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Abstract

A series of nanocomposite thin films, composed-@¢fe and:-axis oriented Smhgphases, has been synthesized by rf magnetron sputtering
onto heated glass substrates. The volume fractionfed, Ve, in the obtained films ranges from 5% to 85%. According to the Rietveld analysis
of X-ray diffraction patterns, the-axis of each Smhkg grain was estimated to locate within a cone with its symmetry axis being normal to
the film plane and with the cone angle of For samples witlVg. < 30%, the demagnetization curves with fields applied normal to the film
plane have exhibited a good squareness. In stalilms, the coercivityH, increased with increasing:., took a maximum foWVg, ~ 25%,
and then decreased. In the reference system of randomly aligned, #mFe films, on the other hand, we confirmed th&tdecreased
monotonically with increasinye.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction jects in this field, since the report by Kneller and Hawig
[10] and Skomski and Codjt1]. Shindo et al[12,13]have
Recent advances in small-scale magnetic devices stimu-succeeded in fabricating NEe;4B/a-Fe multilayers. How-
late the needs of high performance permanent magnet films.ever, the reported values of the maximum energy product
Not much wor{1-4] so far, however, was done inthe field of (BH)max are much smaller than those for the ideal system
thin-film rare earth magnet, as compared with the extensive[11], since it is not easy to realize ideal nanostructures, such
research works on bulk rare earth magnets. Several sputtereds grain size, its distribution, and alignment of the hard-
RoFei 4B film (R: rare earth) systen]$—8] have been stud-  phase crystallite. Fullerton et 4lL4] fabricated the epitax-
ied, some of whiclj6—-8] reported a preferred-axis orien- ial SmCol/Fe bilayers as an ideal anisotropic nanocomposite
tation. Cadieu et al1] have reported that it is possible, by system. However, the obtained value 8#H)max iS not so
using rf sputtering, to synthesize binary Sn-#ms of the high, since the magnetization ofthe Sm—Co phase is relatively
ThMny2 structure without third element. This report, thus, small.
demonstrates the advantage of thin-film form, because the In the present study, we synthesized the thin-film nano-
bulk SmFe, cannot stabilize the ThMa structure without composite magnets, composedoofFe andc-axis oriented
adding a third elemen®], such as Ti, V, or Mo. SmFa» phases by using rf magnetron sputtering onto heated
On the other hand, a study of film-type exchange-coupled glass substrates. The hard Snmd-and softa-Fe phases are
hard/soft magnets has recently been the one of the main subplaced notin multilayer geometry, butare randomly dispersed
in the films. We have chosen this geometry since the coer-
R civity could be larger than that in the multilayer geometry
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we have also synthesized the randomly oriented Saiéce

Fe nanocomposite films by post-annealing procedure. % (kD) : SmFer;
A : o-Fe

2. Experimental _ .

The SmFe./a-Fe nanocomposite films were deposited by . ) Vee~5%
rf magnetron sputtering onto glass substrates (Corning 7059)
in an Ar atmosphere. The base pressure of the sputtering sys-
tem was below 4 10~/ Torr and the Ar pressure during the
sputtering was 60 mTorr. The volume fraction of ihd-e, A 1%

VEe, Was adjusted systematically by putting a different num-
ber of Sm tips (5 mnx 5mm) on the disk shaped Fe target

with 76 mm diameter. The substrate temperatlyeuring A
the sputtering was fixed to 55C after the optimization ex- 24%
perimentg15]. To obtain a randomly oriented Smethe

substrates were not heated during the sputtering and then

the films were annealed at 62€ for 1 h. The films have n
the forms of glass/Ti (50 nm)/Sm—Fe in)/Ti (50 nm) or 48%
glass/Sm—Fe (Lm)/Ti (50 nm). The chemical composition

Intensity (arb. units)

was checked by EPMA and EDS attached SEM. The film A

structure was studied by X-ray diffraction with CuxKadi-

ation. Magnetization curves were measured by two kinds of A gsq
vibrating sample magnetometer systems, with the maximum . | . : . : '
applied fields of 16 kOe and 140 kOe, respectively. When the 20 40 60 80 100
field is applied perpendicular to the film plane, a demagne- 20(deg)

tizing field correction was made by using the coefficient of

47. The final values o¥ge in the deposited films were esti- Fig. 1. X-ray diffraction patterns for glass/Sm—Fe/Ti films with different
mated by combining the results of Rietveld analjj&#] of values ofe-Fe volume fractiorVe.

