APPLIED PHYSICS LETTERS VOLUME 79, NUMBER 2 9 JULY 2001

Magnetically soft, high-moment, high-resistivity thin films
using discontinuous metal /native oxide multilayers
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Multilayers consisting of discontinuous metal layers with native oxide surfaces have been fabricated
using CqFeoq_4 alloys ranging in composition from pure Co to pure Fe. For the Fe-containing
compositions, the composites are magnetically soft with resistivities in the range of 100 to 2000
u cm. Mossbauer spectroscopy indicates a magnetically ordered Fe-oxide component, and the
magnetic moment of the oxide phase for pure Fe/native oxide multilayers has been determined.
© 2001 American Institute of Physic§DOI: 10.1063/1.1383998

As data rates in magnetic recording approach gigahertmagnetic, and its function is threefold. First, it serves to pro-
levels, much effort has been invested in developing magnetivide an electrical barrier between the grains, thereby increas-
cally soft, high-moment materials with high resistivity to ing resistivity. Second, because of its magnetic nature, the
minimize eddy current effects in magnetic recording headsoxide also provides a medium for exchange coupling be-
With a saturation magnetization in the range of 1400—170@ween the metallic grains, resulting in magnetically soft
emu/cc, FeXN(X=Ta, Ti, Cr, etc) thin films have been the propertiesg. Finally, the oxide enhances the moment of the
focus of much research® Their magnetically soft composite beyond what could be achieved in conventional
propertie$ (coercivity H.<4 Oe) and uniaxial anisotropy Mmetal/insulator composites.
with relatively low anisotropy constanti(, <15 Oe), com- Layers of CqFe gy With nominal thicknesses varying
bined with a high saturation moment make them of particulaifom 10 to 20 A were deposited on Si. Previous work has
interest for recording head applications. However, moderatdeémonstrated that for thicknesses in this range, the layers
resistivitie4 of ~100.0 cm can limit their permeability at con_s,lsted of |§olated nanop_ar'ucles for t_he thinner layers and
high frequencies. cham; of particles for the 'Fhlcker layet&ilms were dc sput-

One promising approach to maintain useful magnetic,lerEd in 2 mTorr of Ar using alloy targets. The depositions

properties while increasing the resistivity has been metalVer® Pperformed in an exteral dc magnetic field of
insulator granular filnfs consisting of magnetic metallic ~140Ce, wh.|ch.def|ned an easy axis. Each Iayer' was ex-
nanoparticles embedded in a nonmagnetic insulating matri)P,osed for 10 $n situto an oxygen flow of 2.0 sccm, yielding

; -5
such as AJO; or SiO,. However, there is an inherent trade- ?Im oxygenhpartlal pressgre e;7f><”10 de”' The OX)?geréo
off in such materials between high resistivity and low ow was then terminated, and followed by a pause for 60 s

coercivity! For metal volume fractions below percolation, before depositing the next layer, which allowed the oxygen

these granular materials are typically superparamagnetic g{n ?T sttliree ;qurrgg ]Eﬁ’n']tihpfkc:gégungslervei'cggés Z\V?Sn ;?%%afd
room temperature. It is only at metal volume fractions ap—u. ' esl ! : > W ' : .

) . . . SiO, capping layer was deposited to prevent further oxida-
proaching percolation that soft properties are obtained, pre,[-ion The notatior Co,F (t)/oxide]y denotes a struc-
sumably due to exchange coupling amongst nanoparticles, %™100-x N

! . . .o ture in which each of th&l unit layers consists of a nominal

over macroscopic regiofisMetallic percolation is, however, : . L )
i : o thickness of Co,Fe oo, Which has been oxidized using the
necessarily accompanied by decreased resistivity. In addi-

. . rior procedure.
tion, as the metal volume fraction must be kept at or beIovsP P

—50% t hi hiah resistivity. th wurat t of Samples were characterized structurally by cross-
o to-achieve Tugh resistivity, the saturation moment olgg i, transmission electron microscopy and x-ray diffrac-
the composite is, at most, about half that of the metal use

. ; ion. Magnetic properties were studied using an alternatin
We have developed magnetically soft, high-moment g prop J g

high-resistivity thin fims by fabricati il 'gradient magnetometer, a superconducting quantum interfer-
Igh-resistivity thin films by fabricating multilayer compos- gnee geyice magnetometer, and conversion electroasMo

ites consisting of layers of nanograins of magnetic metal,;, o spectroscopCEMS). Resistance measurements were
with native oxide surfaces. We have found that this oxide isperformed using a conventional four-point technique.

Figure 1 shows a cross-sectional electron micrograph of
dElectronic mail: gbeach@physics.ucsd.edu [CosgFes(20 A)/oxide],o. The regions of light and dark
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FIG. 1. Cross-sectional electron micrograph[ 6fosgFes(20 A)/oxide];,. =
The dark regions are the metallic layers, and the light regions are the oxide. 500 | -
Note the lattice fringes passing through several layers.

contrast correspond to the oxide and metal, respectively. The 0 20 40 60 80 1 80
roughness of the metal/oxide interfaces confirms the granular X (at. % Co) 0
nature of the metal layers. Lattice fringes are observed pass- ’

. . . . . FIG. 3. (a) Coercivity and(b) room temperature saturation moment of
ing through several layers indicating epitaxial growth at[Cq(FemO_x(ZOA)/oxide]w (1), compared to continuous 200 A films

some metal/oxide interfaces. (0). In (b), the bulk saturation moment of ey, , taken from Ref. 10,
Throughout the alloy composition range, hysteresiss indicated by the solid curve. The saturation moment of Permalloy is

loops with well-defined easy and hard axes with low hargncluded for reference.

