AI P ‘ i?)l::url?:t!l ?’fhysics

anisotropies
J. Geshev, M. Mikhov, and J. E. Schmidt

Citation: Journal of Applied Physics 85, 7321 (1999); doi: 10.1063/1.369356

View online: http://dx.doi.org/10.1063/1.369356

View Table of Contents: http://scitation.aip.org/content/aip/journal/jap/85/10?ver=pdfcov
Published by the AIP Publishing

AIP - Re-register for Table of Content Alerts

Publishing

Create a profile. Sign up today!



http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1479233748/x01/AIP-PT/JAP_Article_DL_0214/aipToCAlerts_Large.png/5532386d4f314a53757a6b4144615953?x
http://scitation.aip.org/search?value1=J.+Geshev&option1=author
http://scitation.aip.org/search?value1=M.+Mikhov&option1=author
http://scitation.aip.org/search?value1=J.+E.+Schmidt&option1=author
http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://dx.doi.org/10.1063/1.369356
http://scitation.aip.org/content/aip/journal/jap/85/10?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov

JOURNAL OF APPLIED PHYSICS VOLUME 85, NUMBER 10 15 MAY 1999

Remanent magnetization plots of fine particles with competing cubic
and uniaxial anisotropies

J. Geshev, M. Mikhov,” and J. E. Schmidt
Instituto de Fsica, Universidade Federal do Rio Grande do Sul, C.P. 15051, 91501-970 Porto Alegre,
RS, Brazil

(Received 11 January 1999; accepted for publication 10 February 1999

Magnetization and remanent magnetization curves for noninteracting single-domain particles whose
anisotropy is made up of a cubic magnetocrystalline and an uniaxial components were investigated.
For a given cubic anisotropy, the saturation remanence, coercivity, remanence coercivity, and
coercivity factor values have been obtained for several different uniaxial anisotropy directions. The
correspondingM plots have been constructed for initially thermal or ac demagnetized systems, and
a great variety of their shapes has been obtained when the uniaxial anisotropy does not dominate.
Coercivity factor values rather higher than those for pure uniaxial or cubic anisotropy particles have
been obtained as well, even for already dominating uniaxial anisotropy for some uniaxial anisotropy
directions. Thus, it has been shown that one may not safely draw conclusions about interactions
from deviations from the zero line in th&M plots or coercivity factor values for particles with
competing anisotropies without specific analysis for any particular casel99® American
Institute of Physicg.S0021-8979)04310-§

I. INTRODUCTION remanence curves to estimate interactions in granular thin

) o films, due to the so-calledM plot, which is a direct measure
During recent years, remanent magnetization measuress the deviation from the linearity;

ments have been extensively used for estimation of interac-

tion effects in fine-particle systems. The technique is based JM=My(H)—1+2M(H). (2
on a comparison of the principal remanence curves, the is
thermal remanent magnetization curi,(H), and the dc
demagnetization remanence curviely(H). The M, (H)
curve is obtained on an initially demagnetized sample b
applying a positive magnetic field which is then removed
and the remanench!, is measured. A larger field is then

applied ‘and the process 1s repeated _unt|| saturation IS The Wohlfarth relation, derived originally for uniaxial
reached. Thd4(H) curve is measured by first saturating the _. 3 : . .
single-domain particles, was expected to hold for multido

sample in a positive field and then measuring the remanence _: . S
S . A Main ferromagnets as well, if the coercivity is greater than
Mg after application of progressively larger negative fields. . . ) .
: ~the field required to sweep a domain wall through a gfain.
Unless otherwise stated, all remanence curves are normaliz

. . “Henkel plots representing domain wall motion have been
to the saturation remanence. For a system of nonlnteractlnga . X . .
. . . . . . Iculated using the classical Preisach m&dmlsuming that
single-domain particles with uniaxial anisotropy thg(H)

