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On the frequency dependence of the magnetic permeability
of FeHfO thin films
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The frequency dependence of the magnetic permeability as well as of the electrical impedance have
been investigated for soft-magnetic granular FeHfO thin films. The impedance measurements
indicate that capacitive effects resulting from the inhomogeneous structure of the layers are of no
importance for the roll off of the permeability of the present films. The frequency behavior at
various FeHfO thicknesses shows that eddy current effects start to play a role above thicknesses of
10 mm. Below this thickness ferromagnetic resonance dominates the roll off. ©1998 American
Institute of Physics.@S0021-8979~98!02324-X#
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I. INTRODUCTION

Currently a considerable amount of attention is direc
at the investigation of soft-magnetic oxidic/metallic granu
thin films. Examples are CoAlO, CoSiO,1 FeHfO,2 and other
Fe–M–Osystems in which M is mostly a transition met
from the group IVa or Va or a rare earth element, see, e
Refs. 3 and 4. The origin for this interest lies in the rema
able combination of a high magnetic permeability and a re
tively high electrical resistivity. The resistivities of the oxid
based systems are commonly one to two orders of magni
larger than of, for instance, the well-known soft-magne
nitride based Fe–M–N systems.

The reason for this difference in resistivity is believed
originate in specific differences in the microstructure. T
Fe–M–N areaccepted to exhibit a microstructure consisti
of nanometer-sized Fe crystallites with a M–N phase on
triple points. Here, the Fe crystallites are in contact with e
other ~no nonmagnetic grain boundary! enabling the direct
exchange interaction to average out the largea-Fe magneto-
crystalline anisotropy thus yielding the soft-magne
properties.5 This direct contact is inevitably accompanied
electrically percolating paths through the sample resulting
relatively low electrical resistivities. On the other hand, f
the Fe–M–Osystems the microstructure is believed to co
sist of again nanometer-sizeda-Fe crystallites now fully em-
bedded in an amorphous high resistive Fe–M–Ophase. Per-
colation between the Fe crystallites is no longer possible
the resistivity is dominated by the amorphous Fe–M–O
phase. This phase is accepted to be ferromagnetic so th
forms a medium transmitting direct exchange interaction
tween the Fe crystallites necessary to average out the c
talline anisotropy and to yield high permeabilities.

The combined high resistivity and high permeability
particularly suitable for high-frequency devices such as
ductors and magnetic heads because for these applicatio
is preferable that the magnetic permeabilitym should remain

a!Electronic mail: bloemenp@natlab.research.philips.com
6770021-8979/98/84(12)/6778/4/$15.00
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constant as a function of the frequency up to as large
possible frequenciesf. In literature a few studies of the fre
quency dependence of the magnetic permeability on ox
Fe–M–Osystems have been published. In a number of
ticles a problem is mentioned that one is not able to prope
describe the frequency dependent behavior using the w
known loss mechanisms related to eddy currents and fe
magnetic resonance and it is suggested that the prob
might originate in capacitive effects.6 Indeed at high frequen
cies dielectric currents may start to run between Fe crys
lites across the highly resistive Fe–M–Ophase, i.e., the cor
responding capacitors effectively lower the resistivity at hi
frequencies and consequently give rise to enhanced eddy
rent losses. If this mechanism were correct it should also
visible as a capacitive-like characteristic in the electrical i
pedance of the films, see also Refs. 7 and 8.

Earlier Huijbregtseet al.9 reported on the frequency de
pendence of the magnetic permeability of a thick FeHfO fi
and interpreted the behavior in terms of combined eddy c
rent shielding and ferromagnetic resonance~FMR! effects. In
the present article we present a more detailed analysis
cluding the thickness dependence. We also report on the
quency dependence of the electrical impedance of FeH
films. It will be shown that displacement currents are of
importance for the roll off of the magnetic permeability fo
the present films.

II. EXPERIMENT

All films were prepared by radio frequency~rf! diode
sputtering on a Perkin Elmer 2400 machine at a pressur
3–4 mTorr corresponding to an Ar flow of 30 sccm. Th
oxygen has been applied with a 9 sccm flow of a gas mixture
consisting of 95% Ar and 5% O2. The samples have bee
annealed at 400 °C with rapid thermal processing in a m
netic field of about 600 Oe. For the typical dependence of
magnetic and electrical properties on the deposition con
tions and information on the microstructure we refer to R
9. The conditions used to prepare the present films resu
films with a magnetic permeability of about 1500, a coerc
8 © 1998 American Institute of Physics
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field of about 0.5 Oe, a uniaxial magnetic anisotropy co
stant close to 300 J/m3, and a magnetostriction constant
about1531026.

