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Magnetic anisotropy obtained from demagnetization curves:
Influence of particle orientation and interactions

V. Franco and A. Conde?®
Dpto. Fisica de la Materia Condensada, Instituto de Ciencia de Materiales, C.S.I.C.
Universidad de Sevilla, P.O.Box 1065, 41080 Sevilla, Spain

(Received 8 March 1999; accepted for publication 27 April 2999

The influence of easy axis orientation and interparticle interactions on the apparent magnetic
anisotropy distribution, obtained from the demagnetization curve analysis, has been studied. For any
particle orientation, the method is useful in detecting multimodal distributions as well as effective
anisotropy field values. In the case of interacting particulate systems, the range of interaction
strength that can be studied is wider than that of the reversible transverse susceptibility method.
Analytical expressions for the distribution curves are given, allowing numerical predictions for
different distributions of particle orientations and interaction strengths1989 American Institute

of Physics[S0003-695(99)03525-]

Magnetic anisotropy is exploited in the design of most  Based on a Stoner—Wohlfarth model, the distribution of
magnetic materials of commercial interest. For hard magmagnetic anisotropy can be obtained from the magnetization
netic materials, the effective anisotropy field is an importantcurve. Considering the sample under study is composed of a
parameter in the characterization of their properties, as itistribution of uniaxial local easy axes with different
gives a theoretical upper limit for coercivity. On the other strengths but all directed at right angles with respect to the
hand, the magnetic behavior of extremely soft ferromagneti@pplied field, and defining the anisotropy fi¢#f as the one
alloys is being explained by their anisotropy characteristics.which is necessary to apply in order to saturate an uniaxial
Consequently, it is interesting, both from a theoretical agarticle at right angles to its easy axis, the normalized distri-
well as a practical point of view, to dispose of some kind ofbution function of the magnetic anisotropy of the sample is
technique that can give information about the effective angiven by
isotropy field of a material, and, if possible, the distribution 5
of anisotropies that gives rise to that effective value. P(HK)= —HK d*(m) ’

The magnetic anisotropy distribution can be obtained dH?

from a second derivative of the demagnetization cépe- where (m) is the macroscopic reduced magnetization (

vided that the easy axes are oriented at right angles to tth/Ms) of the whole ensemble.

applied _magneti_ci;:ld. This method has been applie_d o hard In the case of orientations of easy axes that deviates
magnetlct.matltlarlaé Tﬂd’ relcitntly, t0 SItOft nanocrt);]stallm? ft(_er— from the 90° previously considered, the shape of the distri-
romagnetic afloys. these fatler results, where the evolution , yiqn \would be affected. Such a misalignment would pro-

of the magnetic anisotropy distribution during nanocrystalh-?uce a broadening of the distribution curve, even for a single

@

zation of the alloys is presented, are in good agreement wit alue of the anisotropy field. Let's consider a uniaxial par-

the theoretical predictions of the random anisotropy mode icle, with an anisotropy fielt*, and oriented at an angté

extepded to multiphase ;ystems. There have also bgen SOMth respect to the axis in which the magnetic field is ap-
studies about compositional effects on the anisotrop

distributions® I th lationshio betw the i %f)lied. According to Stoner—Wohlfarth, the energy that
ISIributions, as wett as the relationsnip between e gialgy,, 14 pe minimized in order to obtain the equilibrium ori-

magnetm_mpec_janc@le) and the_se distribution curvés. .. _entation of the magnetization, disregarding constant terms, is
Despite this amount of experimental work, there is still a

lack of a detailed study of the influence of easy axes devia- E=1/2Xsir’(¢— 6)—hxcog6), 2
tions (or even a distribution of particle orientatiorend the whereh is the reduced applied field/H* and ¢ is the angle

effects of interactions between the particles on the eﬁeCtiV%etween the magnetization and the direction of the applied
anisotropy distribution measured by this technique. In thisfield (m=cosf).

letter we report some theoretical results, based on the . - o minimum condition. the value bfas a func-
Stoner—WohIfart_h modél,concermng the influence of these tion of the magnetization angle for each particle orientation
parameters. It will be proved that, although the shape of th%an be obtained:

magnetic anisotropy distribution curve is affected by changes ' ' .

in orientation of the easy axes and the possible interactions h= sin(¢— )X cog ¢— )/sin(0) . 3

bere_en the _particles,. th_e rr_1ethod is §ti|l useful in distin- 1, apply Eq.(1), the magnetization curve should be ex-
guishing multimodal distributions of anisotropy as well as pressed ag(h). However, the second derivative of the mag-

the effective anisotropy field of the sample. netization with respect to the field can be transformed to an
expression in which the different derivatives of E§) are
3E|ectronic mail: conde@cica.es considered:

