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Perpendicular anisotropy detected by transversely biased initial susceptibility
via the magneto-optic Kerr effect in FexSi12x thin films and FexSi12x /Si multilayers:

Theory and experiment

L. M. Alvarez-Prado, G. T. Pe´rez, R. Morales, F. H. Salas,* and J. M. Alameda
Laboratorio de Magnetoo´ptica y Láminas Delgadas, Departamento de Fı´sica, Universidad de Oviedo,

c/ Calvo Sotelo, s/n, E-33007 Oviedo, Spain
~Received 20 September 1996; revised manuscript received 13 February 1997!

We studied experimentally and theoretically the perpendicular anisotropy and the stripe-domain structure in
both FexSi12x thin films and FexSi12x /Si multilayers, the latter being in the low-modulation-length regime
(0.4 nm,l,7 nm). The experimental study was made by means of the transversely biased initial susceptibil-
ity x tb via the magneto-optic Kerr effect. The samples under study were prepared by dc triode sputtering at
TS5300 K. It is found that the appearance of stripe domains is more pronounced for decreasingl asx remains
constant and may be caused by both the increase in effective magnetic thickness and the reduction in effective
magnetization asl decreases. For multilayers withl50.4 nm, the observed field dependence ofx tb

21 is similar
to that found inhomogeneousthin films when weak stripe-domain structures arise as a consequence of the
existence of perpendicular anisotropyKN . We propose a quasistatic one-dimensional model to explain the
behavior ofx tb

21 when stripe domains are present, and we analyze the critical occurrence of stripe domains. We
calculated the so-calledpseudo-uniaxial anisotropy field HKs , associated with the stripes, in two extreme
cases: exchange-driven susceptibility or magnetic free poles~nonzero divergence in the bulk!. The latter case
agrees better with experiment. We found that perpendicular anisotropy isnot exclusive of a well-defined
multilayer structure; i.e.,KN arises even when there are no interfaces in the volume. By setting the experi-
mental saturation fieldHs ~obtained by hysteresis loops! into our model, we obtain both the perpendicular
anisotropy constantKN5104– 105 J/m3 and the critical thicknesstc for the occurrence of a stripe-domain
structure. Some possible sources of perpendicular anisotropy are discussed, for example, the associated iso-
tropic compressive stresss, whose contribution is found to beuKNumagnetoel'1.5– 4.53104 J/m3.
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I. INTRODUCTION

The correct concept ofmagnetic-domain structureswas
discussed by Landau and Lifshitz,1 who calculated the size
of magnetic domains by considering the magnetostatic
ergy. Other important contributions were made by Kenna2

Néel,3 and Kittel.4 Later, some of these calculations we
confirmed experimentally by Williams, Bozorth, an
Shockley5 on single crystals of silicon iron.

It is well known that magnetic thin films having perpe
dicular anisotropyKN can show a peculiar domains structu
known asstripe-domain6,7 structure. Such films are chara
terized by having the normal component of the magnet
tion vector pointing up and down alternately with its tange
tial part in a direction parallel to the resultant magnetizatio6

The stripe-domain Bitter pattern was observed by Spain8 and
Saito, Fujiwara, and Sugita.9 Likewise, the inner variation of
the magnetization was verified by electron microscopy
Koikeda, Susuki, and Chikazumi.10 Stripe-domain films can
arise, even whenKN,2pMs

2, for a film thickness larger
than a critical value6,9,11 tc(KN ,Ms), while, below this value
of film thickness,M will lie in the film plane. Because of the
tilted M , the hysteresis loops of this kind of film have
peculiar shape, calledtranscritical,12–15 showing low rema-
nence in zero applied field. Both the transcritical hystere
loop and the width of the stripes depend on the film thic
ness, so that belowtc the stripe-domain structure and th
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transcritical loop disappear and the magnetization lies~be-
cause of the dominant shape anisotropy! in the film plane. In
the presence of stripe domains, the behavior of the ave
in-plane magnetization has been explained assumin
pseudo-uniaxial anisotropy~rotatable anisotropy11,16! in the
film plane whose easy axes were along the stripe domai

From the experimental point of view, the technique
transversely-biased initial susceptibility17 ~TBIS! x tb @mea-
sured via the magneto-optic Kerr effect18 ~MOKE!# is a very
sensitive and powerful method for determining and relat
to each other both macroscopic and local anisotropy field
amorphous and crystalline films and alloys.18–20

In fact ~as explained below!, the inverse TBIS (x tb
21) is

proportional to the effective field acting on the average
plane magnetization. Thus TBIS is a suitable method for
study of the stripe-domain contribution to the effective fie
this contribution is given through the above-mentioned fi
HKs .

In the past few years, the system made of FeSi/Si in
multiple forms, e.g., amorphous, polycrystalline, and epit
ial thin films, iron disilicides, multilayers, superlattices, et
has drawn immense attention in the magneti
community,15,19,21–33leading to a better understanding of in
teresting phenomena, as for example, the possibility of h
ing antiferromagnetic interlayer coupling in FeSi/Si. Lik
wise, TBIS measurements also have evidenced the exist
of different magnetic phases21 in FexSi12x /Si multilayers for
3306 © 1997 The American Physical Society
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56 3307PERPENDICULAR ANISOTROPY DETECTED BY . . .
1.2 nm,l,3.5 nm with 0.60,x,0.80.
In this article we study both experimentally and theore

cally the field dependence ofx tb
21 in both FexSi12x thin films

and FexSi12x /Si multilayers, the latter with very low value
of nominal modulation length (0.4,l,7 nm). The total
multilayer thicknesst was, in all cases, equal to 100 nm.
schematic representation of the systems studied is show
Fig. 1.

