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The effect of interactions on the magnetic relaxation of nanocrystalline hexagonal barium
hexaferrite BaFe10.4Co0.8Ti0.8O19 is discussed. We had previously shown that according to the
T ln(t/t0) scaling, an enhancement of the lowest-energy barriers was detected when demagnetizing
interactions were dominant. Also, the Henkel plots obtained for particles of about 10 nm of mean
diameter showed that the overall interactions were demagnetizing. In the present work, we have
modified the interactions by milling the particles with a nanosized SiO2 powder. Dipolar
interactions are modified by breaking the particle aggregates. The observed overall interactions
resulted to be also demagnetizing for the milled sample. The time dependence of the magnetization
was analyzed according to two different procedures: the fluctuation field and activation volume
analysis and theT ln(t/t0) scaling. Activation volumes were found to increase with demagnetizing
interactions and the leading demagnetizing mechanism appeared to shift from an individual particle
mode for the unmilled sample to a collective one for the milled sample. The second approach
showed larger relaxation rates at short times for the milled sample. The effective energy barrier
distribution obtained from the scaling suggested that demagnetizing interactions increased in the
milled sample, which led to an enhancement of the amount of the lowest-energy barriers. ©1997
American Institute of Physics.@S0021-8979~97!57608-0#
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M -type barium hexaferrite has been widely studied
cause of its technological applicability. In the last yea
many efforts have been devoted to the development of s
thesis procedures that leads to controlled-size particles,
to the knowledge of its basic properties. The study of
magnetic properties of barium hexaferrite nanopartic
showed that interparticle interactions can affect their m
netic behaviour. The selected system has previously sh
demagnetizing interactions.1 In the present work, we hav
modified the interactions by milling the particles with
nanosized SiO2 powder. Dipolar interactions are modified b
breaking the particle aggregates. According to the res
from Ido et al.,2 the resultant interaction will depend on th
way the particles were grouped. Barium hexaferrite partic
tend to pile up, leading to stacks, where interactions are m
netizing, although particle clusters are also observed, wh
interactions are demagnetizing. The effect of interactions
the magnetic relaxation has been analyzed in terms of fl
tuation field and activation volume. To complete the analy
and the interpretation of the results, theT ln~t/t0! scaling of
the time dependence of the thermoremanence~which pro-
vides the energy barrier distribution! have been done.

Nanocrystalline BaFe10.4Co0.8Ti0.8O19 particles, with a
mean particle diameter of about 10 nm, were prepared
using the glass crystallization method.3 Two different
samples were prepared compacting the nanocrystalline p
der by cold pressing~in order to avoid particle rotations dur
ing magnetic measurements!: sample 1~S1! contains only
barium hexaferrite powder, and sample 2~S2! contains a
mixture of barium hexaferrite powder and nanosized S2
with a mean particle diameter of about 3 nm. The admixt
was prepared by milling for 5 min the powders in a 60
volume fraction of silica. The milling was carried out b
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means of a planetary ball mill, using hardened stainless s
jars and balls in a weight of balls-to-weight of sample ra
of 40:1.

Magnetization measurements were carried out with
SQUID magnetometer in the temperature range 4.2–30
and under magnetic fields of up to 50 kOe. Isothermal h
teresis loops were recorded at several temperatures to o
the coercive force (Hc). In order to obtain the fluctuation
field, the time dependence of the magnetization was m
sured under several applied demagnetizing fields in the
gion of the demagnetization curve corresponding to the c
cal field, after zero-field cooling the sample from roo
temperature and saturating it in a 50 kOe field at the m
suring temperature. Time dependence of the thermore
nence in the temperature range 9–250 K was measure
zero field after field cooling the sample at 200 Oe from roo
temperature. These results were analyzed in terms of
T ln~t/t0! scaling.