0003-6951/95/74(25)/3875/3/$15.00 3875 © 1999 American Institute of Physics



3876 Appl. Phys. Lett., Vol. 74, No. 25, 21 June 1999 V. Franco and A. Conde

2.0

T oo 0,6 [ T '% i
T N £=0.25
_____ 05} H Y
15} N 85: . ; ) [ U ¢ =0.50
R ggo 04} 4 ’,' vy \ e £=0.75 1
y ) “ ....... 4 :' '-! “ —————— =
T 1.0 A L 450 ] I o3} A €
f LAY EEVY f dat /s \\ """""""" ¢=1.25
Tz F S — 20° T 020 SN =1.50 1
o . Ky o Y 304 . \ -£ =1.50
05+ a \_\. 4 .l-/ \.\ ‘. N~
oL NN -
0.0 /5(’;":‘ ....................... .‘.:.’::_‘f_“_;:‘-'.;-a:_z‘.} 00 e T R e i e T BT T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0
H/H HH"

FIG. 1. Influence of particle orientation on the apparent magnetic anisotropy /G- 2. Influence of the mean field interaction on the apparent anisotropy
distribution. distribution of a randomly oriented particulate system.

d’¢  d*h [dh| "3 tion of particle orientationgFig. 2, e=0), the peak position
dh? - d6? X (d_g) ' 4 would remain at the delta which corresponds to the particles
oriented at right angles, while the mean value of the whole

d2m d?coq6) sin(6) d*h cog 6) distribution is(H/HX)~1.09. This means that the error in
a2 g [dn|® XE T2 (5)  obtaining the effective anisotropy field would be about 5% if
(@) (ﬁ) we consider the previously mentioned method of making the

average of the peak position and the mean value. It is clear
Combining Eqgs(1), (3), and(5), the probability of obtaining that, although the apparent distribution curve is distorted be-
an anisotropy field value dfi from the magnetization curve cause of the changes in particle orientations, the curve can be
analysis of such a particle is given by useful in detecting multimodal distributions.

AR iy A _ . Many real systems are composed of an ensemble of in-
P(H)=3/MHXXsin(¢— ) X cog ¢— ) X sin’(6) teracting particles, which cannot be analyzed by the method

X[cog #) X cog 0— ¢p) +Sin(0— ¢) Xsin(6)] studied so far. Thus, it is important to consider the possible
) , influences that the interactions can have on the apparent an-
X[—sin(6) X cog 6 ¢)+cog 6) Xsin(6— ) I/ isotropy distribution.
[ —cof(0— ¢) X Sin(0) +sir(6— ¢) X sin( ) To represent the interactions between the particles, the
. 5 mean field approach proposed by Callenal® has been
+sin(f— ¢) X cog 0— ¢) X cog 6)]°. (6)  used. The effective field that acts upon any particle in the

In order to present the actual shape of the apparent digystem isHe=H+\M, where is the parameter that con-
tributions for different particle orientations, the relations be-trols the interaction andl the magnetization of the whole
tweend andh, tabulated by Stoner and Wobhlfarth, should be€nsemble. Although the mean field approach is not suitable
used. The results are presented in Fig. 1. As previouslfDr calculating coercivities, as for calculating the magnetic
stated, for a particle orientation of 90°, the apparent distri2nisotropy distribution the magnetization curve from satura-
bution is a Dirac delta at the position of the actual anisotropyiion to remanence is only needed, this kind of interaction can
field of the particle. Decreasing this angle, the distributionbe used as a first approach to the problem.
gets wider, indicating a nonexistent anisotropy distribution. ~ Transforming to adimensional variables, the effective
The area of the curves diminishes progressively, whictield is he=h+em, wheree=\M¢/H¥. Considering a ran-
means a smaller contribution of the misoriented particles tglom distribution of local easy axes, the magnetization curve
the changes in magnetization. The behavior of the maximurghould be calculated using a self-consistent procedure. Once
position is nonmonotonic. Initially, the peak is displaced tothis magnetization curve is obtained, the easiest way to ob-
higher values of the apparent anisotropy field and, after &in the apparent anisotropy distribution is to directly apply
critical value, it returns back to lower fields. However, the Ed. (1). However, this procedure gives a distribution curve
evolution of the mean anisotropy field obtained from thewith a huge amount of noise, due to the numerical deriva-
mean value of the distribution curves is always higher thariives, which makes it difficult to clarify if some of the fea-
the actual anisotropy fieldexcept for 90°). As a conse- tures of the curve are artifacts or not.
guence, the smaller error in obtaining the effective anisot- On the contrary, we have chosen the method of compos-
ropy field in the case of misoriented particles corresponds ting the anisotropy curve of the ensemble from the contribu-
the average of the peak position and the mean value of thiéons of the individual particle$Eq. (6)]. To do that, it is
apparent anisotropy distribution. In that case, the error fonecessary to take into account that the only effect of the
any orientation is always below 10%. interactions is to alter the effective field that acts on each

