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Remanence enhancement in magnetically interacting particles
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In this paper, we report an effective-medium theory on the remanence of magnetically interacting particles
to demonstrate the effect of intergranular magnetostatic interactions on the remanence enhancement of mate-
rials, which agrees excellently with micromagnetic simulations. A dimensionless parameteasuring the
competition between anisotropy energy and magnetostatic energy is defined, which completely characterizes
the remanence of magnets if the exchange coupling is negligible, appropriate when the grain size is 10 nm or
larger. Three distinct regimes were observed:0.1 for hard magnets, where anisotropy energy dominates and
little remanence enhancement is observed<O.% 1 for intermediate magnets where up to 50% remanence
enhancement is observed due to the increased intergranular magnetostatic enexgylafod soft magnets,
where the dominance of magneto-static energy leads to much reduced remanence in the materials.
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Magnetic materials with large remanence and coercivitytostatic interaction in the remanence enhancement when soft
are highly desirable for energy storage due to their highmagnetic particles are present.
energy product. Over the last 50 years, Stoner and Wohl-  We consider an assemblage of single-phase single-domain
farth's celebrated modelwas widely used to analyze the magnetic particles, with particle size large enough compared
remanence of magnetic particles, with the remanence givel® the exchange length, so that the short-range exchange in-
by M,=M(cos6), where(-) denotes the ensemble averag- téraction can be ignored. The model taking into account the
ing, M, is the saturation magnetization, adds the angle €Xchange energy is currently being developed and will be
between the remanent magnetization of the sample and tﬁgported later. As a result, ina remanent state, the potential
easy axis of the particles. While the model provided accuratEN€gy of the assemblage is given by
estimates of remanence for most permanent magnets, the re-
cent d_evelopme_nt of ex_change_-sprir_19 m_agnets make the as- F:f (Klsinz of 0]— EM Hg|dx, 1)
sumption of noninteracting particles invafid:*and new the- Q 2
oretical models considering the magnetic interaction between
particles need to be developed in order to understand thehere the first term is the uniaxial anisotropy energy at low-
remanence enhancement in the exchange-spring magnets &gt order, witha being the angle between the local magneti-
to guide the development and optimization of new materiagationM and the easy axis of the particles, and the second
systems. term is the magnetostatic energy withy being the demag-
The exchange-spring magnets are h|gh||ghted by the innetiZir.]g field i.nduced by the diStribUtion-dﬂ in Q, the
tergranular interaction between magnetically hard and soffomain occupied by the assemblage. It is emphasized that
phases mixed at nanoscale, which results in dramatic erfd?] iS & function ofd here which we seek to characterize,
hancement in the remanence and energy protfiftwhile ~ While in the Stoner-Wohlfarth modek=0. _
micromagnetic simulations are able to explain the remanence W€ consider the magnetostatic energy first, which can be
enhancement due to the intergranular interactiditbey are written as
often computation extensive and time consuming, and could
not offer the .deep insight provided by the gnalytical models. Fy=— }f (M+M")- (gﬁ HY)dx, )
Even more important, while the role of intergranular ex- 2)a
change interaction in remanence enhancement is clearly em-
phasized by the micromagnetic simulation, the importance ofvhere the overhead bar is used to represent the volume av-
magnetostatic interaction has not been fully appreciated, anekaged quantities, and the primed ones are variations from
has sometimes regarded as unimporfaritve hope to ad- e averages. ClearljM|=M,, and the cross products van-

dress these issues in this paper by developing an effective- T — L -
medium theory of magnetically interacting particles to pre-%h' In addition, Hq (Lpo)NoM is magnetic field in

dict the remanence of a wide range of magnetic materials. fuc€d by a uniform magnetizatiov in €1, whereN,, is the

is demonstrated that the variation of remanence with materigl€magnetizing factor depending on the shapélofor in-
properties are characterized by a dimensionless parametel@n® magnetization in an ellipsoid@l with dimensionsa,,