Several authors6,34–36have applied the calculus of varia
tions to minimize the total free energy density in strip
domain films in order to find the more stable configuration
the magnetization. Recently, magnetic reversal processes
coercivity in ultrathin films with perpendicular surface a
isotropy have been studied using a continuum micromagn
model.37 However, to the best of our knowledge, the calc
lation of x tb

21 in the presence of stripe domains does n
seem to have been discussed previously. Here we pres
micromagnetic calculation38,39 of such a problem. Good
agreement is found between theory and experiment, as
shall see below.

II. TRANSVERSELY BIASED INITIAL SUSCEPTIBILITY

We measured the field dependence ofx tb
21 by means of

the transverse magneto-optic Kerr effect~TMOKE!. The ex-
perimental setup has been described before;18 briefly, a light
beam falls onto the film surface atq560°, the incoming
light being polarized in the plane of incidence~p polariza-
tion!, whereas two simultaneous in-plane fields, as show
Fig. 2, are applied orthogonally to each other, namely, a
biasing fieldH and an ac low fieldHt , probing magneto-
optically the in-plane component of magnetization; precis
speaking,Ht probes the component of in-plane magnetiz

FIG. 1. Magnetic systems studied.l refers to the modulation
length.
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tion alongHt , such a component being perpendicular to t
incidence plane of light. Conceptually, this is the definiti
of TBIS. The corresponding TMOKE signal is detected,
T5300 K, by two photodiodes whose energy windows ha
a maximum resolution at 1.377 eV. Thus TBIS is defined

x tb~H![ lim
DHt→0

D~M cosusinw!

DHt
. ~1!

Hereb refers to the angle between the bias fieldH and the
easy axis of in-plane macroscopic uniaxial anisotropy~see
Fig. 2!, andM cosu sinw is the in-plane component of mag
netization along the direction ofHt . The anglesu andw are
defined in Fig. 3. This method allows one to follow the ma
netization processes. On the other hand, as well known f
the micromagnetic theories of ripple developed by Hart40

and Hoffmann,41 if M is in the film planeand the thin-film
fine-scale inhomogeneity case40 is valid, then the field de-
pendence of inverse TBISx tb

21 follows:42

x tb
21~H !>a~H6HKu!1b~H6HKu!21/41c~H6HKu!21,

~2!

where b50 ~H applied along the easy axis!, b5p/2 ~H
applied along the hard axis!, andHKu is the effective field of
macroscopic uniaxial anisotropy in the film plane. The fi
term on the right-hand side of Eq.~2! corresponds to the
coherent-rotation process ~Stoner-Wohlfarth model!, the
second one is theripple term related to the local fluctuation
in the magnetization direction, and the last one is theskew
term due to the local fluctuations of the induced magne
anisotropies. In the case of amorphous FeSi thin films, it
been found15,19 that the third term on the right-hand side
Eq. ~2! is negligible against the first two terms.

FIG. 2. Experimental determination~by TBIS via the MOKE! of
the effective field acting on the mean in-plane magnetization. H
H is the dc bias field, andHt is the ac sensing field.

FIG. 3. Geometry of magnetization and applied fields adopte
the minimization of the free energy.
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3308 56L. M. ALVAREZ-PRADO et al.
HKu is obtained from linear extrapolations18 of the curves
x tb

21 vs H, from high fields, to the valuesx t0
2150 and

x tp/2
21 50. In real films, the extrapolations ofx tp/2

21 and x t0
21

cut the abscissa at asymmetrical points separated byDH
52HK . This asymmetry18 is due to the ripple term, and
hence, it is proportional to the value ofb. Extensive studies
of the b and c coefficients have been publishe
elsewhere.18,19 In particular, theb coefficient yields valuable
physical information about the local anisotropy const
K loc of a random distribution of local easy axes.42–44 For
3d ions in amorphous materials,K loc can be19,44 in the range
105 J/m3,K loc<106 J/m3 corresponding to correlation
lengths of 2 nm.d>0.25 nm. Note thatd'0.25 nm is re-
lated to the atomic volumeV in the framework of the Harris-
Plischke-Zuckermann~HPZ! model45 for amorphous magne
tism. This order of magnitude forK loc will be considered
below as a possible source for perpendicular anisotropy,
cause of the anisotropic atomic coordination of near
neighbors at very low modulation lengthsl.

The validity of the ‘‘thin-film fine-scale inhomogeneit
approximation,’’40 in a given sample, is restricted by th
particular values of exchange stiffness, dipolar coupl
forces, and the shape and volume of the small regions w
homogeneous local anisotropy. In a polycrystalline film,
latter correspond to the crystallites.40

Typical experimental maximum values ofH and Ht are
H'10HKu andHt'1022HKu , i.e., 10 times higher and 10
times lower than the anisotropy field, respectively.

III. MICROMAGNETIC CALCULATION OF TBIS „x tb…

IN STRIPE-DOMAIN FILMS

We studied theoretically the behavior of TBIS from a m
cromagnetic point of view, in order to explain thex tb

21

curves when stripe domains are present. We analyzed se
models for the profile of the out-of-plane angle of magne
zation, viz., trapezoidal, sawtooth, and sine wave. The la
was found to give the more stable magnetization arran
ment, and we shall describe it here.

Let us consider a thin filmisotropic in the basal plane, its
film thickness beingt.tc .