If, instead of a single orientation of local easy axes, theparticle. With that in mind, it is clear that the hysteresis loops
system is composed of a distribution of orientations, ®g. of the differently interacting systems, once represented ver-
should be integrated after multiplying by the proper normal-sush, instead ofh, should overlagapart from some differ-
ized distribution function. In the case of a random distribu-ences in the stability of the difierent regions of the ipop
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Transforming Eq.(5) to this effective field coordinate sys- 3 - .
tem, it can be proven that —a—<H/H">

. -- o= (SHHS+(HH), 0, )12
1—8d_he) ! (7) 2 “”‘”"(H/HK)PEAK 1

d’m d°m
—=—X
dh?  dh2

where the derivatives with respect g are the same than
those of the noninteracting system.

In Fig. 2, the evolution with the interaction parameter of
the apparent anisotropy distribution of a randomly oriented
particulate system is presented. It is clearly seen that the
influence of this mean field interaction is to displace the ] i i 20
distribution to lower anisotropy fields, a feature that, together £
with the increase of remanence, is analogous to what WOUI(I%IIG 3. Evolution of the apparent anisotropy distribution characteristic pa-
be produced by a rotation of all the particles of the system tQ, . oic
orientations closer to the applied field. At the same time, the
Dirac delta approaches thre=0 axis and, after the interac- tion about the effective anisotropy fiel[darameten) as well
tion reaches the value necessary to place that delta over tlas the magnitude of the interactioffeom Hy).

OY axis, its contribution disappears. From that valueeof In conclusion, the analytical expressions of the apparent
(eqit~1.095), the particles that would contribute to the an-magnetic anisotropy distribution have been given for any
isotropy distribution curve are those whose nucleation fieldbrientation of the easy axis, which gives the possibility of
is progressively increase@h h, coordinates In the region computing the predicted curves for any orientational distri-
wheree< e, the evolution of the distribution peak is linear bution in a particulate system. The influence of interparticle
(Fig. 3. This result is similar to that reported for the deter- interactions has also been analyzed by means of a mean field
mination of the effective anisotropy field from transverseapproach. These results indicate that the range of interaction
suscepibility measurement$put, in our case, the linearity strength for which anisotropy information can be obtained is
region is doubled. For a higher interaction strength, the bebroader than that allowed by the transverse susceptibility
havior of the characteristic parameters of the distribution ignethod. The method is straightforward in obtaining anisot-
no longer linear, due to the changes in the particles that a®py distributions for systems in which the easy axes are
contributing to the curve, and the smaller error in the deteroriented at 90° with respect to the applied field, but, in other
mination of the anisotropy field is obtained from the averagecases, a more careful analysis of the distribution curves
of the peak position and the mean value of the distribution.should be employed, although there would be no confusion

An alternative way of obtaining information of the an- in detecting multimodal distributions.
isotropy of a sample is the approach to saturatfobnder
the assumptions of a random distribution of uniaxial local
easy axes, the magnetization curve in the approach to t
saturation region can be representedby(H)=1—hb/H?,
with b=1/15x (H*)2. Consequently, the apparent distribu-
tion of anisotropy should correspond to 1A. Hernando, M. Vaquez, T. Kulik, and C. Prados, Phys. Rev.5B,
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curves A=0.40078-6/15; C=—2.99686-—3)and a lin- V. Franco, Ph.D. thesis, Sevilla University, 1999.
ear decrease i, as the interaction parameter is increased,ﬁC- R. Chang and J. S. Yang, Appl. Phys. L&, 496 (1994.
with a slope of—1.37[H,/€]. From these results, it is clear mi' shﬁf‘)’(m'f%z'ﬁ; °Jf "Qﬁ?;?ésﬁge%iré%a'ibzgpllgﬁm 6768
that the region of approach to saturation in the magnetic (1993 T o T ' "

anisotropy distribution curve can be used to obtain informa+3D. w. Marquardt, J. Soc. Ind. Appl. Matfi1, 431 (1963.

ameters with the value of interaction strength.

This work was supported by the DGES of the Spanish
inistry of Education (Project PB97-1119-CO2-01 V.
ranco is grateful to the FundacicCamara of Sevilla Uni-

versity for a research fellowship.



