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Magnetic and structural characterization and ferromagnetic resonance
study of thin film HITPERM soft magnetic materials
for data storage applications
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HITPERM/SiO2 single and multilayer thin films have been produced using a target composition of
(Fe70Co30)88Zr7B4Cu1 . The as-deposited HITPERM film contains small bcc~or B2! nanocrystals of
volume fraction less than 10% surrounded by an amorphous matrix. The lattice parameter of the
nanocrystal is about 5% larger than an equilibrium FeCo phase. The saturation induction determined
from FMR measurements~1.5360.08 T! is consistent with VSM and SQUID measurements~1.45–
1.5 T! and also with as-spun amorphous ribbons~1.55–1.62 T!. The Lande´ g-factors~2.1560.05!
are typical of transition metals, particularly, of Fe. The Landau–Lifshitz–Gilbert damping
parameters of the single and multilayered films are small~a 5 0.005560.0004! with each layer
acting almost independently. Neither thickness variation of each layer nor the number of stacking
significantly affects the damping process in a range of film thicknesses of 50–150 nm, while the
coercivities are strongly dependent on those parameters. This supports a notion that the damping
parameter is an intrinsic property. ©2003 American Institute of Physics.
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I. INTRODUCTION

Data storage systems require high density media, hig
sensitive read heads, and high moment write heads. If
pendicular recording systems are introduced, a high mom
soft underlayer will be required for magnetic flux concent
tion. Further, with the continued increase of data rates
magnetic disk drives, the high frequency performance of s
magnetic thin films has become increasingly importa
Magnetic structures modulated with insulating layers t
limit eddy currents can have excellent high frequency m
netic response.

HITPERM is a nanocomposite soft magnet1 with desir-
able soft magnetic properties, e.g., permeability:'23103 at
2 kHz, saturation induction: 1.5;1.9 T,2 coercivity: 20–200
A/m, magnetic transition temperature:'970 °C~nanophase!,
'730 °C~amorphous by extrapolation! and the potential for
induced anisotropy achieved by field annealing. FINEME
NANOPERM and HITPERM nanocrystalline magnetic m
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terials have been discussed for a variety of application3

Averaging magnetocrystalline anisotropy over gra
coupled within anexchange lengthis at the root of magnetic
softness in these materials.4 Of these materials, HITPERM
has the largest induction and the highest temperature
which the nanocrystals remain coupled.5

In this work, HITPERM/SiO2 single and multilayer thin
films with a various number of layers and thicknesses h
been produced. The films were investigated using transm
sion electron microscopy~TEM! and high resolution TEM
~HRTEM!, vibration sample magnetometry~VSM! and su-
perconducting quantum interference~SQUID! magnetom-
etry, and ferromagnetic resonance~FMR!. The first experi-
mental studies of the high frequency response of HITPER
laminates and the microstructural observations are repo
on the sputtered HITPERM films that contain small volum
fractions of nanocrystallites. The results indicate a bulk-l
damping behavior of the films. The new crystallization o
servations suggest possibilities for obtaining larger volu
fractions of the nanocrystalline phase with small grain siz
i.e., for desirable soft magnetic films.
8 © 2003 American Institute of Physics
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II. EXPERIMENT

The a-HITPERM ~aHTP 5 amorphous HITPERM! thin
films of single layers oraHTP/SiO2 /aHTP multilayers, were
deposited on glass or Si~100! substrates using a Leybold
Heraeus Z400 rf-sputtering system6 with a target composi-
tion of (Fe70Co30)88Zr7B4Cu1 . The letterN designates the
number of SiO2 layers. The sputtering conditions used we
an Ar pressure of 10 mTorr~1.33 Pa!, a sputtering power
density of 2.3 W/cm2 ~23 kW/m2), and a substrate tempera
ture of '24 °C.