. up-switching fields of magnetization elements are indepen-
andM(H) are connected via the Wohifarth relation dent of down-switching fields. Starting from ac demagne-

tized state, the Henkel plots was shown to follow a square-
Mg(H)=1-2M(H). (D) root low My(H)=1-2yM,(H) for any factorizable
Preisach function. Using the domain wall model of hysteresis
Henkef noted that the variation d¥14(H) with M,(H)  for a variety of material correlation length values, Mc-
measured for heterogeneous alloys gave plots showing podWichael et al® have shown that both positive and negative

CNegative&M are usually taken to indicate “demagnetizing”
interactions in the sense that the interactions have the effect

to stabilize the demagnetized state, for example, by forma-

Mion of flux closure structures. Positive values &1 are
usually attributed to interactions promoting the magnetized
tate.

tive or negative curvature. SM deviations can be obtained without interactions, which
The M,(H) curve depends on the method by which thedepend on the demagnetization method.
demagnetized state is producEdas from dc, ac, or thermal Another cause for nonlineality, pointed out by Wohlfarth

demagnetization one can obtain very different initial magnein his papel, is nonuniaxial anisotropy. More attention
tization andM, (H) curves. The noninteracting case for ac orshould be paid to this case since the recent developments of
thermal demagnetized state corresponds to a linear Henk#le technology makes it possible that fine-particle materials
plot with a slope of—2. In 1989, Kellyet al® have used the with dominant cubic anisotropy can easily be produtssk,
e.g., Ref. 10
I o Henkel plots, calculated for the case of randomly orien-
ectronic mail: julian@if.ufrgs.br ; . . i . X )
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tive” sense with the curves concave downwards, leading tddere E is the total energyy the particle volumeK; the
positive SM plots!! The shape of théM plots, in this case, first-order magnetocrystalline anisotropy constanthe re-
depends on the demagnetization state as well.sSME& plot  duced magnetic field€ HM/2|K,|), K, the uniaxial anisot-
(the initial state in the acquisition df1,(H) curve is dc  ropy constant which is here taken to be positive, anddciss
demagnetizationfor the case of 4 easy axes has been calcugiven by

lated and compared with the experimental one for a face-

centered-cubicfcc) Co granular systertt COS¢h=CO0Sy cOSH+sinysinf cog I — ). (5)
However, the remanence curve techniqdefined for

systems of uniaxial anisotrophas been often applied, with- yand® are the spherical coordinatesMt,, andé andy are

out any modifications, to systems consisting of particles withy, 1 ce ofH- & is the angle betweeN , andH.

mixed multiaxial and uniaxial anisotropies. This situation In zer(; applied field an&,=0 itsis possible to analyti-
u 1

arises, e.g., in iron or fcc cobalt particles having additional.,)y getermine which are the easy magnetization directions.

shape or strain anisotropy. Ultrathin films also provide CON\\henK,>0, there are six energy minima along the princi-

ditions where uniaxial and cubic anisotropies coexist. Thepa| cube axes, i.e., the equivalent easy directions are of the
validity of conclusions about interactions drawn from thetype (100). The maxima are eight orientations of the type
deviations from the zero line ofM plots for particles with (111) along the body diagonals. Whet, <0, the maxima
competing anisotropies is, at least, doubtful. _ ~and minima orientations obtained fd¢,>0 are inter-
Results for the remanence of particles having mixetbpanged. Thus there are eight easy directions of the type

uniaxial and cubic anisotropies were obtained by Tonge a”@lll} and six maxima of the typ£100). In general, with the
Wohlfarth!® Recent studies on such particulate systértts ;- oo oK, /|K,| these minima move towards them,n]

revealed some interesting features, e.g., some of the particle§ection and they reach this direction only whip/|K
can have negative remanent magnetization contribution.