A =M2/6K ;o which measures the competition between an-2,>as, Hq is approximately zero. The magnetic field in-
isotropy energy and magnetostatic energy when the exchangkiced by the magnetostatic interaction between partig[es
coupling is negligible, wheré, is the anisotropy constant. can be determined by solvirg- (uoHy+M')=0 for given
The analysis agrees excellently with micromagnetic simuladistribution ofM’ using the Green’s-function method. If the
tion, and highlights the important role played by the magne-two-point correlation function o is ellipsoidal'® we have
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whereN; is the demagnetizing factor depending on the shape o6} 1
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whereV is the volume of(). The treatment for more general 0.2r
grain shape is also possible. The first term of the magneto- O i S YTV T it 1
. . . . - @ VvV o ©O © g V § o o
static energy is a constant thus can be ignored in the energy . 5 v o v 8 8 § ¢
minimization. Combining it with the total anisotropy energy o : 5 A -
of the system K1 (Jm?) x10°
Fa=VKy(sir? af 6]), (5) FIG. 1. The remanence of materials as functiorKeffor dif-
. . . fi tA.
we obtain the following energy density of the assemblage eren
_ M2 , $(1+e ) 9e[0,6./2]
F=Ky(sin® o[ 0]) — &= 12, wWeel=y, : ©)
Mo 5 (1—e ) 0e[0./2,6.]

wheref=M,/Ms. Clearly the anisotropy energy favots  \yhere ¢, is 7 and 27 for three-dimensional3D) and two-
=0 thus leads to noninteracting model, while the mag”eto'dimensional(ZD) random texture. We took=0.2 in all our

;tatic interqction leads the dev_iation of magnetization from.5culations. Clearly for hard magnets wharés small little
its easy axis. Ther, as a result, is a consequence of compeagnetic reversal occurs, while for soft magnets where
tition between the anisotropy energy and magnetostatic eMarge, up to 50% of magnetic moments are reversed.
ergy, measured by a dimensionless parameter Equations(7) and (8) are coupled and in general need to
=Mg/6K 0. As such, we have be solved numerically by iteration. We adopted Gaussian
. uadrature method for numerical integration in E). with
F=Ky((sir a[ 0]) =\ f2). 6) Enown « and bisecting method to sol?/e EY) fo:ﬁ?()nown
The hard phase is characterized by smalthile soft phase f- To validate the model, we compared our analysis with the
is characterized by largk. For example, in an exchange- Simulation results using micromagnetic codemmr devel-
spring magnet consisting of E&ld,B and a-Fe, \ is ap- oped .at Naponal Institute of Standar(_js a.nd Techno}ﬁgy.
proximately 0.1 and 10 for the hard and soft phase, calculhe simulations were conducted on ellipsoidal samples with
lated using data from Ref. 7. Clearly for very hard magnetglimensionsa; =a,= 300 nm anda;= 10 nm, which were di-
where A <1, the dominance of anisotropy energy leads tovided into cubic cells 10 nm long. For this geometry, the
a=0, recovering the classical results of the Stoner-demagnetizing fieldy, although very small, was corrected
Wohlfarth model. In generaly need to be determined from using the demagnetizing factdt, . 3D or 2D random dis-
energy minimization as a function & 6F/Sa=0, leading tribution of easy axis was assumed among all the cells, with

to the equation magnetization within each cells assumed to be uniform. The
_ . samples were saturated by applying a sufficient large mag-
sin 2af 6]=2\f sin(6— [ 4]), (7)  netic field along thex; direction with the initial distribution

of magnetization assumed to be random. The exchange con-
stant was assumed to be zero, and the damping coefficient
was taken to be 0.5. All the simulations were run on a Pen-

which is coupled with the remanence

f cog 6—al A])W[ #]sinfede, 3D texture tium IV based desktop computer.
fo 0 ) First we demonstrate that our analysis indeed reveals the
27 ’ competition between magnetic-static energy and anisotropy
fo cog 6—a[6])W[6]d6, 2D texture energy, and the magnetic remanence of a wide range of ma-

