in plane field is higher than the effective field corre-
field dependence of the anelastic deformation is d|$regardegpono|ing to the initial perpendicular anisotropy. The cdBecor-
In particular when the sample saturates along the cantilevggsponds to a shape anisotropy energy much larger than the elastic
direction, y direction, the deflection of the cantilever be- energy. This assumption was made to obtain relat®nThe case
comes (c) corresponds to the case of comparable demagnetizing and elastic

energies and has been disregarded in the present calculations.

Dy=—A(oinn—2Be)) (€©))
with netization curve. This anomaly can be well understood as a
consequence of the combination of film geometry and its
(1—vive) — 3(vi—vg) initial bendingDg, which leads to the field dependence of
o= 31— v)(1—vg) the effective elastic constaf;.
S

Consider that once the magnetization saturates under the
The coefficienta; accounts for the anisotropic character of action of the in-plane field it is not parallel to the field but
the magnetostrictive strains when the magnetization ligs in contained in the deformed sample to eliminate poles and
directiorf and replaces the constahfor magnetization iz decrease the demagnetizing energy, according to the scheme
direction. shown in Fig. 3. As the field rises, the magnetization tends to
When saturated in plane but perpendicular to the cantilerotate toward the field direction so exerting an effective
ver direction,x direction, the cantilever deflection is bending torque opposite to that due to the internal stresses.
This rearrangement of both magnetization and sample defor-
D,=—A(oint+Bea,) (4)  mation are not observed by the pickup coils which measures
with the magnetization, however, it turns out to be perfectly de-
tected by the extremely more sensitive cantilever. The de-
(1= vivg)— 2(vi— v _pendence of the magnetostatic energy with thg ele_lstic strain
is known as pole effett and produces an effective increase
3(1=v)(1= vy of E, that has been calculated in Ref. 6 as
The magnetostriction can be obtained through the difference
Do—D,, after saturating along direction, or throughD, AEg=3uoMHL2(h;/h3), (5)
—D, , after saturating along dlrect!on, th(?3 latter leading to
the known formula elaborated by Tnelet’ However, it is C _ 1 .
important to know that the three tern®), (3), and(4) con- which Itr'] ?ulrdc:se bscomes]?tsh— GC:CHt.[Am t] Pta. gh's th
tain an anelastic term 90 times larger than the magnetoelastﬂ:mgne Ic ield dependence ot Ine elastic constant reduces the

L : . otal deflection of the cantilever expressed in relati@h
contributions, and this anelastic term also depends on thehere instead oE, it should be writterE,+ AE,: and aug-

z)ﬁlpol\ﬁi?]éleld’ as illustrated by the experimental results in théanents the deflection expressed in E4). whereE. has to be

Figure 2 shows the experimental cantilever defleciign replaced byEs~usAE,. After introducing this substitution,

—D, undergone by the sample as a function of the applie he experimental deflection obtained by applying a saturating

field along they direction. The deflection does not saturate, ield Hy along the cantilever direction is expected to be
but, after a maximum, decreases continuously to fields much
higher than that in which saturation is observed in the mag- D,—Do=AB(2a;+3)—DoAE4/Eg, (6)

o, =
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or, when the saturating field is applied along thdirection, As the pole effect produces an effective increase gf it
the experimental deflection along the cantilever direction isalways acts to decrease the total bending of the films. Notice
that in the present case the magnetoelastic coupling coeffi-
D, —Do=AB(5—a,)+vDoAE/Es. (7)  cient and the initial deformation of the sambdg are posi-
tive. As shown above, the anelastic strains producing this
It was considered thatEs/Es<1; relation that, for the case jnitial bending are presumed to induce the magnetic anisot-
of our sample and according to E@), holds well for fields  ropy in our samples. The case of a pole effect decreasing the
below 16 A_mfl-. o measured deflection at high fields is therefore characteristic
For applied fields larger than the saturating field,>2.5 for g strain induced perpendicular anisotropy in as-sputtered
10* Am~%, which also produce the magnetostrictive strainthin films.
saturation, relation(6) describes the experimental curve  However, when the anisotropy has not any relation to the
shown in Fig. 2. The second term in K@) is responsible for  jnitial deformation of the magnetic film, the magnetostrictive
the monotonic decrease of the experimental deflection angeflection induced by the applied field can be either of the
can be estimated from the value Bf (=4x10"*m) as a  same or of different sign than that one due to pole effect. In

function of the field, which yields particular, in ideal initially undeformed samples both contri-
1 1 butions should be opposite in sign since in this circumstance
DoAEs/Es=3X10""Hy(Am™7). (8 the magnetostrictive deflection is the only one to be elimi-

nated by the pole effect. It is concluded that the measure-

ent of the deflection up to fields high enough to make
evident the pole effect can elucidate the correlation between
the internal stresses and the magnetic anisotropy.