Step 1: nonzero bias field and zero alternating field:H
Þ0 and Ht50. In the one-dimensional model of stripe d
mains proposed, thexy plane is taken as the film plane, th
stripe domains being directed along they axis and the local
magnetization only has components in theyz plane, accord-
ing to the law Mz(x)5Ms sinu(x), where u(x)
5u0 sin(px/L) is the out-of-plane angle of the local magn
tization andL is the stripe width. The stripe domain structu
is shown in Fig. 4. The bias fieldH is applied in the film
plane along they direction; i.e.,H is parallel to the stripes.

We found the evolution ofu0 andL with H by minimiz-
ing numerically the total free energy density of the syste
For other magnetization profiles, such an evolution has b
calculated by other authors, as, for example, Kooy a
Enz,46 Druyvesteynet al.,35 etc., solving zero-torque equa
tions.

The total free energy density of the system is given b
t

e-
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e
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e5
1

2L E
2L

L H KNcos2u~x!1AS ]u~x!

]x D 2

2HW •MW 2
1

2
HW D•MW J dx, ~3!

whereKN is the perpendicular anisotropy constant,A is the
exchange stiffness, HW is the applied field, MW
5Ms„0,cosu(x),sinu(x)… is the local magnetization vecto
~see Fig. 4!, and HW D is the demagnetizing field, which i
calculated following the Fourier’s series method proposed
Kaczer et al.34 The fourth term~demagnetizing energy! is
due to the magnetic free poles at the film surface asMW os-
cillates out of the film plane.

On integration of Eq.~3!, one gets

e5
KN

2
@11J0~2u0!#1A

p2u0
2

2L2 2HMsJ0~u0!

14Ms
2 (

n.0
odd

L

nt
Jn

2~u0!~12exp~2npt/L!!. ~4!

HereJn are the Bessel functions of the first kind and integ
ordern, and t is the film thickness. It is interesting to not
that the expression of demagnetizing energy for our distri
tion Mz(x), i.e., the last term of the right-hand side of E
~4!, is equivalent to the one obtained by Druyvesteynet al.47

Our model predicts the existence of a critical film thic
ness above which stripe domains do exist. The evolution
L and u0 with H is obtained onceA, KN , Ms , and t are
fixed. Our results are closer to the model I of Murayam6

@smooth variation of Mz(x)# than that of Druyvesteyn
et al.,35 who considered an abrupt variation ofMz(x)
~square-wave type!. We found, in all cases, that the magn
tization profile Mz(x) here proposed is energetically mo
favorable than that proposed by Druyvesteynet al.35 In gen-
eral, the effect of increasingH is mainly to reduce the out
of-plane angleu and to slightly decrease the value ofL with
respect to its zero-field valueL(H50). The small change o
L is due to the opposite effects of the exchange and dem
netizing energy.

FIG. 4. Sine-wave profile of the out-of-plane angleu of magne-
tization across the stripe-domain structure. A bias fieldH is applied.
^M & is the mean value of magnetization along the direction of
stripes,KN is the perpendicular anisotropy energy density, andL is
the stripe width.
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The value of the saturation fieldHs ~field above which the
stripes disappear; i.e.,M is in the basal plane! is also ob-
tained numerically.

From the numerical minimization of Eq.~4!, it is possible
to analyze the criteria for the occurrence of stripe doma
This is shown in Fig. 5, where we plot the parameterq
versusz, hereq52A/pMs

2t2 and z5KN/2pMs
2. It is seen

that stripe domains may arise even whenKN,2pMs
2. The

critical curve (q5qc) separates the cases ofstripes(t.tc)
and no stripes(t,tc). In Fig. 5 we depict the numerica
results along with the lower and upper asymptotes:qc5 16

27

z3 and qc50.25(12z)21, respectively. It should be note
that our lower asympote agrees with that obtained
Murayama6 in his model I: u5u(x).

Step 2: Nonzero bias field and nonzero alternating fie
HÞ0 andHtÞ0 ~conditions when measuring TBIS!. Here
both fieldsH andHt are applied in the film plane (xy). The
bias field H is applied along they direction, while the ac
sensing~tickle! field with amplitudeHtm is applied along the
x axis.

The smallHt , when applied simultaneously with the bia
field H, causes the magnetization vector to have an sm
azimuthal quasistatic anglew(x), as indicated in Fig. 6.

It should be noted that the existence ofw(x) may give rise
to variations in both the demagnetizing and the excha
energy. Let discuss here two extreme cases.

Let w(x)5w05const, so that“•MÞ0. In this case there
are magnetic free poles within the volume, and thus th
will be a change in demagnetizing energy, even though th
is no variation in the exchange energy. The magnetiza
has the components

M5Ms„cosu~x!sinw0 , cosu~x!cosw0 , sinu~x!…, ~5!

FIG. 5. Domains structure transition. As seen, stripes can e
even whenKN,2pMs

2.
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wherew0 is the angle between̂M & in the film plane and the
stripes direction, as shown in Fig. 6.

Again, we calculated the new demagnetizing energy
unit volume corresponding to the magnetization distribut
of Eq. ~5! following the Fourier’s series method proposed
Kaczeret al.34 and we obtain

eD~u0 ,L,w0!54Ms
2H (

n.0
odd

L

nt
Jn

2~u0!@12exp~2npt/L!#

1sin2w0 (
m.0
even

Jm
2 ~u0!S p2

L

mt

3@12exp~2mpt/L!# D J . ~6!