~ Sometimes another parameter, derived from the hyster- |, yhe presence of an applied field, the energy function is
esis curves and the dc demagnetization remanence curve, isre difficult to minimize and the equations can only be

used for estimation the interparticle interaction effects, theyg,eq numerically. The two-variable minimization proce-
so-called coercivity factofCF),™ defined as dure used in the present work is described elsewldtere,
CF=(H,/H.—1)x100. 3 the method was modified for the remanence curves calcula-

. N . ) L . tions. After the application ofl, to obtain the corresponding
For noninteracting fine-particle systems with uniaxial anisot-

ropy CF~9%36 and for cubic anisotropy the corresponding remanent magnetization value, the field has not been re-
0 .
’ moved at once, but has been decreased to zero in the same
values are CE4% for K ;<0 and CR6% for K,>0.! De-

o . . steps as in the magnetization curve acquisition process. It
viations of experimentally obtained CF values from the P e d P

) . . L was assumed that the particles’ magnetizations can become
above theoretical ones are attributed to interparticle 'nteract'rapped in local energy minima, no matter how shallae:
tions. the thermal activation effects are neglegte8pecial care

In this article, we present model calculations of the Mag,as taken to avoid getting hung up when a local minimum

netization and remanence curves for a disordered system ﬂ]rns into a saddle point
honinteracting - single-domain particles with competing Three distinct initial magnetization states were used for

uniaxial and a cubic anisotropies. Various directions of the[he calculation of the initial magnetization curved, (H)
P . . . . ks
uniaxial anlsotrqpy, and d|fferen_t ff”‘“os k_)etween the CUbICand the resultingdM plots. The “thermal demagnetized”

magnetocrystalline and the uniaxial anisotropy constant

: State is usually obtained in the experiments by heating the
have been considered. system above its Curie temperature, followed by quenching
in zero magnetic field, which “freezes” in random occupa-
tion probabilities for each equilibrium state for the particles’
magnetizations. In the present model calculations, the occu-

Consider a system consisting of noninteracting singlepation probabilities are taken to be of 1/2 when the number
domain particles whose anisotropy is made up of a cubi®f minimum energy directions is reduced to 2, and when the
magnetocrystalline and an uniaxial components. Let the dicubic anisotropy still dominates over the uniaxial one these
rection cosines of the magnetization vectdr, of such a are of 1/6 fork;>0 and of 1/8 fork,<0.
particle bea;, a, and a; and those of the uniaxial anisot- The ac demagnetized state is experimentally achieved by
ropy I, mandn, referred to the cube axes. For fixed magni-continuous cyclic erasure from saturation, which leaves only
tude and direction of the applied field, the total reduced the lowest energy state occupied. Here this state is realized

1l

Il. MODEL

free energy of the particle can be written as by assuming that the initial positions of the particles’ mag-
netizations are these with lowest energy.
n(y,9)= L: lsigr( Ky)(abal+ ada+ada?) The dc demagnetized state is obtained by first saturating
2[Kylv 2 the sample in a positive direction, applying the remanent

K, coercive field in the negative direction and then returning the
- m(all +a,m+agn)>—hcos¢.  field to zero, yieldingM =0.
1 Curves obtained after dc demagnetizati@xcept the
4) curve in Fig. 2 will not be considered in the present article.



J. Appl. Phys., Vol. 85, No. 10, 15 May 1999 Geshev, Mikhov, and Schmidt 7323

1.0

0.3

» 0.6

M

thermal

M/
=)
+

0.7
§L
06=
: 0.5
0.0 N 1 N | L 1 L 1 L I 404
0.0 0.2 04 0.6 0.8 L0 e ———————
) h 00 02 04 06 08 10 12

K /K|
FIG. 1. (a) Representative initial magnetization curves dbgthe corre-
sponding remanence curves calculated for ac, dc, and “thermal demagnet&G. 2. Reduced coercivity, remanence coercivity, and saturation rema-

zation” methods, for one particular cagé;m,n] direction given by{100l,  nence vsK,/|K,| when the[l,m,n] direction is along a hardest cubic an-
K;>0, andK,/K,;=0.4. isotropy axis.