X-ray diffraction patterns and the temperature dependence of

magnetization at high temperatures. while r=1 for a random alignmengig. 2b shows the esti-

matedr parameter for the Smirgphase as a function ¢f.
We have found that the value is about 0.3 fo¥Fge<50%,
which means that half width of distribution ofaxis direc-
tions, A9, is about 7 along the normal of the film plane.
This value ofAd is less than half of that for NdFe; oB/a-Fe

3. Results and discussion

Typical X-ray diffraction patterns for Smkga-Fe films
with different values oV are shown inFig. 1 Although,
with increasingVge, the intensity ofa-Fe peak grows, the
intensity of (002) peak for Smkg phase keeps the large

value up toVre=48%, exhibiting the conservation of the 50— .
(001) texture. We then estimated the average grain size _ e —
of both phases by using the full-width at half maximum E - ¥0 N
(FWHM) data of diffraction peaks and Scherrer’'s formula, <~ Q

which are plotted againdtre in Fig. 2a. The average size wr= 7
of a-Fe grain increases witlvge for Vee<40% and be- 10 — ® SmFe,, (@ 7
come roughly constant having about 30 nm te% > 40%. ol O o-Fe

In the case of Smke grain, estimated values do not de-

pend onVEe very much and fall into the range of 30-40 nm. 0.6 -
In order to obtain an information about the degree of align- S o4 M .}
ment, we made a Rietveld analy$i$] for these patterns, n2 = (b)

in which easy-axis directions of Smfzphase are assumed 0.0 | \ l l
to be distributed according to the March—-Dollase function . G 40 o & Ml 10

[17] P(e) = (2 cofa+ r~L sira) 312, wherea is the angle Vsl 1

betwe_en th_e preferred-oryentatlon direction and the normal Fig. 2. () Average grain Sizéy for SmFa; anda-Fe phases deduced
of a diffraction plane, andis a parameter representing a de-  rom the FWHM of diffraction peaks, plotted agairite. (b) Alignment
gree of alignment. In the case of a perfect alignmen0, parameter for the SmFeg, phase. Solid lines are guides to the eye.
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Fig. 3. Magnetization recoil curves for the sample wif = 24% plotted
against both applied fieldlapp and demagnetizing-field-corrected fiefg.
48%
. . o . . 10—
anisotropic nanocomposite filnj$8], which we fabricated
recently. 0
In Fig. 3, we plotted the magnetization recoil curves for 0
the sample witlVre = 24%, as a function of both applied field
Happ and demagnetizing-field-corrected effective fiégk;. 15 15

It is seen that the recoil permeability is quite high, suggest- Hegr (kOe)

ing the occurrence of a spring-back behavioreeFe mo- ) o o )
ments oning to the exchange coupiing beteen soft and hard| % Yadneteaioncunes o gassion-Cert e oy Xy e
phases. (dotted curves) and perpendicular (solid curves) to the film plane.

Major hysteresis loops for a series of films giverkig. 1
are shown inFig. 4. For films with Vee<30%, demagneti-
zation curves along the easy-axis keep the nice squareness
and the hard-axis curves exhibit low magnetization values. It
should be noted that, for the larg®ge films, difference of

magnetization curves between parallel and perpendicular di-

rections becomes small and tHgis also reduced. In order to )

inspect the variation in magnetic properties wi, the val- =

ues of saturation magnetizatidfy, remanent magnetization g

M, coercive fieldH;, and BH)max are plotted againstre =

in Fig. 5. The value of\/s increases linearly witlyge within

the error bar except for thé-c = 48% film, whileH; slightly

increases witlVge and takes a maximum &~ 25%, and g

then decreases for larg@ke. Reflecting the good square- &

ness of demagnetization curved; keeps large values for N N o

VEe< 30%, which then decreases for highég. Such a de-

crease iM; will possibly be related to the larger sizewofFe g 0

grain for Vee>30% (seeFig. 2a), which causes a magneti- g & dltineii )
zation reversal in a center portion of theFe grains. The 10 _
(BH)max also takes a maximum & ~ 25% with the value S- i
of 20 MGOe (160 kJ/rf) and then decreases rapidly, the vari- S g " m p” > 0
ation of which can then be interpreted as the combined effect Ve (%)

of Vge dependence ofl;, M, Ms, and the squareness. Ac-

C_Ord_'”g to the EPMA analysis, Sm content of the = 48_% Fig. 5. (a) Saturation magnetizatidfy and remanent magnetizatidf, (b)
film is anomalously larger than the expected value taking ac- coercive fieldH., and (c) maximum energy produ@i)max, as a function
count of the volume fraction ef-Fe and SmFe phases. The  of Ve for aligned and randomly oriented SmEk-Fe films.
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' ' ] ' ! magnetization. We thus speculate that Heincrease phe-
2‘_’;‘:““ nomena observed here would be related to the enhancement

of J owing to the reduction of volume-fraction of such a grain
boundary phase.

+EHpo

4. Conclusion

A series of SmFg/a-Fe nanocomposite films with dif-
ferent values olVge has been synthesized by rf magnetron
sputtering onto heated substrates. The crystallite of gpnFe
* was confirmed to be aligned so that thaxis of ThMn»

o P —_— structure is perpendicular to the film plane. The magneti-
? e o zation curves showed a nice squareness, reflecting the high
orientation of the Smke easy-axis. With increasinyre,

Ms increased linearly, whiléf; slightly increased and took

a maximum atVee~ 25%. The BH)max Value of 20 MGOe

was obtained foVgre = 25% film. This value is still too small

to compare with the ideally estimated dié] or the one for

30 a0 50 & 70 80 % more realistic situatiof20]. Further investigations are nec-
20 (deg) essary especially to find an optimum condition to reduce the

volume fraction of grain boundary phases, which will then

Fig. 6. X-ray diffraction patterns for randomly oriented Smffe-Fe films enhance botiMs andH¢, and henceBH)max-
with different volume fractions of the-Fe phase.

Intensity (arb. units)
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