The first term of the right-hand side of Eq.~6! is the demag-
netizing energy in the absence of alternating fieldHt and, as
expected, such a first term agrees with the fourth term of
right-hand side of Eq.~4!. The second term of the right-han
side of Eq.~6! is due to the alternating fieldHt , and it is the
excess of demagnetizing energy~magnetic free poles in the
volume! when the magnetization deviates an anglew0 from
the stripe domains direction. In other words, the demagne
ing energy@Eq. ~6!# has the two contributions

eD„u~x!,w~x!…5eD surface„u~x!…1eD volume„u~x!,w~x!….
~7!

Note that the second term of the right-hand side of Eqs.~6!
and ~7! can be expressed as

eD volume[KD~u0 ,L!sin2w0 , ~8!

and therefore, it can be seen as apseudo-uniaxial anisotropy
having its easy axis along the stripe-domain direction. T
corresponding anisotropy ‘‘constant’’KD depends upon the
applied fieldH through the changes ofu0 andL. It is evident
that an effective field can be associated with this anisotr
constant in order to explain the TBIS results. Taking in
account that TBIS isnot a local measurement, but it refers

st

FIG. 6. When measuring TBIS, the alternating fieldHt adds an
azimuthal variationw to the out-of-plane magnetization angle. He
HKs is the pseudo-uniaxial-anisotropy field associated with
stripe domains direction.
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the behavior of thein-planecomponent of the mean magn
tization of the thin film, Eq.~1! can be rewritten as

x t[]^Mx~x!&/]Ht5]^Mscosu~x!sinw~x!&/]Ht

5]MsJ0~u0!^sinw~x!&/]Ht'MsJ0~u0!]^w~x!&/]Ht

'MsJ0~u0!]w0 /]Ht , ~9!

where we have assumed thatw(x) is small ~as the TBIS
measurement requires!. In order to obtainw0(Ht), we apply
the perturbation theory to the local torque, taking into a
count all its contributions~demagnetizing, exchange, Ze
man, and anisotropy terms!. For Ht small enough~condition
when measuring TBIS!, it is found thatu0 and L do not
change with respect to their values calculated above in
step 1~HÞ0 andHt50!. In this case,w0 becomes

w05
Ht

H12KD /^M y~x!&
, ~10!

where ^M y(x)&5MsJ0(u0) is the projection of the mean
magnetization along the stripe-domain direction. On sub
tution of Eq.~10! into the last expression of Eq.~9!, one gets
the transverse susceptibility

x t'
MsJ0~u0!

H12KD /MsJ0~u0!
. ~11!

It is evident from Eq.~11! that the net field acting on
MsJ0(u0) consists of both the applied fieldH and the term
2KD /MsJ0(u0) corresponding to the effective pseud
uniaxial-anisotropy field associated with the stripe doma
direction:

HKs5
2KD

^M y~x!&
. ~12!

Then HKs is easily obtained combining Eqs.~8! and ~12!
with the second term of the right-hand side of Eq.~6!:

HKs58Ms (
m.0

m even

Jm
2 ~u0!

J0~u0! S p2
L

mt
[12exp(2mpt/L)] D ,

(13)

which can be approximated by

HKs'8Ms

J2
2~u0!

J0~u0! S p2
L

2t
@12exp~22pt/L!# D .

~14!

As expected, the magnitude ofHKs depends uponH through
u0 and L. As we shall show below,HKs decreases with
increasingH ~i.e., ^M & rotates easier as the number of vo
ume magnetic free poles decreases!, and it vanishes for val-
ues ofH high enough as to make the stripes disappear.

Let w(x) so that“•M50. In this case, when applying th
alternating field, there is a variation in the exchange ene
However, the demagnetizing energy remains constant. T
for small w(x), the condition“•M50, for the magnetiza-
tion we consider@Eq. ~5!#, yields
-

e

i-

s

y.
n,

cosu~x!w~x!5const[wm , ~15!

wherewm is the value ofw(x) whenu(x)50 ~i.e., when the
local magnetization is in the film plane!.

The exchange energy is now expressed as

eA5
A

2L E
2L

L H S ]u~x!

]x D 2

1S ]w~x!

]x D 2

cos2u~x!J dx.

~16!

On substitution of Eq.~15! into Eq.~16!, the latter reduces to

eA5A
p2u0

2

L3 E
0

L

cos2S px

L D H 11wm
2 tan2Fu0sinS px

L D G J dx

5A
p2u0

2

2L2 1H A
p2u0

2

L3 E
0

L

cos2S px

L D
3tan2Fu0sinS px

L D GdxJ wm
2 . ~17!

The first term of Eq.~17! is the exchange energy in th
absence of alternating fieldHt , and, as expected, it is th
same as the second term in Eqs.~3! and~4!. The second term
of Eq. ~17! corresponds to the excess of exchange ene
resulting from]w(x)/]xÞ0.

Note that the second term of Eq.~17! can also be ex-
pressed as

eA[KA~u0 ,L!wm
2 ; ~18!

then, it can be seen as an exchange-drivenpseudo-uniaxial
anisotropyhaving its easy axis along the stripe-domain
rection.

In this case, the transverse susceptibility is

x t[]^Mx~x!&/]Ht5]^Mscosu~x!sinw~x!&/]Ht

']^Msw~x!cosu~x!&/]Ht'Ms]wm /]Ht , ~19!

where the last step results on setting the condition given
Eq. ~15!.

In order to obtainwm(Ht), again we apply the perturba
tion theory to the local torque, taking into account all
contributions ~demagnetizing, exchange, Zeeman, and
isotropy terms!, in a similar way as we did before when w
obtained Eq.~10!. The calculation yields

wm5
Ht

g~u0!H12KA/Ms
, ~20!

where the functiong(u0) is found to relatewm to the mean
value ofw(x):

^w~x!&5
1

L E
0

L wm

cos~x!
dx5wmg~u0!. ~21!