axis coercivities are obtained. As an example, Fig. 2 shows

easy and hard axis loops fpEosoFe;(20 A)l oxidelo. The  which is greater than the thickness of the metal deposited
easy axis lies r_:xlong the dep05|_t|on field direction, and thgy e to incorporation of oxygenwas measured using low-
easy axis loop is very square with,=110e. The remark- angje x-ray diffraction, and used in calculating saturation
ably low hysteresis in the hard axis loop would be especially,oments. The saturation value of 1350 emu/cc for

important for head-shielding applications. [CosFero(20 A)/oxide]yo, which is the highest moment of

Figure 3a) compares the coercivity Hc) of the  yhe samples studied, is substantially greater than the value of
multilayer films to continuous metal films of the same total _gng emu/ce for permalloy.

nominal thickness. For pure Co, the multilayer structure has ¢ origin of the in-plane anisotropy visible in Fig. 2 is
a higher coercivity than the continuous 200 A film. Howev_er'currently under investigation. The anisotropy field &f the
near 10 at.% Fe a crossover occurs, and the OXIqIZ_eEjC%oFQ:,0(t)/OXide]N films is independent of in the range
multilayer structure has a substantially reduced coercivityjg_o0 A In addition. fort=20 A H, varies linearly with

compared to the continuous film. This result suggests that thg,ot4 composition, ranging from 10 Oe for Fe-based multi-
magnetic properties of the oxide and its coupling to the metaj

) : - > ~*ayers, to 240 Oe for Co-based multilayers.
are important in determining the coercivity of the composite. ~ 5 [CoFeys (20 A)/oxidely, films show a room-
The room-temperature saturation moment of th X

X , A0 €emperature resistivity of-120. cm. The resistivity for
multilayer films, though decreased from the bulk value, gms with this layer thickness is metallic, as inferred from

remains high, as seen in Fig(t8. The total film thickness  he temperature dependence. Howevet, iasdecreased and
individual layers become more discontinuous, the resistivity

1500 increases, as shown in Fig. 4. Rer 16 A, the conductivity
1000 L easy ; 2 becomes thermally activated. For the samples with the thin-
I axis . nest layers, the room-temperature resistivity of

g 500 1 CosoFes-based films exceeds 6Q) cm, which is compa-
E ol ‘ ] rable to values obtained in conventional metal/insulator com-

e - hard H,=100 Oe | posites with soft magnetic properties:!? The Fe-based

= 500 1 axis ] multilayers have even larger resistivities.

-1000 |- -+ CEMS was used to investigate the magnetic and chemi-
1500 o . [ Hg1140e ] cal environments of the Fe. A detailed presentation of this
-200-150-100 -50 O 50 100 150 200 work will be published elsewhere, but some of the results are
H (Oe) noted here. For all Fe-containing multilayers, the CEMS

spectra contained magnetically split’Fenetallio and Fe-
oxide peaks, along with a small amount of nonmagnetic Fe-
FIG. 2. Easy and hard axis hysteresis loops[osFes(20 A)/oxide,,. ~ 0Xide, with Fe valences determined from the isomer shifts.

Note the squareness of the easy axis loop, and the low hard axis coercivitBecause this measurement is only sensitive to Fe, we will
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3000 —4——™—————7——7—— This excess moment is attributed to the magnetically split
i T oxide component observed in the CEMS spectra.
2500 |- . . . . . . :
| Since the native oxide formed in this manner is mag-
2000 - - netic, exchange coupling between the metal and the oxide is
£ 1500 | expected. Thus, these multilayers consist of magnetic metal-
3 i ] lic nanograins exchange-coupled through magnetic native
= 1000 - . oxides. Hence, the soft magnetic properties of the discon-
a r tinuous metal/native oxide multilayer structure can be ex-
500 - . . . . -
i plained in terms of the random anisotropy model first applied
0 to nanocrystalline materials by HerZethis model is valid
10 12 14 16 18 20 when the exchange coupling between grains with randomly
t (A) oriented anisotropy axes is strong enough that the magnetic

exchange length , is larger than the typical grain size. In
[F'G(- )‘/‘*- Féo]om('f)mpﬁrature feS‘Stc“V“yh I‘ﬁﬁosoFeéo(t)’ Ogide]ly (D)h and | this case, the effective anisotropsy of the material is the
Fe(t)/oxide]y wheret is varied whileN is adjusted to keep the total . .
nominal metal thickness at 200 A. local amsotrop_)K _reduced by the factoyn, wheren is the
number of grains in the exchange-coupled voILmig This
lower “average” anisotropy leads to a decreased coercivity.

focus on thqg Fe(t)/oxide]y multilayers. CEMS spectra were In summary, we have demon;trated_th.el feas.ibili.ty of
magnetically soft, high-moment, high-resistivity thin films

fitted with metal and oxide subspectra permitting accurate . ) . )
o . ) using a composite metal/native oxide structure. The native
determination of the metallic iron fraction. For the

; ) o oxide formed in this way is magnetically ordered, and for
[Fe(t)/oxide]y multilayers, the metallic iron subspectrum e Fe-pased films, has a moment approaching that of mag-
has essentially the hyperfine field of bulkFe, and is there-

netite for samples with thicker metal layers. When the iron
fore assumed to have the moment of bulk iron. By using theontent of the alloy is greater than10%, the composite has
fraction of Fe as Fefrom CEMS and the measured satura-a much lower coercivity than bulk metal films, a well-
tion moment, the moment contributed by the oxide phase defined easy axis, and a remarkably reversible hard axis
combined phaseésan be found. The fraction of Fe as’Fe loop. Resistivities exceeding 20Q&) cm are achieved for
composite moment as a fraction of bulkFe moment, and the iron-rich films.
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