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HITPERM/SIQ, single and multilayer thin films have been produced using a target composition of
(Fe;gC0o30) 8Z17B4Cuy . The as-deposited HITPERM film contains small lbacB2) 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 measurementd.53+0.08 1) is consistent with VSM and SQUID measuremeitgl5—

1.5 T) and also with as-spun amorphous ribbéh$5-1.62 J. The Landeg-factors(2.15+0.05

are typical of transition metals, particularly, of Fe. The Landau-Lifshitz—Gilbert damping
parameters of the single and multilayered films are sifeal= 0.0055-0.0004 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. @003 American Institute of Physics.

[DOI: 10.1063/1.1555871

I. INTRODUCTION terials have been discussed for a variety of applications.
Averaging magnetocrystalline anisotropy over grains
Data storage systems require high density media, highlgoupled within arexchange lengtfs at the root of magnetic
sensitive read heads, and high moment write heads. If pegoftness in these materidl€f these materials, HITPERM
pendicular recording systems are introduced, a high momemias the largest induction and the highest temperature to
soft underlayer will be required for magnetic flux concentra-which the nanocrystals remain coupfed.
tion. Further, with the continued increase of data rates in  |n this work, HITPERM/SIiQ single and multilayer thin
magnetic disk drives, the high frequency performance of softiims with a various number of layers and thicknesses have
magnetic thin films has become increasingly importantheen produced. The films were investigated using transmis-
Magnetic structures modulated with insulating layers thakjon electron microscopyTEM) and high resolution TEM
limit eddy currents can have excellent high frequency mag¢(HRTEM), vibration sample magnetometfyySM) and su-
netic response. perconducting quantum interferen¢8QUID) magnetom-
HITPERM is a nanocomposite soft maghefith desir-  etry, and ferromagnetic resonan@@MR). The first experi-
able soft magnetic properties, e.g., permeabilig2 X 10° at  mental studies of the high frequency response of HITPERM
2 kHz, saturation induction: 1:51.9 T? coercivity: 20-200  |aminates and the microstructural observations are reported
A/m, magnetic transition temperature970 °C(nanophasg  on the sputtered HITPERM films that contain small volume
~730 °C(amorphous by extrapolatipmnd the potential for  fractions of nanocrystallites. The results indicate a bulk-like
induced anisotropy achieved by field annealing. FINEMET.qamping behavior of the films. The new crystallization ob-
NANOPERM and HITPERM nanocrystalline magnetic ma- servations suggest possibilities for obtaining larger volume
fractions of the nanocrystalline phase with small grain sizes,
dElectronic mail: okumura@ece.cmu.edu i.e., for desirable soft magnetic films.
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HoH () FIG. 2. Peak-to-peak linewidth plotted as a function of in-plane FMR fre-

FIG. 1. Ferromagnetic resonance frequency plotted as a function of in-planguency for various HITPERM films.
FMR resonance fields for various HITPERM thin films.

ues foMg4 andg as given in Table I. There is good agree-
Il. EXPERIMENT ment between samples, with average valueg-e2.15+0.05

Thea-HITPERM (aHTP = amorphous HITPERWMthin ?fqﬂg r?sli\t/:gfrrl r:n:(La'tzl ?;Foe'(%slz'_-rzhf.;ggfggaﬁir(szazrg]typ:fl
films of single layers oaHTP/SiO,/aHTP multilayers, were ' o Y <91, P

deposited on glass or $100) substrates using a Leybold- ticularly, of Fe, and the saturation induction values are con-

P 9 : : 9 YOS sistent with VSM and SQUID measuremefts45-1.5 7 of
Heraeus Z400 rf-sputtering systemith a target composi- . .
. . the films and also as-spun amorphous ribbdn§5-1.62 7J.
tion of (FeCos)geZr7B4Cuy. The letterN designates the . :

: . I The slightly smaller values for the films are probably due to

number of SiQ layers. The sputtering conditions used Werebondin at the interfacémagnetic dead laygr
an Ar pressure of 10 mTortl.33 Pa, a sputtering power 9 9 Y