Once we determinewm and considering thatg(u0)J0(u0)
>1, the transverse susceptibility can be rearranged as

x t'
MsJ0~u0!

H12KAJ0
2~u0!/MsJ0~u0!

. ~22!

Again, we can define an effectivepseudo-uniaxial-
anisotropy field HKs associated with the stripe-domain dire
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tion, in a similar way as done above for the case“•MÞ0.
For expression~22! such apseudo-uniaxial-anisotropy field
corresponds to the term 2KAJ0

2(u0)/MsJ0(u0).
On combining Eqs.~17!, ~18!, and~22!,

HKs5
2AJ0~u0!

Ms

p2u0
2

L3 E
0

L

cos2S px

L D tan2Fu0sinS px

L D Gdx.

~23!

HKs depends upon the applied fieldH through the changes o
u0 and L. As in the case“•MÞ0, HKs decreases with in-
creasingH due mainly to the changes inu0 . The evolution
of u0 andL with H is the same as in the above step 1.

In order to show the behavior of both free-pole-driven
exchange-drivenx t and HKs , given by Eqs. ~11!, ~14!
and ~22!, ~23!, respectively, let us set some values of t
parametersA, Ms , KN , and t into the expressions forx t
andHKs . To illustrate this, we will choose typical values o
homogeneousFeSi thin films 100 nm thick:19 Ms
5600 emu/cm3, A51026 erg/cm, and KN;106 erg/cm3.
In Fig. 7 we show the results forx t

21 andhKs as a function

FIG. 7. Theoretical curves for~a! and ~b! x tb
21 vs h ~h

5H/HKN , HKN52KN /Ms); ~c! hKs vs h, wherehKs5HKs /HKN

is the normalized pseudo-uniaxial-anisotropy field. All of the
curves were calculated consideringM5600 emu/cm3, A
51026 erg/cm, andt5100 nm.
r

of h ~where h5H/HKN , HKN52KN /Ms , and hKs
5HKs /HKN!. Figures 7~a! and 7~b! show the high sensitivity
of our model to changes inKN for both cases magnetic fre
poles (divMÞ0) or exchange (divM50). As seen in Figs.
7~a!, 7~b!, and 7~c!, saturation, i.e., vanishing stripe-doma
structure, can be reached ath5hs50.04 and 0.13, forKN
57.33104 J/m3 (7.33105 erg/cm3) and KN583104 J/m3

(83105 erg/cm3), respectively. The latter values ofhs ~0.04
and 0.13! correspond to saturating applied fields ofHs
'100 Oe andHs'350 Oe, respectively.

Additionally, for fixed values ofMs , KN , Ku , andA, the
theory shows an increase ofHS for increasingt, which ac-
tually has been experimentally observed.48 This conclusion is
similar to that reported by Murayama.49 Thus, in the context
of our theoretical model, such a variation ofHs upont could
be used to determineKN .

Which of the cases“•MÞ0, “•M50, or an intermedi-
ate one is energetically more favorable depends upon
particular values of the parametersA, Ms , KN , and t. For
the values we chose to calculate the curves of Fig. 7,
lower energy corresponds to the second case (“•M50).

Effect of existing in-plane uniaxial anisotropy Ku . As al-
ready pointed out in our above discussion, we did not c
sider any anisotropy in the film plane. However, real film
may well have both perpendicularKN and in-planeKu
uniaxial anisotropies. Here only the case whenKu is fairly
small as compared toKN is considered, but obviously it is
not a necessary condition for thin films. The existence
uniaxial anisotropy in the film plane will cause, in a fir
approximation, a splitting of thex tb

21-versus-H curves ac-
companied by shifts of6HKu in the abscissa axis. In thi
way one gets the cases corresponding tox t0

21 andx tp/2
21 . The

intuitive justification of these results is immediate given th
x tb

21 is proportional to the effective field acting on the me
magnetization. In the case corresponding to Fig. 7~lack of
in-planeuniaxial anisotropyHKu!, the effective field is only
given by the sum of the bias fieldH and the contribution of
the stripe domain structureHKs . Likewise, for x tb

21 the ef-
fective field acting on the meanin-plane magnetization is
given by Heff5H1HKu1(HKs)0 for x t0

21 and Heff5H2HKu

1(HKs)p/2 for x tp/2
21 , with the uniaxial anisotropy fieldHKu

being in the film plane.
TheH dependence of (HKs)0 is simply obtained replacing

H with H1HKu . On the contrary, the exactH evolution of
(HKs)p/2 is rather difficult, because it requires to putKu into
the expression of the total free energy to be minimized
order to getw(Ht).