The high frequency properties of HITPERM were cha
acterized using ferromagnetic resonance~FMR!. By measur-
ing the in-plane FMR resonance fieldH res, as a function of
resonance frequencyv, the effective magnetizationMeff , and
Landég factor ~spectroscopic splitting factor! g5g\/mB ~g
is the gyromagnetic constant! are determined through a fit t

v5gm0@~Meff1H res!~H res1Hk!#
1/2, ~1!

wherem0 is the permeability of vacuum andHk is the an-
isotropy field. The peak-to-peak linewidthDH from the same
data set gives the Landau–Lifshitz–Gilbert~LLG! damping
parameter,a, via

a5
A3

2
g

dDH

dv
. ~2!

Magnetic properties at room temperature were measu
using a B-H loop tracer with applied fields up to 100 Oe~8
kA/m! at a frequency of 2 Hz. A SQUID magnetometer w
also used for the saturation magnetization and the magn
properties at 5–300 K. JEOL JEM2000-EXII and Phili
TECNAI-F20 transmission electron microscopes were e
ployed to study the microstructure of the films.

III. RESULTS AND DISCUSSION

Several single and multilayer samples were exami
with FMR. Each exhibited similar in-plane frequency depe
dence ofH res ~Fig. 1! although the one multilayer sample@50
nm~aTP!/2 nm~SiO2)/50 nm~aHTP!# exhibited two peaks a
high frequencies; the individual layers being resolved in
pendently. By fitting these curves to Eq.~1!, we obtain val-

FIG. 1. Ferromagnetic resonance frequency plotted as a function of in-p
FMR resonance fields for various HITPERM thin films.
-
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ues forMeff andg as given in Table I. There is good agre
ment between samples, with average values ofg52.1560.05
andm0 Meff 51.5360.08 T. The Lande´ g factors are typical
of transition metals@Fe~2.12–2.17!, Co~2.22!, Ni~2.20!#, par-
ticularly, of Fe, and the saturation induction values are c
sistent with VSM and SQUID measurements~1.45–1.5 T! of
the films and also as-spun amorphous ribbons~1.55–1.62 T!.
The slightly smaller values for the films are probably due
bonding at the interface~magnetic dead layer!.

Figure 2 shows in-plane frequency dependence ofDH
for three samples, 100 nm HITPERM,@50 nm~aHTP!/2
nm~SiO2)] 2/50 nm~aHTP! and 50 nm~aHTP!/2 nm~SiO2)/50
nm~aHTP!. The linewidths of the single layer film and th
trilayer depend linearly on frequency. The bump, from a
proximately 7.5 to 15 GHz in the 50 nm bilayer data, is d
to the two overlapping peaks, which combine to give
effectively larger linewidth, but which is not indicative o
increased damping. Sample spectra are shown in the ins
Fig. 2. Above approximately 15 GHz, the two peaks are s
ficiently separated to resolve, upon which the linewidth a
slope return to values similar to those for a single layer fil
The increased slope for the trilayer stack~as compared to
single and bilayer films! is interpreted similarly, i.e., three
overlapping peaks which are never separated enough t
resolved from each other, but which do combine to give
increased linewidth and thus a higher calculated value oa.
Accounting for these effects, ana value of 0.005560.0004
was determined.

The damping parameters obtained above are sig
cantly smaller than often reported values for thin films7,8

Also, neither thickness variation of each layer nor the nu

ne

FIG. 2. Peak-to-peak linewidth plotted as a function of in-plane FMR f
quency for various HITPERM films.

TABLE I. Landé g-factor ~spectroscopic splitting factor! g, effective mag-
netizationM eff , and the Landau–Lifshitz–Gilbert damping parametera, of
various HITPERM films obtained from FMR studies.

