JOURNAL OF APPLIED PHYSICS VOLUME 83, NUMBER 11 1 JUNE 1998

The field-space perspective on hysteresis in uniaxial ferromagnets

Y. T. Millev®
Max Planck Institute of Mathematics in the Sciences, Inselstr. 22-26, D-04103 Leipzig, Germany

J. R. Cullen
Physics Department, Trinity College of Dublin, Dublin 2, Ireland

H. P. Oepen
Max Planck Institute of Microstructure Physics, Weinberg 2, D-06120 Halle, Germany

A procedure for the analysis of hysteresis in hepace of a uniaxial ferromagnet with higher-order
anisotropy is put forward. The formulation is valid to any orden the anisotropy expansion. The
critical boundaries separating stable from metastable states are cast in a formally decoupled
parametric way asl,=H,(M,), H,=H,(M,). The analytic expressions provide the basis for the
construction of generalized astroids to any order.fForl, new features are found and interpreted

in their relation to rotational hysteresis and possible spin-reorientation transitions in uniaxial
materials. The shape and symmetry of the critical boundaries depend crucially onruplto
independent ratios of the anisotropy constants against a suitable normalizing quantity; the
normalizer can be any from among the set of constants or any linear combination thereof.
Self-crossing of an astroid indicates the existence of additional extrema and, hence, of complicated
hystereses. €1998 American Institute of Physids§0021-89788)23911-9

I. INTRODUCTION IIl. GENERALIZED ASTROIDS: ANALYTICAL AND
EXAMPLES

Hysteresis is a complex nonlinear phenomenon of deli- . ) o
y P P One carries out the field-space analysis with the phe-

cate sensitivity to the past states of the systdmferromag- : . .
. nomenological thermodynamic potential of the tygpe=fa
nets whose anisotropy could be reasonably well character;

. i i + e, wheree;=—M-H is the Zeeman term, while

ized by a phenomenologic free energy expan$igf, ¢) in

the angular variables of the saturation magnetizatigrhys- ” )

teresis holds place even if one allows for homogeneous ro- fA(a;{ai}):gl ay sir’ 0 @
tation of M only? There are certain advantages with the

analysis of a uniaxial system in its field space. For instance$ the full expansion for the anisotropy energy density of a
one can determine the boundaries of stability of states corrdiniaxial ferrom_agnei. The {a;}'s are the anisotropy con-
sponding to different minima of the anisotropy energy for Stants of orde_n, W.h'le 0 'S thg angle betweeM and the
any field direction and not only for the two principal con- crystallographic axis of cylindrical symmetry

i i ith field llel dicular to th is of In the assumed symmetry, all three relevant vectors
'gurations with Tield parallel or perpendicular 1o the axis oy “5nq jie in the same plane, since there is no torque to

symmetry. The case with only the lowest term in the anisotjye the magnetization out of the platié,n). The remag-
ropy expansion has been systematically discussed anghiization processes are confined to this plane. This makes
implemented:® The only exceptions dealing with astroids in al| results directly applicable to situations, typical of thin
higher orders are Refs. 4 and 5 concerning a system with twferromagnetic films, where the magnetization vector is con-
anisotropy constants. In the following, we demonstrate thafined within the plane of the film because of the strong di-
this type of analysis is easily extendedday order in the polar contributiorf. We choose the axis alongn with M
anisotropy expansion due to a special feature of the probler (Mx,0M;) and H=(H,,0H;). To find the stable direc-

at hand, so that the first two orders are deduced as particulPns ofM under applied field, one has to look for extrema of
cases. The procedure gives rise to field-space diagranfa(6) by solvingg’(#)=0 and requiring thag”(6)=0 at
which will be referred to as generalized astroids. Self_the eventual solutions of the extremal equation. In zero field,

crossing of the boundaries of stability, found already in thethere is always more than one stable solution, while in suf-

d ordets ari | d . £ val f1h ficiently high fields, the Zeeman energy favors conforming
SEcond ordet,” anses over large domains of values o ealignment ofM andH. So the boundaries between perfectly

anisotropy constants and is the most pronounced feature gfiqheq and competing equilibrium states are at some finite
this generalization. It signals the existence of complicategnagnitude of field which may vary with field direction. It is
hysteresis behavior due to the emergence of additional conetermined by the simultaneous consideration of the condi-
peting energy minima. tionsg’'(#)=g"(#)=0 by inserting the expansion from Eq.
(1). One observes that this system of two equations is linear