From the above discussion about the evolution
(HKs)0 with H, it is deduced that the corresponding satu
tion field is (Hs)05Hs2HKu . On the other hand, for fields
applied perpendicularly to the in-plane easy axis the sat
tion field is (Hs)p/2'Hs because includingKu in the total
free energy does not affect the results of the above ste
~i.e., HÞ0 andHt50!, provided thatH.HKu , as usually
found, because the saturation fieldHs is higher thanHKu for
the low value of Ku relative to KN @note that Ku
'103– 104 erg/cm3 (102– 103 J/m3) and KN.105 erg/cm3

(104 J/m3)#.
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IV. EXPERIMENTAL STUDY OF TBIS
IN STRIPE-DOMAIN FeSi THIN FILMS

AND FeSi/Si MULTILAYERS

A. Sample preparation

Both amorphous FexSi12x thin films and amorphous
FexSi12x /Si multilayers were prepared. Amorphou
FexSi12x thin films were grown by dc triode sputterin
(pAr.1024 Torr) on glass substrates, held at room tempe
ture. Two independent cathodes of Fe and Si were u
They were polarized with voltagesVFe and VSi . The ‘‘thin
films’’ studied were thick enough~150 nm! as to be regarded
homogeneousin composition. The value ofx is fixed by a
previous calibration ofVFe andVSi . On the other hand, five
series of FexSi12x /Si multilayers (0.68<x<0.82) were pre-
pared, each series having five different values ofnominal
modulation lengths~l! ranging from 7 to 0.4 nm. During
sample preparation,VSi was held constant, whereasVFe(t)
was varied betweenVFe maximum and zero as a squa
wave. The value of maximumVFe determinesx for a given
series, while the period ofVFe determines the value ofl for
the multilayer. In this way the average Fe content^x& re-
mains constant across each series. In all cases, the
multilayer thicknesst was close to 100 nm, as shown in Fi
1. The composition̂x& was checked by electron probe x-ra
microanalysis~EMPA! using, as standards, homogeneo
FeSi films with a wide range of compositions and film thic
nesses.

B. Experimental results and discussion

1. Homogeneous FexSi12x thin films

In Fig. 8~a! we show thex tp/2
21 behavior for a Fe0.65Si0.35

thin film of 150 nm in thickness. An abrupt slope change
observed, the latter being associated with the stripe-dom
structure. Such behavior has been observed before, as
example, in NdFeB~Ref. 50! and FeSi~Ref. 19! thin films.
Moreover, in Ref. 19 it was shown that such an abr
change cannot be explained only by ripple. In fact, the rip
contribution can be separated from that of stripe doma
using a (h21)1/4x tb

21-versus-(h21)5/4 plot,18 as Eq.~2! sug-
gests. Notice that, as pointed out in the above Sec. II,
coefficientb of Eq. ~2! is related to the magnetization ripple
and it is obtained using the extrapolation of the data fr
high fields to the value of (h21)5/4→0. As seen in Fig. 8~b!,
ripple cannot account for the whole set of points becaus
the departure from linearity forh,hs . It should be stressed
again here that Hoffmann’s model is valid only forh.hs ,
i.e., only whenM lies in the film plane.

If we take Hs'150 Oe for this sample, on settingMs
5620 emu/cm3, A51026 erg/cm (10211 J/m), and t
5150 nm, we obtain KN5105– 106 erg/cm3

(5104– 105 J/m3), and a critical thickness oftc'133 nm:
then, t.tc and our model agrees with experiment: Strip
do appear.

On the other hand, as assumed in Sec. III, our model d
not include the possibility of ripple contributions; howeve
in real films both stripe domains and ripple may coexis10

The ripple term means that modulation of the magnetiza
is present along they direction, and it is related to the size o
the coupling volumespredicted in Hoffmann’s model.41,43
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Given that real films may show ripple, it is expected th
for a given fieldH, the amplitude of the magnetization ripp
for x t0 will be lower than that forx tp/2 , and therefore, the
theoretical result will be closer to the experimental behav
of x t0 . Thus our model will be more reliable forx t0 . Then,
in order to getKN , the experimental values ofHs0 and
HKu should be used.

2. FexSi12x /Si multilayers

In Figs. 9~a! and 9~b! we show two representative cases
the field dependence ofx tb

21 againstl for the series withx
50.76 andl56.6 nm andl50.4 nm, i.e., the extreme val
ues ofnominal l within this series. In both cases,x tb

21 vs
H is obtained decreasing the value ofH from the saturated
state.

a. Multilayers without stripe domains.The behavior of
x tb

21 versusH observed forl56.6 nm @Fig. 9~a!# corre-
sponds to the one typically found in homogeneous am
phous thin films with low magnetization ripple and no stri
domains, i.e., a quasilinear behavior forb50 and a mini-
mum in the vicinity of H5Hk for b5p/2. Likewise, the
same behavior was observed in multilayers withl>5 nm
and 0.68,x,0.82.

FIG. 8. ~a! Experimentalx tb
21 data for ahomogeneousstripe-

domain FeSi thin film of 150 nm in thickness, atT5300 K. ~b!
Separation of ripple from stripes contributions tox tb for the same
sample as in the above panel. Forh.hS , Ms is in the film plane.
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b. Multilayers with stripe domains.On the contrary, for
l50.4 nm @Fig. 9~b!#, a sharp slope change shows up
both x t0

21 and x tp/2
21 for applied fields quite different from

HKu . Note thatHs.HKu . Again, such a pronounced chang
cannot be explained by realistic values of magnetizat
ripple.18,19 In each case, the extrapolations ofx t0

21 andx tp/2
21

from high fields to the values ofx t0
2150 andx tp/2

21 50 cut the
abscissa axis at points separated byDH52HKu . In addition,
this sample presentstranscritical hysteresis loops@see inset
of Fig. 9~b!#, better observed whenH is applied along the
hard axis of in-plane magnetization (b5p/2), in agreement
with the TBIS curves. Similar behaviors~stripe domains and
transcritical loops! have been observed for multilayers in th
very-low-modulation-length regime (l<0.8 nm) and x
<0.71.