IIl. RESULTS AND DISCUSSION over the cubic one, i.e. the number of minimum energy di-

Figure 1 shows representative initial magnetizationreCtiO”S is reduced to 2, there are only three cases for which

curves and the corresponding remanence curves calculat®fr/Ms=0.5. These areil,m,n] directions given by(100)

for one particular caseil,m,n] direction given by[100], or (110 for K;>0, and(110) for K;<0. For all other cases,
K,>0 andK,/K;=0.4, for the above mentioned three dis- Mr/Ms<0.5 and reaches 0.5 only Whm/|K1|H°‘f- The
tinct demagnetization states. As it can be seen from the figoWer than 0.5 reduced remanence for systems with compet-

ure, the initial magnetization curves, as well as the remalNd anisotropies comes from the negative remanent magneti-
nence curves, differ significantly zation contribution of some of the patrticles.

The cases whefi,m,n] is along the hardest, easiest and Tr_le. mogt interesting new rgsults, presented in Fig. 2 are
intermediate cubic anisotropy axes have been considered, f¥ Minima in then. dependencies. This could be explained

well as the case whefl,m,n] is given by[112] direction. &S follows. _
For each case, the ratio,/|K,| was varied and the initial As mentioned above, at zero field and z&pthere are

magnetization curve, hysteresis loop, and the remanencdght minima along th¢111) directions wher;<0 and six
curves were calculated for an, /|K,| value. The coerciv- Minima, along the(100 directions, wherK;>0. WhenkK,

ity, h., and remanence coercivity, , [Mq(h,)=0] were is raised, the energy along these axes decreases because the
extracted from these curves. and thsI plot; were con. Uniaxial anisotropy is along one of the hardest cubic anisot-

structed using the remanent magnetization curves. Here tH@PY a@xes. The depth of the minima changes and so does
coercivities are reduced to|R,|/M, for K,#0, and to their locations: two groups of minima are formed, one of

2K, /Mg when K,;=0. A more detailed analysis of these theém approaching thgl,m,n] direction and the other one

cases is given below. approaching th¢l,m,n] direction. Starting from the satura-
tion remanence state, once a reverse field is applied, the en-
ergies at each of these minima changes and they are no
longer equal. At still higher field strengths some of the
In this case, the uniaxial anisotropy direction is given byminima start to be eliminated as the field energy starts to
[100] direction for K;<<0 and by[111] direction whenK;  become dominant. For some particle configuratiores, the
>0. The coercivity, remanence coercivity, and saturation respecific orientation of the particles in relation to the field
manence versuk ,/|K,| dependencies are shown in Fig. 2 direction, the magnetization jumps to other minimum in the

A. [/,m,n] direction along a hardest cubic anisotropy
axis

for both positive and negativi€; . same group, closer to the field direction, thus increasing its
The dependencies o, /Mg on[l,m,n] direction have (negative contribution to the system’s total magnetization.
already been calculated for various valueskgf/|K,|.%° It I.e., the fields necessary for these irreversible transitions over

has been shown that when the uniaxial anisotropy dominatese corresponding energy barriers are decreased, compared to
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FIG. 3. RepresentativéM plots when the[l,m,n] direction is along a
hardest cubic anisotropy axis. FIG. 4. Reduced coercivity, remanence coercivity, and saturation rema-
nence vK,/|K,| for [I,m,n] along a easiest cubic anisotropy axis.

the ones for loweK, values, and so does the coercivity of above, resulting in thévl,(H) decrease and thus th&

Fhe system. Further raise K, Iea_ds to that the first IITEVETS”  jecrease. After these first irreversible changes during demag-
ible rotations occur at 'O,W_er field, but also approximates, o ation take place, the remanence curves tend to have be-
even m.ore'the.energy minima, So the.decrease of t.he 0tk vior similar to those for the case Kf,=0; as it can be

magnetization is relatively smaller. This, together with theSeen from the figure, after reaching the second maxima, the

continuous increase of the energy barrier for the second irsy; o ,rves follow approximately the plot for the,=0 case.
reversible jumpgto the vicinity of the[l,m,n] direction,
leads to the subsequent increasehof