The hysteresis loops were recorded from 4 to 70 K. T
coercive field values as a function of temperature were fit
assuming that for an assembly of randomly oriented partic
in the blocked state Hc5Hc(0)(12AT0.77),4 with
A5(bkB/^E&)0.77 andb is given by the relation between th
experimental measuring time,tm , and the attempting charac
teristic time which governs the Arrhenius law for magne
relaxation @b5ln~tm/t0!#. Although t0 is usually taken as
1029 s, in the present case we use 10212 due to the occur-
rence of demagnetizing interaction effects~see below and
Ref. 1!, leading to b;32 for SQUID measurement
~tm;50–100 s!. The T0.77 law is verified below 30 K for
both samples. The coercive force at 0 K obtained from the fit
areHc~0!56388 Oe~S1! andHc~0!55950 Oe~S2!, andHc

values for S2 always remain below S1 values. The m
anisotropy energy is very similar for the two sample
81(8)/3812/3/$10.00 © 1997 American Institute of Physics
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^E&52.7310213 erg and̂ E&52.8310213 erg for S1 and S2,
respectively. According to these results, by mixing the fer
nanoparticles with SiO2 the mean height of the energy barri
does not change, but S2 demagnetizes more easily. We
understand that in S2 demagnetizing interactions have b
enhanced with respect to S1.

When studying the demagnetizing processes, the crit
field ~Hcr! is also a representative parameter. This is the fi
at which dM/dH corresponding to the demagnetizatio
branch of the hysteresis loop presents the maximum va
and expresses the field for which the maximum rate of m
netization inversion process occurs. In the present case
obtainedHcr values at 4 K were about 20% smaller than th
corresponding coercive field, and this difference decrea
with temperature.

The experimental procedure used to determine the fl
tuation field was proposed by Givordet al.,5 and is compat-
ible with the magnetic equation of state proposed by Es
et al.6 The fluctuation field Hf is defined by
Hf5Sv ln(tm/t0!, whereSv is the coefficient of magnetic vis
cosity, related to the irreversible susceptibility and the m
netic viscosity asSv5S/xirr . The evaluation ofS andxirr is
simultaneously done. The time dependence of the magn
zation @m0M irr ~t!# was recorded for several applied dema
netizing fields ranging from 0.85Hcr up to 1.15Hcr at each
selected temperature. All the demagnetization curves sho
a time logarithmic dependence~Fig. 1! in the time range
going from 500 to 1500 s, where the magnetic viscosityS
5 dM/d Ln t was evaluated.xirr is obtained from the slope
of irreversible demagnetization curvesm0M irr versus the ap-
plied field ~Fig. 2 and inset!. The~m0M irr , m0H! values were
determined from thedm0M /dt5ct. condition in the
dm0M /dt vs m0M curves: first the time derivative of th
measured magnetization is plotted versus the magnetiza
m0M ~as shown in the inset of Fig. 1!, and then the intersec
tion of a horizontal line~dm0M /dt5ct.! with the different
curves corresponding to the diverse fields applied in the m
surements gives us the~m0M irr , m0H! values. In Fig. 3 we
show the fluctuation field versus temperature for b

FIG. 1. The time variation of the magnetization measured at diverse in
sion fields~whereM 0 is the magnetization after fixing this field! applied
after saturating the sample 1 at 43 K. Inset: thedm0M /dt5ct. condition
applied to these curves to obtain the~m0M irr , m0H int! values.
J. Appl. Phys., Vol. 81, No. 8, 15 April 1997
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samples~as compared with the critical fields!. The fact that
the critical fields approximate to the fluctuation field at m
dium temperatures indicates the importance of thermal a
vation as a demagnetization mechanism at these temp
tures. TheHf values are significantly lower in S2 than in S
Accepting the occurrence of a coherent rotation mechan
of demagnetization, the obtainedSv values can be related t
a so-called activation volume throughva5kBT/(m0MsSv),
whereMs is the saturation magnetization of the bulk mater
~about 4.773105 A/m!, andva represents the volume of ma
terial involved in a single activation process.7 Commonly,va
is understood as the volume which is able to overcome
energy barrier whenHf is applied~or, conversely,Hf is the
field at which the barrier forva is equal to the thermal en
ergy!. In Fig. 4 we show the temperature dependence of
activation volume of both samples. A clear increase ofva
with temperature is observed for the two samples. Tak
into account that for both samples the fluctuation fie
scarcely changes with temperature, is clear that as we
crease the temperature, the same field is able to reverse
ger volumes. Concerning S1,va ranges within about one
third and three times the mean particle volume. The part
size distribution as obtained from TEM observations in

r-

FIG. 2. xrr obtained from the slope of irreversible demagnetization cur
m0M irr vs the applied field~inset! andS5 dM/d Ln t for S1 at 43 K.