. i Figure 2 shows in-plane frequency dependence\ldf
:Jutargsg]}/:;j;?acW/crﬁ (23 kwin?), and a substrate tempera for three samples, 100 nm HITPERM50 nmaHTP)/2

The high frequency properties of HITPERM were char-nm(S'oZ)]Z/50 nn_’(aHTP) and 50 nmgHTP)/Z nn’(.S'OZ)/SO
. . . nm(aHTP). The linewidths of the single layer film and the
acterized using ferromagnetic resonaflE®R). By measur- trilaver depend linearlv on frequency. The bump. from ap-
ing the in-plane FMR resonance fiditl.s, as a function of Y P y d Y. b, P

_ o proximately 7.5 to 15 GHz in the 50 nm bilayer data, is due
resonance frequeney, the effective magnetizatiod ., and o the two overlaoping peaks. which combine to dive an
Landeg factor (spectroscopic splitting factbg= yA/ug (v pping p ! 9

is the gyromagnetic constarare determined through a fit to _effectlvely 'argef linewidth, but which is not |nd|cat|v§ of
increased damping. Sample spectra are shown in the inset of

0= Yol (Mgt Hyed (H st Hi) 1Y (1)  Fig. 2. Above approximately 15 GHz, the two peaks are suf-
ficiently separated to resolve, upon which the linewidth and
slope return to values similar to those for a single layer film.
The increased slope for the trilayer sta@s compared to
single and bilayer filmsis interpreted similarly, i.e., three
overlapping peaks which are never separated enough to be
J3 dAH resolved from each other, but which do combine to give an
a= 5 ' ( increased linewidth and thus a higher calculated value.of

Y.
2 " dw
i , Accounting for these effects, am value of 0.00550.0004
Magnetic properties at room temperature were measuregl < qetermined.

using a B-H loop tracer with applied fields up to 100 @e The damping parameters obtained above are signifi-
kA/m) at a frequency of 2 Hz. A SQUID magnetometer was., v smaller than often reported values for thin filhfs.

also used for the saturation magnetization and the magnetigiq, " neither thickness variation of each layer nor the num-
properties at 5—300 K. JEOL JEM2000-EXIlI and Philips
TECNAI-F20 transmission electron microscopes were em-

ployed to study the microstructure of the films. TABLE I. Lande g-factor (spectroscopic splitting factpyg, effective mag-
netizationM ¢, and the Landau—Lifshitz—Gilbert damping parameigof
various HITPERM films obtained from FMR studies.

where wq is the permeability of vacuum and, is the an-
isotropy field. The peak-to-peak linewid&H from the same
data set gives the Landau-Lifshitz—Gilbért. G) damping
parameterg, via

IIl. RESULTS AND DISCUSSION

Several single and multilayer samples were examineé(nm) d #o Mer (T) “
with FMR. Each exhibited similar in-plane frequency depen-100 2.06 1.66 0.0058
dence o . (Fig. 1) although the one multilayer samgg0 150 2.16 1.51 0.0055

: s 50/2/50 2.14 1.56 0.0050

nm(aTP)/2 nm(Si0,)/50 nm(aHTP)] exhibited two peaks at
: T L i S 100/4/100 2.21 1.47 0.0058
high frequencies; the individual layers being resolved indexg5/500/50 219 147 0.0082

pendently. By fitting these curves to Ed), we obtain val-
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better when the amount of nanocrystals is increased. One
important advantage of the HITPERM alloy is that the
nanocrystals and the amorphous matrix are both magnetic
even at elevated temperatures. They are ferromagnetically
exchange coupled above the nanocrystallization temperature
(the estimated Curie temperature of amorpheu&30 °C.
By producing the grain size of the nanocrystalline phases
much smaller than the magnetic exchange lerigthan or-
der of 100 nm, the magnetocrystalline anisotropy and mag-
. netostriction would be averaged out over the many small
o\ grains even at elevated temperatures, which would lead to
My, desirable soft magnetic materials for high temperature appli-
: cations.
Dark field TEM images clearly show homogeneous dis-
tribution of those ultrafine crystals, as well as some clusters
: : \ : that tend to agglomerate with each other. The chemical par-
FIG. 3. HRTEM image of an as-sputtered HITPERM thin film. Arrows tjtioning process, which is required for crystallization of
indicated the boundary between the amorphous matrix and the nanopartlcl&ecd_rich) phase grains and the grain growth, should be
significantly facilitated with the existence of such clusters.
Sincein situ TEM experiments using a hot stage sample