III. RESULTS AND DISCUSSION

To unravel the various mechanisms that play a role
the frequency dependent behavior of the magnetic per
ability a study of the dependence on the thickness of
soft-magnetic film is important. This is because the two m
mechanisms causing the permeability to roll off viz. ed
current shielding and ferromagnetic resonance, have dif
ent thickness dependencies.

In the case of the FMR mechanism, the frequency
which the magnetic permeability starts to roll off does n
depend on thickness since it is only determined by mate
dependent properties viz. the damping factora, the gyro-
magnetic ratiog, and the uniaxial anisotropy constantKu .
On the contrary, in the case of eddy current shielding,
roll-off frequency is strongly thickness dependent.

Figure 1 displays the real~m8! and imaginary~m9! parts
of the complex relative magnetic permeabilitym5m82 im9
as measured as a function of the frequency for several Fe
thin films with thicknesses ranging from 0.7 to 10.5mm. It is
noted that the initial permeability is fairly independent
film thickness. What is seen from Fig. 1 is that the frequen
at which the real and imaginary parts of magnetic permea
ity cross each other is almost independent of thickness. If
eddy current mechanism would have been the domina
mechanism then one would expect, for instance, that fi
having thicknesses differing by a factor of 10 would differ
cross frequency by a factor of 100. This is because the c
frequency varies with thicknesst as:

FIG. 1. Frequency dependence of the magnetic permeability for Fe
films of different thicknesses as indicated. The solid lines are model ca
lations taking eddy current effects as well as ferromagnetic resonanc
fects into account. The used damping parametersa and~measured! resistiv-
ities are also indicated.
oaded 31 Aug 2011 to 131.155.151.114. Redistribution subject to AIP licen
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an equation that is easily derived from the well-known ed
current formula~see Ref. 10! by settingm85m9. Here,r is
the resistivity andBs is the saturation induction. Evidently
this dependence does not apply to the experiment and o
mechanisms dominate the behavior in this thickness regi
This becomes even more clear from Fig. 2 where we h
plotted the cross frequency versus the film thickness o
double logaritmic scale. Here, the data points derived fr
the measurements shown in Fig. 1 are represented by
solid squares. The straight solid line that is decreasing wi
slope of22 has been calculated using Eq.~1!. The meaning
of the other lines will be explained later on. At low thick
nesses Eq.~1! predicts cross frequencies that are mu
higher than observed. Now, as mentioned already in the
troduction, Eq.~1! is derived for a thin film having uniform
properties which is not the case for the present gran
films. Capacitive coupling may result in larger eddy curre
than one might expect on the basis of the direct current~dc!
resistivity. To infer if these capacitive effects play a role w
have theoretically estimated at which frequency these eff
would occur and moreover measured the frequency dep
dence of the electrical impedance of our FeHfO films. Figu
3 displays a typical experimental result. It is seen that
real part of the impedanceRe(Z) is independent of fre-
quency up to frequencies above those where the roll off
curs. If capacitive effects play a role then one would exp
Re(Z) to decrease with frequency nearf cross. Clearly Fig. 3
shows that this is not the case. In Appendix A it is show
that capacitive effects are indeed expected not to occu
this frequency regime but at much higher frequencies. I
therefore concluded that capacitive effects do not determ
the roll off for the present films.

The obvious mechanism that will largely account for t
roll off is ferromagnetic resonance. We now return to Fig.
The horizontal line at 0.84 GHz indicates the ferromagne
resonance frequency calculated from

v/g5A2m0Ku. ~2!

O
u-
ef-

FIG. 2. Cross frequency as a function of the film thickness. The experim
tal values are represented by the solid squares. The calculated FMR
quency~horizontal line!, the eddy current behavior~descending line!, and
the combined FMR–eddy current behavior for several values of the da
ing parametera are plotted~curved lines!.
se or copyright; see http://jap.aip.org/about/rights_and_permissions
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Clearly this frequency is above the experimentally obser
cross frequencies and a certain linewidth is necessary to
count for the roll off. We took this into account as is do
commonly in literature, i.e., we solved the Landau–Lifsh
~LL ! equation including a damping term—the magnitude
which is determined by the parametera. Since there are
several different forms of the damping term and thus sev
definitions ofa we have listed the LL equation that we us
in Appendix A. To calculate the combined effect of FM
and eddy current shielding, we have substituted the solu
for the complex magnetic permeability from the LL equati
in the well-known eddy current expression—a procedure
is commonly followed, see, e.g., Refs. 11, 12, and 13.
doing so we have numerically searched for the cross
quency. The results as a function of the magnetic layer th
ness are presented in Fig. 2 as the curved lines. The va
for the damping parametersa used in the calculations ar
indicated in Fig. 2 also. All other parameters are fixe
g5185 GHz/T,r51000mV cm, Bs51.1 T andKu close to
300 J/m3 fitting m8 at low frequencies. It appears that the da
can be fitted rather well using a damping parametera be-
tween 0.06 and 0.1—values that are not unreasonable.