90n leave from the CPCS Lab, Inst. Solid State Phys., Sofia; electronién the compopents of the field, so that, solving fo and
mail: millev@mis.mpg.de H,, one obtains
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This is obviously a parametric solution of the typg HH H./H
=H,(6), H,=H,(0) which describes the boundaries of sta- /
bility in the field space of the uniaxial system to arbitrary  * b) "
order. A seemingly redundant complication has arisen in
passing from sirf to cosé in Egs.(2). This was motivated
by the desire to cast the parametric solution in a formally ;M =
decoupled way as$i,=H.(M,), H,=H,(M,). The form = =
serves to identify correspondence rules between the particu-
lar principal cases of fields applied alongor perpendicu-
larly to it. The rules come about by comparing identical pow-  , . . 10 .
ers inM, andM, in the two equations for the respective field Ry ot w7
components. They save half of the labor in exploring the e
phase diagrams iH space, since features of given symmetry F‘IGH f1.Ic(}|a) The octozole ast;0i®1i —ay ,ha3=0)-fTheb€|>§C€plti0nalL){ high |
for a given set of anisotropy constariis} must be identical, - T 2 BT C, SRe T e et 8. (b Swalow tit due 1o,
up to permutation OHX and H, axes, for th&orre‘c’pondmg softening of the anisotropy axis for a system with a spontaneous orienta-
setof constants. This is in fact a symmetry argument whichtional transition.(c) Generalized astroid for a system with both anisotropy
has escaped attention in the earlier field-spas¢roid stud-  fields gone sof(a,~0, a,+2a,+3a;=0). Note the squarelike aspect of
ies; here, one deduces it from the general solution to arbithe “mainframe.” (d) A generalized astroid with alla, , d equal(a; s<0,

a,>0). Self-crossings of this type imply complicated secondary hystereses.

trary order.

A further general observation, valid to any order, is
borne out by looking in turn at the two principal configura-
tions Hiln andH.L n. In the first case, the conforming solu- We proceed to illustrate the general method by several
tion (HIIM) is sin6=0 and is stableto any order for H examples up to ordar=3 in the anisotropy expansion. For
=H,, with the anisotropy fieldH 5;=2|a;|//M depending bulk systems, the necessity of considering three orders in the
on a; alone despite of considering the contributions from allexpansion for a uniaxial system arises in the analysis of the
orders. In the second case, the conforming solution isfcos behavior of the rather important group of highly anisotropic
=0 and is stable foH=H, with Hx,=2|2¢_ k-a,|/M. rare-earth—transition-metal compourfd¥he examples are
As a very interesting consequence, in a system with a spirindicative of the variety of nontrivial cases which are in store
reorientation transition, which would occur in a given aniso-when higher-order anisotropies are non-negligible. Consider
tropic ferromagnet ifi;— 0 under variation of some param- the case witha;=0 first. A symmetric astroid results when
eter like temperature etc., the anisotropy in the direction of;=—a, [Fig. 1(@]. This condition corresponds to the line
the symmetry axi:n becomes softH ,;—0) which gives in the anisotropy space along which a stable canted solution
rise to a number of peculiarities. Eithéty; or Hy, may  exists @;<<0) or there is a pair of coexisting minima of
serve as natural normalizing quantities for the generalizegqual depth &,>0).2 The symmetry is exceptionally high
astroids to arbitrary order, but the choice is not restricted anevith the vertices of the octopolelike astroid lying on a
may be varied, should particular considerations of simplicitycircle® All cases which are of the self-crossing type may be
hold in a particular system. Generally, the precise shape ofiewed as resulting from continuous deformations of the
the boundaries it space depends on up to-1 constitu- most symmetric case upon variation of the rajda, . Gen-
tive ratios to orden. In principle, the part of a normalizing eralizing these observations, the most symmetric astroids to
guantity may be played by any linear combination of anisot-any given order of the expansion will be realized on the
ropy constants. manifolds where, in zero field, the eventual minima trans-

The predictive power of thél-space analysis to higher form into each other continuously or exchange stability,
orders depends crucially on the fact that the tangenthile coexisting. Now consider the case wi#y+#0, a;
constructioh for the determination of the hysteresis along =a;=0. This is a two-constant approximation where, addi-
any route in field space remains valid even with anisotropytionally, the lowest order contribution goes to zero as would
constants of higher orders. It is indeed a substitute for thée the case in systems exhibiting orientational transitions in
numerical solution of a high-degree polynomial equation.zero field. The behavior in the principal field configurations
The existence of more competing states as one goes to higheas been elucidated in great detailhe astroid in Fig. (b)
orders in the anisotropy energy gives rise to rather complesheds light on the behavior of such a system under an applied
generalized astroids whose generation by E2scan, how- field of arbitrary direction. One observes the “softening” of
ever, be performed pretty easily. the anisotropy fieldd 5, in that the swallow tails adjacent to
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the n axis run smoothly down to the origin. By the same options for the sign of,, one recognizes four generic pos-
token, the direction perpendicular t© will become soft sibilities as a framework for selecting suitable material pa-
whenever the linear combination of constants defirtihg rameters for prospective applications.

goes to zero. Thus, swallow tails along tHe axis will run The study of hysteresis by the described generalized-
to the origin on the hyperplanes in the anisotropy space deastroid construction is readily applicable to ultrathin ferro-
fined by =;_;k-a,=0 in ordern. This is corroborated by magnets as well. In these, there is a strong enhancement of
Fig. 1(c) where the conditiora; +2a,+ 3a;=0 is imposed. the lowest-order anisotropy due to broken crystallographic
Sincea, is intentionally very small for this plot, the same symmetry at the surface whereby the anisotropy per surface
figure typifies also the situation at an orientational transitioratom is typically about an order of magnitude larger than in
[unlike Fig. Ab), hereas#0]. Now bothH,; andH,, are  the bulk!? In both bulk and thin-film uniaxial systems, the
zero, hence, the symmetric outlook of the cross between theonsideration of generalized astroids in applied field may
two complete swallow tails. Note that the “mainframe” of offer valuable insights, especially when a spin-reorientation
the astroid in Fig. (c) is very nearly square-shaped. This lasttransition is to be analyzedf. Figs. Xb) and 1c)]. In the
feature comes up also with sets of constants which do naoticinity of such transition points, higher-order anisotropies
lead to self-crossing; we have observed it, e.g., wijiia;  come into play.