terials is characterized by the dimensionless parameter
where W[ 6] is the orientation distribution function for the alone when the exchange coupling is negligible, as shown in
easy axis of particles. For initial random orientation distribu-Fig. 1, where the remanence is plotted as functioK pfor
tion of particles before the application of magnetic field, magnets with fixed\ and 3D random texture. Clearly, we
W[ #]=1, which is not normalized. In the remanent state,observed that the remanence is independenK pfas we
however, the orientation distribution will be changed due toclaimed regardless of their hardness, which is verified by the
the reversal of magnetic moments, and the extent of thisnicromagnetic simulations. Our calculation agrees very well
reversal is dependent on the hardness of magnets. Here, wéth the simulation for hard X=0.01), intermediate X
assume that in the remanent state =0.8), and soft { =10) magnets, although larger variations
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08 ; " ; ' T pling, as suggested in Refs. 7 and 9. For intermediate hard-
ness where\ is between 0.1 and 1, marked enhancement of
remanence is observed whanis increased, where rema-
nence as high as 0.75 can be obtained, representing 50%

goq increase for materials with 3D random texture. This enhance-
2 ment is due to the intergranular magnetostatic interactions,
& oat which was ignored by Stoner and Wohlfarth’s noninteracting
g model. In this regime, anisotropic energy still has larger con-
§°‘3' tribution than magnetostatic energy, but the magnetostatic
02 o Smuion snsembie X energy is strong enough to lead significant deviation of mag-

o Simulation, ensemble 2 v netic moment from the easy axis. Interestingly, the highest

01f | 7 Fmuaton onoerbled °d remanence appeared to be approximately 0.75 for both 3D

o . , , , , and 2D random texture, suggesting that 2D random texture

-2 15 -1 ,_;f;f a° 05 1 has no obvious advantages over the 3D random texture for

° intermediate magnets. The highest remanence occurs near

FIG. 2. The remanence of materials of 3D randomly oriented\ =1, where the anisotropy energy and magnetostatic energy
particles as a function of. have comparable contribution to the overall energy. As such,
in this regime, intergranular magnetostatic interaction has a

in simulation results are observed when the magnets gettingf"y Important role in the remanence enhancement, which
nnot be ignored. For soft materials with- 1, we observed

softer. In addition, we notice that the remanence can be a . : .
high as 0.7 for magnets with intermediate hardness, 40ogharp decrease of remanence with the increase oi this

higher than that predicted by the noninteracting model. regime_as)\ increases, magnets become increasingly softer
To demonstrate the remanence enhancement due to tASd anisotropy energy becomes more and more irrelevant,

magnetostatic energy, the variation of remanence as functioif’d Particles tend to form intergranular closure domain to
of \ for magnets with 3D and 2D random texture are dem__reduce the magnetostatic energy, leading to a sharp decrease

onstrated in Figs. 2 and 3. In both cases, we observe godd the remanence. In another word, for soft magnets where

agreement between our analysis and micromagnetic Simu@_nisotropic energy i,s relatively small compareq to the mag-
tion over a wide range of, spanning from 0.01 to 10. Par- Netostatic energy, intergranular magnetostatic interactions
ticularly, three regimes with distinct characteristics are ob{€nds to decrease the remanence. In exchange-spring mag-
served. Fon increasing from O to 0.1, where the magnets arg€ts With both hard and soft magnets, this would not be an
very hard, only slight increase of remanence is observedSSUé since the magnetic moment of soft phase will be
suggesting little deviation of magnetic moment from the easyc,trongly quulated by the easy axis of neighboring hard
axis of individual particles. In this regime, anisotropy energyPh@se. leading to large remanence enhancement. As a result,

dominate and magnetostatic energy is negligible compared '€ Microstructure of exchange-coupling magnets must be

the anisotropy energy, and Stoner and Wohlfarth's nonintercarefully tailored to take advantage of both intergranular ex-