In summary, our experiments have evidenced that the
felastic stresses exerted by the substrate on the magnetic film,
; . due to the anelastic deformation, are the cause of the perpen-
according to Eq.(8) the deflection due to the polgleffect dicular anisotropy observed in the amorphous film studied
takes this same value for fields of the order of 200" pore e magnetic field produces two types of modifications

In the present case, the experimental magnetostrictiof, yhe initial deformation. First, those associated with the
constant Is l_ulwde.restlmated by the pole effect, butHQr 5 gnetostriction and second, those originated from the ini-
f3><104 f‘;n this last contribution gives rise to a deflec- yj5| geformation itself and which tend to eliminate it. Care
tion of 10 “ m, hence, one order of magnitude smaller thang,, |4 be taken when measuring magnetostriction constants,
the magnetostrlcs:tlve dt_eflectlon. Therefore,_the expenmentagince the pole effect is field dependent. On the other hand,
value)\=2><1071, obtained from the experimentdl, —Do  the relation between the signs of both components supplies
at 2.5¢10* Am~*, through relation(6), can be considered a jntormation on the origin of the magnetic anisotropy.
good value within 10%. From the experimental point of
view, the resolution to distinguish between the two contribu- A. H. thanks the Max Planck Institut fiMetallforschung
tions, anelastic and magnetoelastic, is larger as magneticalfpr the invitation and funding for his stay. Part of this work
softer is the material and lower is the slope ®Eg with  has been funded through MAT92-0405 from the Spanish
respect taH. Government.

The curve shown in Fig. 2 is in good agreement with the on
predicted by relationr(6). The maximum component of the
magnetostrictive deflection, which saturates H{=2.5
x10* Am~1, corresponds t®,—D,. According to Eq.(6),
the maximum magnetostrictive deflection is of the order o
AB=10"° m, as experimentally fountsee Fig. 2 whereas

*On leave from the Instituto de Magnetismo Aplicado, Com- ’E. Klokholm, IEEE Trans. Magnl2, 819 (1976.
plutense University, Las Rozas P.O. Box 155, 28230 Madrid, 8H. Awano, Y. Suzuki, T. Yamazaki, T. Katayama, and A. Itoh,

Spain. IEEE Trans. Magn26, 2742(1990.

S. Y. Chou, P. R. Kraus, and L. Kong, J. Appl. Phy$, 6101 9This composition was studied because it corresponds to one of the
(1996. softer available materials. See, for instance, A. Hernando and T.

2Y. Suzuki, J. Haimovich, and T. Egami, Phys. Rev38 2162 Kulik, Phys. Rev. B49, 7064(1994).

5 (1987. ) 10The calculation of the domain width can be seerrittoduction
D(-lg/lge:;QeL H. Heitmann, and P. Hansen, Phys. RevW 73882 to Magnetic Materials edited by B. D. Cullity (Addison-

Wesley, Reading, MA, 1972p. 301.

This expression can be easily obtained by considering the mag-
netoelastic energy and the initial deflection. The magnetoelastic
energy is that given in Ref. 6. However, in this reference the

4V. G. Harris, K. D. Aylesworth, B. N. Das, W. T. Elam, and N. C. 11
Koon, Phys. Rev. Lett69, 1939(1992; V. G. Harris, W. T.
Elam, N. C. Koon, and F. Hellman, Phys. Rev.43, 3637
(1994); J. M. Riveiro, V. Madurga, and A. Hernandibjd. 39,

11 950(1989; G. Suran, H. Ouahame, and R. Zuberek, |EEI£12T';:"tlal lcjeformat'on - ”Ott Ct‘;”s'dirid't btained from th
Trans. Magn20, 723 (1994 € values corresponding to the substrate were obtained rom the

5E. Schatz, M. Hirscher, M. Schnell. G. Flick, and H. Krofirar supplier, and the Young modulus of the film is that measured for

J. Appl. Phys76, 5380(1994; J. Huang, C. Prados, J. E. Evetts, this composition in ribbon shape. .
and A. Hernando, Phys. Rev. 81, 297 (1995; M. Schnell, Notice that in Ref. 6 this effect was calculated for the limit of

Ph.D. thesis, Stuttgart University, 1996. very large shape anisotropy. Here the same approximation was
8E. du Tremolet de Lacheisserie and J. C. Peuzin, J. Magn. Magn. considered. Therefore we disregarded the possibility shown in
Mater. 136, 189 (1994). Fig. 3 as case.



