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Hysteresis and relaxation of hard—soft nanocomposite samples

J. M. Gonzalez® and M. I. Montero
Instituto de Ciencia de Materiales de Madr@SIC, Cantoblanco, 28049 Madrid, Spain

P. Crespo, P. Marin, and A. Hernando
Instituto de Magnetismo Aplicado, P.O. Box 155, 28230 Las Rozas, Madrid, Spain

We present experimental results on the hysteresis and relaxation of Fe/Ba hexaferrite composite
samples prepared by ball milling starting from precursor Fe and Ba hexaferrite particles. Our results
show that, for maximum applied fields of up to 8 kOe, the measured loops show a shift of up to 85
Oe. The compositional dependence of that loop displacement presents two méima
approximatelyx=0.3 andx=0.7) and a minimum at=0.5. These results are discussed in terms

of the dipolar coupling between both phases.2@00 American Institute of Physics.
[S0021-897€00)63708-9

I. INTRODUCTION noted a volume fraction and ranged from 0.1 up to 0.9. The
It is widely recognized that the ubiquitous occurrence ofS@MPIes were prepared by mixing in a ball ntduring 15

exchange and dipolar interactions between the momenf%_nd 120 min nar_10part|culate B_aﬁﬁolﬁ’ (average transmis-
present in magnetically ordered materials influences botf§ioN €lectron microscope particle diameter 10 nm, critical
qualitatively and quantitatively their hysteretic and relax-f€ld Ha=6.2 kOg and Fe powdergaverage optical micro-
ational proces&:® In the particular case of nanocrystalline, SCOP€ particle size 4pm, critical field H,=10 Oe. The
nanoparticulate, and nanocomposite materials, the potentiff €cursor Ba hexaferite particles were obtained by synthesis
for the tailoring of the extrinsic magnetic properties associ-USINg & water-in-oil microemulsionThe structural and mor-
ated to the control of the interactions is specially relevanfh0logic characterization of the samples involved x-ray dif-
since in these materials the correlation lengths linked to th&f@ction and optical microscopy. The study of the magnetic

exchange and the dipolar coupling have magnitudes COmp&)_roperties of both the precursor materials and .the composite
rable to the morphological characteristic lengths which origi-Samples was performed in press-powder cylind@smm

nate a broad range of hysteretic behaviors going from theight X3 mm diameterby using vibrating sample and su-
extreme softnedsto the achievement of ultrahigh energy Perconducting quantum interference device magnetometers
products in permanent magnet materfaBespite this, and (Maximum applied field 20 kQe

the crucial technological relevance of the magnetization

reversal-related properties, our control of the interactions i$/l- EXPERIMENTAL RESULTS

rather limited and should be improved in order to optimize  The diffractograms taken in all the as-milled samples did
the performance of the magnetic devices. There are, howyot show any indication of the presence of phases different
ever, at least two relevant obstacles to overcome in order tRom the precursor ones. Particularly, the patterns corre-
achieve that goal: first, the absence of experimental techsponding to the samples witk=0.7 exclusively exhibited
niques allowing us to measure the magnetic interactions &{.Fe reflections. Examination of the Fe-rich samples using
sufficiently short length scalesand, second, the lack of a gp optical microscopél um resolution evidenced that the
simple but sufficiently realistic description of the influence gyerage particle sizes resulting from the milling process were
of the interactions on the reversal mechanisths last point 40 ;;m (15 min milled samplesand 20xm (120 min milled
is particularly relevant in the case of the dipolar interactionssamme% which led us to conclude that in these samples the
since those interactions are long ranged and have a mangy nexaferrite nanoparticles were fully embedded in the
body naturg In the present work we report on the hysteresismych larger Fe ones. Upon milling, the room temperature
and relaxation of composite samples formed by nanosizeflysteresis loops of all the samples had smooth demagnetiza-
Ba hexaferrite particles and micronsized Fe ones. As we Willion branches indicating the occurrence of phase coupling.
discuss below, those samples constitute an interesting mod;e|gure 1 presents the low field data corresponding to a hys-
system to try to clarify the role of the magnetization reversakegresis loop measured with a maximum applied field of 8
processes of the dipolar interactions. kOe, in thex=7, 15 min milled samplédthe inset in Fig. 1
shows the complete logpAs it is apparent from Fig. 1, the
#ET:%IIE\ITSSQQON OF SAMPLES AND EXPERIMENTAL loop was measurably d_isplacéaz 0# in the sense _of the
negative fields. That displacement was observed in all the
We have studied nanocomposite samples with nominagéamples, and its magnitude varied with the Fe volume frac-
compositions given by Ré(BaFg)Oiq); , Wherex de-  tion showing two maxima at, approximateby=0.3 andx
=0.7 and a minimum at, approximateby= 0.5 (see Fig. 2

¥Also at: Instituto de Magnetismo Aplicado, PO Box 155, 28230 Las Rozas,V\_/hen a maximum field of 20 kOe was a_pplied, the loop
Madrid, Spain; electronic mail: jesus.m.gonzalez@icmm.csic.es displacements were not observed evidencing that the loops
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FIG. 1. Low field data corresponding to a hysteresis loop measured in the -9 ! . ) \
x=0.7, 15 min milled sample with a maximum field of 8 kOe. The inset 0 2 4 6 8
shows the complete loop. H  (KOe)

max

FIG. 3. Field evolution of the isothermal and demagnetization remanences
measured under a maximum field of 8 kOe were minor |00p§X:O.9, 2 h nilled sampl¢. The inset shows the compositional evolution of
despite the fact that the maximum applied field was 3094"¢ oM parameter.
higher than the critical field of the precursor Ba hexaferrite