ber of stacking significantly affects the damping process in 410!der show§ crystallization below 400 16ome start even
range of film thicknesses of 50-150 nm. This is consistenf/ound 370 °G, which is significantly lower than a bulk
with the observed small damping parameters, which are off@nocrystallization temperature ef500 °C, these cluster-
ten found for bulk material®,supporting a notion that the Ngs in thin films might play an important role when the
damping parameter is an intrinsic property. However, the coSPecimen temperature is raised and the atomic diffusion be-
ercivity of the film is strongly structure-sensiti¥&The fast COMes active. The significantly low crystallization tempera-
flux reversal in the multilayers may be due to the magnetoluré might be due to the high surface energy and large strains
static coupling field originating from the ripple structytae N thin films assisting the diffusion of atoms through the
effective anisotropy field decreasds'? but the details are larger a_tom_lc moblllty_(du_e to the ease of accommodation of
not known. It is also worth noting that the small difference of the Strains in TEM/thin film samplgs , .

the damping parameter among layers may be due to the Electron diffraction images are also consistent with the
slightly different anisotropy in each layer, which is supportedabove observations, showing an amorphous halo pattern that

by low temperature SQUID measurements where the hystefCincides with the weak beeor B2) (110 rings from the

esis loop exhibits a clear step in the demagnetization curvBanocrystals. The estimated lattice parameter of cubic phase

(but the step disappears with temperatdPe is about 0.300 nm or 5% larger than B2 FeCo, which is
HRTEM studies on the as-deposited HITPERM films re_consistent with the HRTEM observations. The FeCo lattice

spacing increase in the incipient FeCo nanocrystals may be

veal extremely small bcéor B2) nanocrystals with the di- el
ameter of a few nanometers surrounded by amorphous m&u€ 0 entrapped Zr atonisubstitutionally and/or B atoms

trix (see Fig. 3 where the arrows indicate the boundary (interstitially) in the nanoparticles, but the detailed analysis
between the ne{nocrystals and the amorphous matrix. Frofs required for further elucidation of the chemical partition-

the lattice fringes of the nanocrystals, the plane distance i§'9 Process.
estimated to be around 0.212 nm, about 5% larger than the
expected d-spacing of the FeCo(llO) plane [a(FeCo M. A. Willard, D. E. Laughlin, and M. E. McHenry, J. Appl. Phy87,
=0.284 86 nm for a bcc disordered phase a@eCo 7091 (2000.
) .

=0.285 04 nm for a B2 ordered structlr&he volume frac- Z—é"fz‘fggb;- B. Lu, M. E. McHenry, and D. E. Laughlin, J. Appl. PI85.
:E)Sgﬂ{ythzsg?’lr;c;grdys'fglsbig‘; az(s:légldnirg];ptgerécoailhpan(l)ClesﬁM. E. McHenry, M. A. Willard, and D. E. Laughlin, Prog. Mater. Sé4,

0 - 291(2001.
dimensional and three-dimensional approximations. AI-;‘G. Herzer, IEEE Trans. Magi26, 1397(1990. _
though the amorphous contrast is mostly observed outsideF: Johnson, P. Hughes, R. Gallagher, D. E. Laughlin, M. E. McHenry, M.
the nanocrystals, a medium range ortdRO)-like structure A. Willard, and V. G. Harris, IEEE Trans. MagB1, 2261(2003.
h i y ’ - 9 - 5The identification of any commercial product or trade name does not
is sometimes seen even in the amorphous region, an examplémply endorsement or recommendation by the National Institute of Stan-
of which is also indicated in Fig. 3 by a dotted circle. ,dards and Technology. _ _
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