t ~nm! g m0 Meff ~T! a

100 2.06 1.66 0.0058
150 2.16 1.51 0.0055
50/2/50 2.14 1.56 0.0050
100/4/100 2.21 1.47 0.0058
50/2/50/2/50 2.19 1.47 0.0082
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ber of stacking significantly affects the damping process
range of film thicknesses of 50–150 nm. This is consist
with the observed small damping parameters, which are
ten found for bulk materials,9 supporting a notion that the
damping parameter is an intrinsic property. However, the
ercivity of the film is strongly structure-sensitive.10 The fast
flux reversal in the multilayers may be due to the magne
static coupling field originating from the ripple structure~the
effective anisotropy field decreases!11,12 but the details are
not known. It is also worth noting that the small difference
the damping parameter among layers may be due to
slightly different anisotropy in each layer, which is support
by low temperature SQUID measurements where the hys
esis loop exhibits a clear step in the demagnetization cu
~but the step disappears with temperature!.10

HRTEM studies on the as-deposited HITPERM films
veal extremely small bcc~or B2! nanocrystals with the di-
ameter of a few nanometers surrounded by amorphous
trix ~see Fig. 3!, where the arrows indicate the bounda
between the nanocrystals and the amorphous matrix. F
the lattice fringes of the nanocrystals, the plane distanc
estimated to be around 0.212 nm, about 5% larger than
expected d-spacing of the FeCo~110! plane @a~FeCo!
50.284 86 nm for a bcc disordered phase anda~FeCo!
50.285 04 nm for a B2 ordered structure#. The volume frac-
tion of the nanocrystals is, by assuming spherical partic
roughly estimated to be'8% according to both two-
dimensional and three-dimensional approximations.
though the amorphous contrast is mostly observed out
the nanocrystals, a medium range order~MRO!-like structure
is sometimes seen even in the amorphous region, an exa
of which is also indicated in Fig. 3 by a dotted circle.

The premier magnetic properties in HITPERM are d
rived from the two-phase microstructure consisting of na
crystalline ferromagnetic grains surrounded by a ferrom
netic amorphous matrix. Although the above as-depos
HITPERM films have a low volume fraction of nanocrysta
preliminary results onin situ heat treated and postanneal
thin films show the magnetic properties are good or e

FIG. 3. HRTEM image of an as-sputtered HITPERM thin film. Arrow
indicated the boundary between the amorphous matrix and the nanopa
a
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better when the amount of nanocrystals is increased.
important advantage of the HITPERM alloy is that th
nanocrystals and the amorphous matrix are both magn
even at elevated temperatures. They are ferromagnetic
exchange coupled above the nanocrystallization tempera
~the estimated Curie temperature of amorphous'730 °C!.
By producing the grain size of the nanocrystalline pha
much smaller than the magnetic exchange length~on an or-
der of 100 nm!, the magnetocrystalline anisotropy and ma
netostriction would be averaged out over the many sm
grains3 even at elevated temperatures, which would lead
desirable soft magnetic materials for high temperature ap
cations.

Dark field TEM images clearly show homogeneous d
tribution of those ultrafine crystals, as well as some clust
that tend to agglomerate with each other. The chemical
titioning process, which is required for crystallization
FeCo~-rich! phase grains and the grain growth, should
significantly facilitated with the existence of such cluste
Since in situ TEM experiments using a hot stage samp
holder shows crystallization below 400 °C~some start even
around 370 °C!, which is significantly lower than a bulk
nanocrystallization temperature of'500 °C, these cluster
ings in thin films might play an important role when th
specimen temperature is raised and the atomic diffusion
comes active. The significantly low crystallization tempe
ture might be due to the high surface energy and large str
in thin films assisting the diffusion of atoms through th
larger atomic mobility~due to the ease of accommodation
the strains in TEM/thin film samples!.

Electron diffraction images are also consistent with t
above observations, showing an amorphous halo pattern
coincides with the weak bcc~or B2! ~110! rings from the
nanocrystals. The estimated lattice parameter of cubic ph
is about 0.300 nm or 5% larger than B2 FeCo, which
consistent with the HRTEM observations. The FeCo latt
spacing increase in the incipient FeCo nanocrystals may
due to entrapped Zr atoms~substitutionally! and/or B atoms
~interstitially! in the nanoparticles, but the detailed analy
is required for further elucidation of the chemical partitio
ing process.
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