Although minima inh,(K,/|K;|) for some particle’s
orientations were observed, there are no minima in the tot
h, dependencies. Using the calculated remanence curves, the Now, [111] is the uniaxial anisotropy direction when
correspondingdM plots can be constructed following Eq. K;<0, and[100] whenK;>0. Theh,, h, andM, /M vs
(2). Some representativéM plots are shown in Fig. 3. In K,/|K,| dependencies are shown in Fig. 4. No peculiarities
this case, due to the equivalency of the energy minima therm the curves were observed except a small step inhthe
is no difference in theM,(H) obtained after ac or thermal curve due to the very sharp transition from the state with
demagnetization(Such a difference could exist if the inter- multiaxial anisotropy to the state with 2 energy minima.
particle interactions are not negligibleThus, there is only WhenK, is raised, even at zero field there are two glo-
one type oféM plots. Values ofK,/|K| high enough, so bal energy minima along thgl,m,n] direction, while the
that the uniaxial anisotropy to dominate over the cubic onepthers are local ones. The initial magnetization &amgH)
lead toSM (H)=0. It should also be stressed that for domi- curves, and subsequently the correspondiy plots, ob-
nant cubic anisotropy, only positiv@M values are observed, tained after ac and thermal demagnetization, are different in

B. [/,m,n] direction along an easiest cubic
aa}nisotropy axis

as for the case of pure cubic anisotrdpy. the present case. This is demonstrated in Fig. 5 where some
Another interesting feature is the presence of tworepresentativeM plots are shown. It should be noted that
maxima for all plotgexcept for the case ¢€,=0) for domi-  when the cubic anisotropy still dominates over the uniaxial

nating cubic anisotropy. This accounts for the particular fieldone, the plots obtained after thermal demagnetization show
dependencies of botM,(H) and M4(H) curves. In low positive deviations onlysM?¢ plots, however, for negative
fields, the critical fields for the first irreversible changes dur-K;, show both positive and negative deviations, and when
ing the initial magnetization process are lower than the corK; is positive there are only negative plots.

responding fields during the demagnetization process, as itis There are several reasons for these differences. For posi-
for the K,=0 case'! The M,(H) increases whileM 4(H)  tive K; andK,#0, the depth of the local minima decreases,
remains constant, resulting in the initial increase in #  but their locations do not change. This is not true oy
plots. Further raise of the reverse field causes the first irre<0 when the energy surface is distorted by the uniaxial an-
versible rotations during the demagnetization, as describedotropy and the local minima are not equivalent; like in the
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FIG. 5. RepresentativéM plots when thd|,m,n] direction is along an
easiest cubic anisotropy axis. FIG. 6. Reduced coercivity, remanence coercivity, and saturation rema-
nence vK, /|K,| for [I,m,n] along an intermediate cubic anisotropy axis.

case with |, m,n] direction along a magnetocrystalline hard- p_[/ m, n] given by [112] direction

est axis, two groups of minima are formed, each of them ) _ )
approaching thégl,m,n] direction and the reverse one, re-  1he last case considered is the one wiigm,n] is
spectively. Moreover, there are less minima for>0 than ~ &long the[112] direction. This is used as an example for
for K,<0, so there are different numbers of possible mag_unlaX|aI anisotropy direction which does not coincide with

netization jumps during the magnetization processes for thi{1® Principal(easiest, hardest, or intermedjaeeibic anisot-
WO Cases. ropy axes. Théa., h, andM, /M, vsK,/|K,| dependencies

Using argumentation similar to that in the above subsec-
tion, the peculiarities in the different types of curves in this

and in the next two subsections could be explained. 06l K, <0, [lmn] =[110]
K /K|
o . , . 03 — 00
C. [/,m,n] direction along an intermediate cubic P I N — 0.2 ac
amsotr.op-y axis o ) PN e 0.2 thermal
This is the[110] direction for both cases of positveand " [FV N/ /7 e—— — 0.4 ac
negative cubic anisotropy constant. The reduced coercivity, -~—— 0.4 thermal