FIG. 3. Fluctuation field (Hf532•Sv) and critical field~Hcr! vs temperature
for both samples. The error bars inHf come from the different field depen
dence ofxirr andS.
3813Garcı́a del Muro et al.
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cates a non-negligible amount of particles with this larg
volume. The activation volume is manifestly larger for S
what indicates that demagnetizing interactions are more
portant in this sample that in S1. Only at the lowest tempe
tures isva for S2 of the order of the particle volume obtaine
by TEM and x-ray diffraction~the arrow in Fig. 4! and at the
highest temperatureva is about eleven times the mean pa
ticle volume ~this volume is larger than the maximum vo
ume detected by TEM!, these suggests that the demagneti
tion process goes from an individual mechanism for S1 t
collective mechanism for S2 due to demagnetizing inter
tions.

The time dependence of the thermoremanence was
analyzed in terms of theT ln~t/t0! scaling ~see Ref. 8 for
details!. The scaling procedure consists on choosing thet0
which makes all experimental relaxation curves correspo
ing to the different temperatures scale onto a single ma
curve that stands for the whole relaxation curve at the low
temperature~t0510212 s in the present case!. Although the
suitablet0 is the same for the two samples, larger relaxat
rates at lowT ln~t/t0! values and at very largeT ln~t/t0!
values are observed for S2. The derivatives of the two
perimental master curves,]M /][T ln~t/t0!# ~which are pro-
portional to the energy barrier distribution,8 evidence larger
values of the density of the low energy barriers in S2 than
S1 ~Fig. 5!. We associate this to the enhancement of
demagnetizing interactions. The maximum of the energy b
rier distribution is attained at similar energy values in bo
samples, as expected from theHc vs T

0.77 curves yielding
similar anisotropy energy values. Considering the struct
of the f (E) vs E/kB curves the master curves were fitte
using

M ~ t !5M0E
0

`

dE@p f1~E!1~12p! f 2~E!#

3exp@2t/t~E!# ~1!

corresponding to two log-normal distributions of energy b
riers f 1(E) and f 2(E). The best fits of the experimental ma

FIG. 4. Activation volume for S1~d! and S2~s!. The arrow shows the
mean particle volume for S1 obtained from TEM~1.053102 nm3!.
3814 J. Appl. Phys., Vol. 81, No. 8, 15 April 1997
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ter curves to Eq.~1! are obtained with the following param
eters:~a! S1: peaks of the distributionsTB0151216 K and
TB0253872 K, widthss150.74 ands250.40, mixing param-
eter p50.19 and~b! S2: TB0151664 K andTB0254352 K,
widths s150.66 ands250.34, mixing parameterp50.40.
TB01 describes the extra contribution of the lower ener
barriers ~demagnetizing interactions!, while the TB02 is
linked to the second contribution centered at higher ener
and describes the contribution of noninteracting partic
and/or particles with magnetizing interactions. The fit of t
master curve in the case of S2 has been recorded u
T ln~t/t0!56800, because above this value, it decays fa
than a log-normal distribution function does. We note tha
the amount of low-energy barriers is enhanced in S2 w
respect to S1, due to larger interparticle interaction, it is th
reasonable that a decrease in the amount of the large en
barrier is also observed. The second energy distribu
f 2(E) is comparable to the blocking temperature distributi
F(TB) derived for S1 from thermoremanent data and to
volume distribution obtained from the fitting of the high tem
perature M (H) curves to a distribution of Langevin
functions,1 since in this sample the overall magnetic behav
is dominated byf 2(E) ~p is only 0.19!.
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FIG. 5. Numerical derivative of the experimental master curves~magneti-
zation vsT ln~t/t0!, with t0510212 s for 26 temperatures within 11 and 22
K with respect to the scaling variable for S1~d! and S2~s!.
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