Additionally, in Fig. 10 we show the temperature evol
tion of the hysteresis loops obtained by MOKE
Fe0.71Si0.29/Si multilayers withl50.4 nm, presenting stripe
domains. An interesting temperature-dependent phenome

FIG. 9. Experimental x tb
21-H curves for multilayers of

Fe0.76Si0.24/Si at T5300 K: ~a! l56.6 nm. Here no stripes ar
observed.KN might be present; however,M is not tilted out of the
film plane; ~b! l50.4 nm. This is the typical case in which strip
domains, and hence, perpendicular anisotropy are present. HeM
is tilted out of the film plane. The saturation field isHs'110 Oe.
The inset shows thetranscritical hysteresis loop, which is assoc
ated with perpendicular anisotropy.
n

on

is observed: The transcritical loop shows up atT5300 K,
but it vanishes atT5200 K andT5100 K. Moreover, the
coercive fieldsHc associated with transcritical loops a
higher than those of nontranscritical loops. This thermal e
lution of the coercivity cannot be explained by domain-w
displacement mechanisms. But the extinction of transcrit
loops may be understood by taking into account thatMs
increases for decreasing temperature. For example, for
multilayer Fe0.71Si0.29/Si, a gradient51 of DMs /DT'
20.15 emugFe

21 K21 has been determined for the rang
100,T,300 K. Likewise, Fig. 10 indicates thatMs is in the
planeat T5200 K andT5100 K andout of the planeat T
5300 K. In addition to that, Fig. 10 supports the stated li
between stripe domains and transcritical loops, as mentio
in the Introduction.

In order to verify the nominal modulation length, we pe
formed x-ray-diffraction experiments. The CuKa1 line en-
ergy (l51.5405 Å) was used as a source of soft x rays. T
scanning rate was 0.005 deg/s. In Fig. 11 we show the x-
diffraction patterns for the same samples discussed in Fig
No multilayer structure was detected forl50.4 nm @Fig.
11~a!#, whereas a sharp multilayer structure is observed

FIG. 10. Experimental temperature evolution of the TMOK
hysteresis loops in Fe0.71Si0.29/Si multilayers with l50.4 nm,
showing stripe domains. AtT5200 K andT5100 K, Ms lies in the
film plane~no transcritical loop!, whereasMs is out of the planeat
T5300 K.
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l56.6 nm @Fig. 11~b!#. Systematically, multilayer-type
structures were observed by x-ray diffraction only for valu
of l higher than 3.5 nm. Below this value, we did not o
serve a clear modulation.51 We conclude that only forl
<0.8 nm and mean compositions of^x&'0.60, TBIS clearly
shows the existence of stripes which are associated with
pendicular anisotropy, as already shown in Fig. 9~b!. Thus
perpendicular anisotropy in the system FexSi12x /Si looks
like beingnot exclusive of a well-defined multilayered stru
ture.

We can estimate the order of magnitude of perpendic
anisotropyKN in FexSi12x /Si multilayers by setting theex-
perimental valueof Hs5(Hs)01HKu into our model along
with Ms , t, andA. For example, the multilayer of Fig. 9~b!
~with the lowest modulation lengthl50.4 nm! has Hs
'110 Oe andMs5612 emu/cm3;51 for these values ou
model yieldsKN'7.53105 erg/cm3 (7.53104 J/m3) and tc
'93 nm; then,t.tc and stripes exist. On the contrary, th
absence of stripe domains in multilayers with thehighest
modulation lengthl>3.5 nm@Fig. 9~a!# does not necessar
ily imply that KN should increase as the nominall decreases
a simple explanation for the experimental behavior fou
may be given even assuming thatKN remains constant acros
the multilayer series. In fact, the samples with the low
film thicknesses tend to constitute homogeneous films w
mean concentrationŝx& being lower than the nominal val
ues ofx for each layer. In other words, the case shown
Fig. 9~b!, for l50.4 nm andx50.76, may be regarded as
homogeneousthin film with 100 nm in thickness~because

FIG. 11. X-ray-diffraction patterns for the same multilayer sy
tems as in Fig. 9:~a! For l50.4 nm, no multilayer structure is
detected; ~b! a sharp multilayer structure is observed forl
56.6 nm. The CuKa1

line energy (l51.5405 Å) was used as
source of soft x rays.
s

er-

r

d

t
h

tmagneticapproachest total! and^x&50.61.51 On the other hand,
the sample of the same series withl56.6 nm andx50.76
does correspond to a real multilayer structure with to
thickness of 100 nm and, therefore, with a lower effect
magnetic thickness@(tmagnetic581 nm) ~Ref. 51!#. Note that
the higherl, the better defined the multilayer structure.

Taking into account thatMs increases withx in amor-
phous FexSi12x /Si ~Ref. 22! and that, for a given value o
KN , the critical thickness for the occurrence of stripe d
mains is a function of the inverseMs ~Refs. 6 and 38!, one
concludes that stripes are more likely to occur in the case
multilayers with lownominal values ofl. In Fig. 9~a!, KN
might exist, butM is not tiltedout of the film plane, whereas
in Fig. 9~b!, KN exists and we detect the stripes by TBIS.

For the above discussion, even ifKN were the same in
Fig. 9~a! as in Fig. 9~b!, we would not detect any stripes fo
l56.6 nm. For example, if one assumes thatKN58
3104 J/m3, as in Fig. 7~a!, and taking into account tha
M ~300 K!5677 emu/cm3 for x50.76, our model gives a
critical thickness oftc'105 nm for the occurrence of stripe
domains. However, for this sample theeffective
tmagnetic581 nm. Thus no stripes are to be observed
l56.6 nm, in agreement with Fig. 9~a!, becausetmagnetic
,tc .