—=— 0.8

remanence coercivity, and saturation remanence versus -0.3
K,/|K,| dependencies are plotted in Fig. 6. Like in the case P T T
when the[|,m,n] direction is along a hardest cubic anisot- ’ ' _ '
ropy axis, there is a minimum in the.(h) for positiveK, K,>0, [lmn] =[110]

but no minimum is observed in the corresponding depen- KK,

dence wherK;<0. — 00
RepresentativéM plots for this case are shown in Fig. o3}/ ——=d—\our— = - 0.4 ac

7. It can be seen thaM plots obtained after thermal demag- . e 0.4 thermal

netization are almost entirely positive, whil@vi#° plots’ e - 0.8 ac

shapes change significantly by increasitg/|K,| value for "~ -~-—~ 0.8 thermal

both positive and negativi€; . Initially, @ minimum in each —v— 1.2

of these plots appears, becoming deeper withkheraise.
For even greateK,/|K,| the SM2° plots turn to be entirely
negative, with the minima becoming more shallow. Finally, h

for dominant '~_|n|aX|a| anisotropy, there are no deviationsg|g, 7. RepresentativéM plots when the[l,m,n] direction is along an
from the zero line. intermediate cubic anisotropy axis.

0.8 1.0 12
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K, <0, [mn] = [112]

|

nence vk, /|K,| for [I,m,n] given by[112] direction.

are shown in Fig. 8. Like in the case discussed above,
shallow minimum inh(h) for positiveK, is observed, there

is no minimum for negativé<; .

Some M plots for this case are plotted in Fig. 9. The
curves for positivek; are similar to those fofrl,m,n] along
[110] direction. A variety of shapes is observed #7<0.

FIG. 9. RepresentativéM plots for[I,m,n] along[112] direction.
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[ CF=(H /H -1)x100
250
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K /K|

FIG. 10. Coercivity factor, CF, v&,/|K,| for several[l,m,n] directions.
The annotations (negative andp (positive give the sign ofK; .

E. Coercivity factor

Figure 10 displays the dependencies of the coercivity
factor, CF, onK,/|K4| calculated for the above considered
cases. All the plots show maxima, one of them reaching
275%, and note that there are no interparticle interactions.
The highest values are for the cases when the minima in the
feduced coercivity dependencies are the most pronounced.

Another important feature of this figure is the rather high
CF even forK, /|K | sufficiently high so the uniaxial anisot-
ropy is dominant, i.e., the number of minimum energy direc-
tions is reduced to 2, which is true fét,/|K,|>1 for any
[I,m,n] direction. This means that even for effectively
“uniaxial” anisotropy particles, for which thé&M plots are
already zero line, the CF values can be rather higher than the
value of 9% for Stoner—Wobhlfarth particlé.

IV. CONCLUSIONS

The saturation remanence, coercivity, remanence coer-
civity, and coercivity factor values have been obtained for
the cases when the uniaxial anisotropy direction is along the
hardest, easiest and intermediate cubic anisotropy axes, as
well as for one more casgl,,m,n] given by[112] direction.

The correspondingM plots and CF v, /|K,| dependen-
cies have been constructed, considering non-interacting par-
ticles.

A variety of shapes of the remanence plots has been
obtained when the uniaxial anisotropy does not dominate. CF
values rather higher than the values for pure uniaxial or cubic
anisotropy particles have been obtained as well, and even for
dominating uniaxial anisotropgwhen the anisotropy energy
has only two minimg the CF can be very high for all cases
considered here.

Thus, it has been shown that deviations from the zero
line in the SM plots, or coercivity factor values different
from the ones for the pure uniaxial or cubic anisotropy, can-
not be directly attributed to interactions in the case of com-
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