particles. In the inset in Fig. 2, we present the composmona}]a”y' decreased to zero for the recording of the time evolu-

evolution of the coercive force measured in the samplest,ion of the magnetization Our results show that for the

mzl(z)hrlj\(/avrltgfo;:‘)é\fyﬁueri(;ree%tlgtra]rgggk;g.?niihmlrzjlsvyevrv?ﬁa%f thfields below the coercive force of this sample the relaxation
Sroceeded monotonously. Differently from tHisee the in-

gg“nfalleg?rlnde c?c];etrr;ievi? ?/vgs):j%fgri:zezagtlifsr;ﬁggetrzzse- sed, when the demagnetizing field was of the order of the
P Y y g remanent coercive forcé800 Oe at the measurement tem-

netlzatlc_)rj. An example of our results fqr the field evolution perature it was possible to observe a nonmonotonous time
of the isothermal,M;, and demagnetizationM,, rema- . L
evolution of the magnetization.

nences is presented in Fig.(&here data corresponding to
thex=0.9, 2 hmilled sample are shownM; was measured
by increasing, starting from a demagnetized state, the max/¥. DISCUSSION

mum applied field up to 8 kOe artd y was obtained by first It is possible to rule out the relation of the observed
submitting the sample to @ositive magnetizing field of 8  inor loop displacement to the occurrence of doyide
kOe and then applying increasing demagnetizinggativé  jnquced exchange anisotropy. In the case of the Fe-rich
fields dqun to—8 kOe: In the inset in Fig. 3 we present the samples, this is due to the large size of the Fe parti@es
compositional evolution of thesM=1-My(8 kO8/  \yays greater than 2pm) that allows the low field reversal
Mi(8 kOe) kOe parametémeasuring the remanence asym- o the o-Fe even if an oxide layer, originating that unidirec-
metry) which markedly decreased with the decreasg @fid  {jona anisotropy, were present at the particle surfages
went down to close to zero fax=0.1 (when both rema- ¢|,ding the Fe—Ba hexaferrite interfageset us also re-
nences were measured up to a maximum field of 20 kOe thg,emper that the loop shift linked to exchange anisotropy
oM values obtained in all the samples decreased t0)zerognouid be observable in major loofghich is not the case in
Data corresponding to the time evolution of the demagnetiyny of the samplgsFor the discussion of our results we will
zation remanences measuredlat10 K, in thex=0.7, 2h  congider two different compositional regions, abof&a

milled sample are shown in Fig. @he sample was initially paxaferrite-rich samplésind below(Fe-rich sampleshe Ba
saturated by applying a magnetizing 20 kOe field and then

submitted to different demagnetizing fields which were, fi-
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FIG. 4. Time dependence of the demagnetization remanences corresponding
FIG. 2. Compositional evolution of the observed loop shifximum field to different negative fields. The inset shows data corresponding to a demag-
8 kOe. The inset presents the compositional variation of the coercivity ofnetizing field of 300 Oémeasurements taken &t 10 K in thex=0.7, 2 h
the samples. milled sample.
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hexaferrite percolation concentration, respectively. In the Fespectively composite systems obtained by ball millihgve
rich region, and due to the macroscopic continuity of thiswill accept that the microstructure consists of small Fe par-
soft phase and the low measured coercivities, we propose thigles embedded in the Ba hexaferrite matrix. Therefore, and
occurrence of a nucleation-propagation demagnetizatioalthough the coercivity mechanism of these Fe particles
mechanism. Thus, the soft phase reversal field, which apsould in general be different from the nucleation-propagation
proximately coincides with the global coercivity due to the one considered in the case of the Fe-rich samples the above
high Fe magnetization, can be expressed as the sum of tliiscussion holdgnow the dipolar field is associated to the
coercivity of the precursor Fe particles and of a dipolar fieldnonhomogeneous distribution of Fe particles whose increase
(acting in the nucleation regigriginated by the unreversed in number originates an increase of the dipolar field and
(and still having moments pointing close to the saturatiorwhose agglomeration reduces the coercivity possibly through
direction Ba hexaferrite nanoparticles. That dipolar field al- the formation of agglomerates able to accommodate domain
ways points along the same sense and direction and we willialls). Let us also say that the small loop displacement ob-
thus identify it with the loop displacement. The Ba hexafer-served in thex=0.1 sample should be influenced by the
rite particles can create a nonzero dipolar field due to twdarge contribution to the total magnetization of the sample of
different reasonsti) their anisometr¥ (that is, the fact that the Ba hexaferrite and that the minimum=0.5) of the loop
the Ba hexaferrite platelets have a demagnetizing factor closgisplacement should result from both the change of coerciv-
to 47 whereas the approximately spherical Fe particles havéy mechanisms and the large number of particles that can
a demagnetizing factor of the order of#f®) and (ii) their ~ contribute to the dipolar field for these compositigasice it
nonhomogeneous spatial distributi@perfect spherical dis- is related to the deviations from the perfect spherical particle
tribution of hexaferrite particles should not originate any di-distribution the magnitude of the dipolar field should be pro-
polar field, but in our samples the occurrence of disorder igortional to the reciprocal of the square root of the total
apparent from the characteristics of the preparation methodumber of particles contributing to the figldn order to
and, more clearly, from the observed anomalous relaxationonfirm our description of the mechanisms underlying the
taking place at remanences corresponding to demagnetizpresented phenomenology we currently proceed to the mea-
tion fields of the order of the coercivity, which evidence thesurement of the hysteretic and relaxational properties of our
presence in the samples of two types of regions at which theamples at different temperatures and to development of a
internal field can be mutually antiparallel simple quantitative model of their behavior.

To discuss the compositional dependence of the dipolar
(loop displacementfield let us recall that, for low Ba hexa-
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