We have attempted to obtain a value fora from an in-
dependent ferromagnetic resonance experiment. At a fi
frequency of the microwaves of 9.34 GHz, the field direc
along the film plane, was swept through the resonance.
result for the field derivative of the absorbed power for a
mm FeHfO film is shown in Fig. 4~open circles!. The solid

FIG. 3. Frequency dependence of the real part of the complex impedan
a 10.5-mm-thick FeHfO film.

FIG. 4. Derivative with respect to the magnetic field of the absorbed po
as a function of this field for a 0.7mm FeHfO film. The magnetic field was
directed along the film plane.
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line in this figure represents a calculation, again based on
LL equation taking eddy currents into account in the sa
manner as was done for the magnetic permeability. To ob
a good fit we needed to use a damping parameter ofa50.02.
Clearly this value is inconsistent with the value needed
describe the permeability data. The origin for this discre
ancy is unclear. It is possible that it is a result of the appro
mation that one makes in decoupling the LL equation fro
the Maxwell equations: FMR and eddy current shielding a
however, coupled phenomena. For example, in separa
solving the LL equation it is assumed that the spins prec
uniformly. This is clearly not correct since the spins at t
surface experience an rf field that is different from that in t
interior of the film: The rf field has a finite penetration dept
The spins will process differently depending on their po
tion with respect to the film surface and an exchange te
should be included in the LL equation. The coupled pro
lems should be solved simultaneously, as has been don
Ref. 14 for an infinite thickness film. The magnitude of t
error that one makes by using the above approximation
likely depend on frequency and may consequently give
to different a values for the FMR experiment~gigahertz
range! and the permeability experiment~megahertz range!.
The modeling error may also be the origin of the earl
mentioned problems in literature in describing permeabi
measurements, see introduction and Ref. 6.

In conclusion, frequency dependent permeability m
surements have been performed for highly resistive FeH
films. The combined thickness and frequency depende
can be understood reasonably well with the commonly u
models. The roll off of the permeability for thicknesses b
low 10 mm is dominated by the FMR phenomenon where
above 10mm eddy current effects start to play a significa
role. A discrepancy has been found between the damp
parametersa determined from the permeability measur
ments and the FMR experiment. Capacitive effects betw
Fe crystallites do not play a role in the behavior of the ma
netic permeability with frequency.

APPENDIX A: MODELING

The definition of the damping parametera that we have
used in the present article corresponds to the Land
Lifshitz equation in the following form:

1

g

]MW

]t
5m0MW 3HW int2

a

Ms

1

g S MW 3
]MW

]t D . ~A1!

Here,H int represents the sum of the demagnetizing field a
the anisotropy field.

To calculate the effect of displacement eddy currents
the magnetic permeability we introduce an effective comp
resistivity reff that accounts for the effect of capacitive co
pling between Fe crystallites. This resistivity may then
substituted in the common eddy current formula.

An expression forreff can be derived by modeling th
granular system as a series of leak capacitors of thickned
connecting the Fe crystallites of sizet. We writereff as:

of

r
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reff5
rFet1ramd

t1d
, ~A2!

with rFe the specific resistivity of an Fe crystallite and wi
ram the specific complex resistivity of the amorphous pha
which, in turn, is represented by a resisivityra and in paral-
lel with this an ideal capacitor with specific impedan
2 i /ev, i.e., ram is given by:

ram5
ra

11 ivera
. ~A3!

We may now substitute Eq.~A2! using Eq.~A3! into the
common eddy current formula for the resistivity. After ca
culation~not shown! it appears that the behavior for the ma
netic permeability in our frequency range is not altere
Here, we have usedra51000mV cm, d5t55 nm, ande
525e0 . This relative permittivity valuee r525, is an over-
estimation based on the relative permittivity of HfO2 . The
fact that the behavior is unaltered is completely understa
able since the characteristic frequencyf 51/(2pera) where
the impedance starts to deviate from the dc value and ca
estimated to be of the order of 1014 Hz, i.e., much higher
oaded 31 Aug 2011 to 131.155.151.114. Redistribution subject to AIP licen
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than typical cross frequencies observed for the magnetic
meability. Our conclusion is therefore that capacitive co
pling between Fe crystallites is not a relevant loss mec
nism for the roll off of the magnetic permeability.
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