Alternately, we can estimate the value ofKN that would
be necessary in order to have stripe domains in this h
modulation-length multilayer; on settingMs~300 K!
5677 emu/cm3 and tmagnetic581 nm one obtains KN
>9.53104 J/m3.

3. Particular analysis ofx tp/2
21

In all cases, it was found that the experimentalx tp/2
21

curves change faster than the theoretical curve. What m
be some causes for this difference first, ripple effects m
well be present in real films and they fall outside the scope
our model; as mentioned above, ripple effects are expe
to be sharper inx tp/2

21 than inx t0
21; second, real films could

have spin pinning, impurities, etc., impeding the magneti
tion to follow the ideal behavior.

As already mentioned, our model assumes quasist
conditions, whereas the experimental determination ofx tb is
made with an alternating fieldHt at a frequency of 103 Hz.
In order to elucidate the possible influence of both amplitu
and frequency ofHt on x tb , we carried outx tb measure-
ments in the range 30 Hz,n,980 Hz and 169 mOe,Htm
,592 mOe. In Fig. 12 we show the results obtained on
stripe-domain Fe0.71Si0.29/Si multilayer withl50.4 nm. As
seen, neither the slope atHs nor the shape of the curv
changes upon changingn and Htm , and we conclude tha
there are no dynamic effects in the range we investiga
Thus the assumption made in our model is correct.

4. Possible origins of KN

At this point it is necessary to discuss the possible orig
of the perpendicular anisotropy in the system we are stu
ing. These are some sources ofKN .

a. Magnetoelastic coupling.The isotropic compressive
stresss, when coupled to the magnetostrictionls , provides
a magnetoelastic52 contribution ofDKN magnetoel5(3/2)lss.
In particular, if we use known values31 for FeSi/Si of satu-

-
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ration magnetostrictionls51 – 331025 and internal plana
stressess'1010 dyn/cm2 (5109 N/m2); then, the magni-
tude of perpendicular anisotropy brought about by inter
planar stress due to substrate constraint in Fe-Si sput
multilayers is estimated to be in the range 1.53104 J/m3

,KN,4.53104 J/m3 for mean compositions of 0.61,^x&
,0.75. Thus magnetoelastic effects account for a consi
able part~20%–60%! of perpendicular anisotropy inhomo-
geneousFeSi/Si multilayers (l<0.8 nm). However, there
could be other sources of perpendicular anisotropy. We
not rule out, for example, the following.

b. Anisotropy in the atomic coordination of nearest neig
bors. For nominal modulations lengths ofl50.4 nm andl
50.8 nm, no multilayered structure is observed. Howeve
a microscopic scale, an atomic coordination anisotropy
tween nearest neighbors of Fe ions may well be presen
localized regions of the samples, because of thenominalal-
ternating nature of FeSi and Si layers, even at very lowl
values. Taking into account that very large values ofK loc for
3d ions can be deduced from the ripple contribution to TB
~Ref. 19! in amorphous FeSi films ~105 J/m3,K loc
<106 J/m3 corresponding to correlation lengths 2 nm.d
>0.25 nm!, a perceptible orbital contribution to the Fe ma
netic moment cannot be excluded. Then anisotropic
change or pair anisotropy can contribute toKN if the distri-
bution of Fe pairs is not random. In our case, because o
sample preparation method, Fe-Fe nearest-neighbor cor
tions are expected to be greaterin the film planethan per-

FIG. 12. Experimentalx tb
21 as a function of frequency, alterna

ing field amplitude, and bias field in Fe0.71Si0.29/Si multilayers with
l50.4 nm, atT5300 K. All curves agree quite well. Thus the
are no dynamic effects in the typical TBIS behavior of strip
domain FeSi/Si multilayers.
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pendicular to the plane, andKN values of the order of
104 J/m3 can be explained by models of bond orientatio
anisotropy.53

V. SUMMARY

We studied the behavior of transverse susceptibilityx tb in
stripe-domain thin films and multilayers. A theoretical mod
has been proposed in order to calculatex tb when stripe do-
mains are present. We showed that there is an effective
isotropy field associated with the stripe domains. The e
tence of perpendicular anisotropy was found to benot
exclusive of a well-defined multilayer structure. In the ca
of composition-modulated FexSi12x /Si multilayers, such
perpendicular anisotropy has been detected even for very
modulation lengths (l,3.5 nm), where a multilayer struc
ture is not to be expected. The model proposed, comb
with the experimental value of saturation fieldHs , allows
one to obtain both the critical thicknesstc for the occurrence
of stripe domains and the perpendicular anisotropy cons
KN . The existence of the stripe domains has not been v
fied directly, and it would be necessary in further works
do it. For both homogeneousFexSi12x thin films and
FexSi12x /Si multilayers with low modulation length,KN
was found to beKN5104– 105 J/m3, the latter being high
enough as to explain the occurrence of stripe domains.
magnetoelastic stress contribution to the total perpendic
anisotropy (KN57.53104 J/m3) is estimated to be
uKNumagnetoel'1.5– 4.53104 J/m3. This implies that there is
an additional contribution~atomic-scale structure! to the per-
pendicular anisotropy; in order to confirm the as-found m
nitudes ofKN andKu it is recommended to do investigation
by other techniques like torque measurements or ferrom
netic resonance. From the analysis of our earlier TBIS cur
of FeSi thin films, it looks like Fe atoms exhibit some u
quenched orbital momenta. Both facts~atomic-scale struc-
ture and unquenched orbital Fe momenta! become important
in light of bond orientational anisotropy models, to accou
for the additional contribution~of microscopic origin! to
KN .
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