acting model applies very well in this regime, which leads tochange coupling and magnetostatic interactions for highest
f=1/2 for 3D random texture anél=2/~ for 2D random emanence enhancement possible, and this part of the work

texture, agreeing with our calculation and magnetic simula!S currgntly undergmr?g.d ation of . .
tion. As a result, we can conclude that for hard magnets, the. To demonstrate the deviation of magnetic moment from

remanence enhancement is purely due to the exchange cdlj€ easy axi;, we caIcuIateq anisotropy energy density of the
assemblage in terms af which measures the angle between

the easy axis and the magnetic moment of particles, shown in
Fig. 4 for 3D random texture, wher¢; is assumed to be
fixed. We observe that fax<0.1, anisotropy energy is ap-
proximately zero indicated by both our analysis and micro-
magnetic simulation, suggesting that magnetic moments are

0.8

é aligned along the easy axis of particles. Robetween 0.1
Zo0s and 1, anisotropy energy increases withsuggesting that
g the magnetic moments start to deviate from the easy axis due
504 to the magnetostatic interactions, and our calculation again
§ agrees very well with the simulation. For soft magnets with
o3 —— larger than 1, significant deviation of magnetic moments
o Simulation, ensemble 1 o . |
ool | © Simulation, ensemble 2 \ | from the easy axis occurs to reduce the otherwise large mag-
e gg‘;culjlaatltgg'rzgii?ble : X netostatic energy at the expense of anisotropy energy, leading
0} - : - . - 1’ to much hlgher_amsotropy energy. In t_hls regime, we pre-
- o - ,_‘ow i dicted larger anisotropy energy than micromagnetic simula-

tion. This is because in this regime, especially for very soft
FIG. 3. The remanence of materials of 2D randomly orientedmagnets, the magnetic moment is no longer modulated by
particles as a function of. the easy axis and can be regarded as isotropic, so that domain
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FIG. 5. The remanence of materials of 3D randomly oriented
= 15 -1 -0.5 0 0.5 1 particles as a function of grain size, with and without exchange
Log,, * coupling.

FIG. 4. The anisotropy energy of 3D randomly oriented particles S . -
as a function of. nm grain size, and the enhancement is most significant for

soft magnets. Even more interestingly, for intermediate mag-
nets with grain size as small as 5 nm, the remanence en-

closure occurs to minimize th_e mtergrar!ular m.agnetOStat'%ancement obtained from intergranular magnetostatic inter-
energy. Such domain closure is not considered in our analYé\ction is still larger than that obtained from exchange

sis. Nevertheless, the domain closure is not a problem in

two-phase exchange-spring magnets, since the magnetic mcouplmg. For materials with 10-nm grain size or larger, there

ment is strongly modulated by the easy axis of hard phasé% hardly any difference between magnets with and without

and we expect significant deviation of magnetic moment oféxchange coupling, especially for small It demonstrates

soft particles from their easy axis, leading to large remanenc'fehat the intergranular magnetostatic interaction plays a very

Important role in the remanence enhancement of materials.
enhancement.
; ) I . . In summary, we have developed a theory to demonstrate
Finally, in order to justify our ignoring of exchange en-

L . that the remanence of magnetic particles can be enhanced by
ergy, we present in Fig. 5 the comparison of remanence foy

X . A . ) the intergranular magnetostatic energy if it is comparable to
materials of d|ﬁgrent}\ ar_1d grain SIzes .W'th and without the anisotropy energy, but will be sharply reduced if the
exchange coupling, obtained by averaging three ensembl%§ ; -

. oY . . o agnets get increasingly softer.
of micromagnetic simulations. The cubic cell size is taken to
be the same as grain size. We uged7.7x 1012 J/m in the We would like to thank Dr. J. E. Shield and Dr. B. W.
simulation obtained from Ref. 7. It is clear that the exchangeRobertson for discussions. The financial support from Ne-

coupling leads to notable remanence enhancement only attfaska Research Initiative is gratefully acknowledged.
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