~—1/8, az/a;~1/2. The outcome of all constants being Apart from the prospective applications described in the
equal is presented in Fig.(d) (|a;|=|a,|=]|as|, a;3<0, above paragraphs, the general solution to arbitrary order
a,>0). Complicated self-crossings imply nontrivial second- given in Eq.(2) provides for an overview on the whole prob-
ary hystereses as one already knows from the lower-orddem by: (i) reducing the calculation in any particular order to

treatments$:® a deductiveprocedure whereas the=1 andn=2 solutions
appear as speciahd hocconstructions independent of each
IIl. DISCUSSION other; (ii) leading straightforwardly to correspondence rules

The method described above can be used to study th alid to any order by virtue of the formally decoupled solu-

possibility of eliminating undesirable hysteresis in uniaxialt'anHxéMxt)h andHZ.(t?f.tZ) ;f and (|:j|)thuncover:mg o a?y dek—.
materials by applying stress in a suitable direction. The ided'"® ?:her e pos|5| ity for, a? ne Irlnec fr;tnls(rjntﬁ ’ malll N9
has been put forward in the context of cubic magnetostric:tivé)ne ot Ihe principal axes anisotropically Soft and thus aflow-

materialst® but it applies to any symmetry, in principle. The ing the identification of hysteresis-free conditions. Finally,
advantage of the uniaxial setting is that there is a singléhe field-space perspective should be viewed as complemen-

angular degree of freedom, while in cubic symmetry tWotary to stability analyses in the anisotropy space of the

3 .
such degrees are relevant and the analysis relies on an e%ﬁgerﬁ (\j/vr;e_rleZy donly.trtl_e union of 'E(I)th ag}oroachgs (rjnay
pansion in small deviations from the symmetry axis. TheY'€10 @S delailed description as possible and/or required.

analysis can be performed most easily for stresses along or

perpendicular ta. Since the stress-induced contribution is . D. Meyergoyz, Mathematical Models of HysteresiSpringer, New

always of the lowest order, it shifes; by an amount; . For York, 1984.

stresso alongn, the shift is’él: — oN*2 for both tetragonal 2E. C. Stoner and E. P. Wohlfarth, Philos. Trans. R. Soc. London, Ser. A
' . . 240, 599(1948.

. 2

and hexagonal symmetry; here{" is the magnetostrictiveé 5| p | andau and E. M. LifshitzElectrodynamics of Continuous Media

coefficient for the mode of change of length aland' Note (Pergamon, Oxford, 1960Chap. 5.

that the sign of the shift can be controlled, for a given ma- :/-\- |. Mitsek et al, Fiz. Met. Metalloved38, 35 (1974.

terial (i.e., for a given\“?) by applying tensile or compres- gg:ﬁgcga';%;”ghzsg' 2'1;‘;':'1%93])' Appl. Phyis, 3435 (1988; C.-R.

sive stress. Th_e hy_steresis for driyin_g_fields along one of thesy Frychartet al, J. Magn. Magn. Materl65, 508 (1997).

two principal directions can be diminished and, eventually,”J. F. Herbst, Rev. Mod. Phy63, 819 (199)).

eliminated if the anisotropy field along the oth{eonjugate STh‘f? Symr:”e”ic 9Ct0FIJ°'e was ?iven %’ic"?' for cases V/” and Vil of

axis is much smaller than along the direction of the driving gseT' SM"i‘:Ieiree"’;Sa'It OFTh‘;;)CFC{ZLS B(Qirntmgg“ arratio of 3, /a;=—1.

field. That |s,.make one of the axésgy, n) amso.troplcallly 103 R. Cullenet al, J. Appl. Phys81, 5417(1997).

soft by applying stress; then the axis perpendiculants  E. du TremoletMagnetostriction(CRC, Boca Raton, 1993

automatically the(relatively) harder one; hence, remagneti- *?U. Gradmann, irHandbook of Magnetic Materialsedited by K. H. J.

zation along it would be as closely hysteresis-free as the St“thg‘;]v;’:ogz\jHg?g%@i”fég%dam' 1933vol. 7, Chap. 1; M. Farle

n-axis is soft. Since there are two options for the quantitiessg_asti, in Ferromagnetic Materialsvol. 3, edited by K. H. J. Buschow

to be modified by stres,; and Hp,, and two further and E. Wobhlfarth(Elsevier, Amsterdam, 1990pp. 398-464.
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