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Nanostructured Hard Magnetic Materials I:
Exchange Coupled Systems Matt Kramer, Chairman

Exchange through nonmagnetic insulating matrix

R. Skomski,® A. Kashyap, Y. Qiang, and D. J. Sellmyer
Department of Physics and Astronomy and Center of Material Research and Analysis, University of
Nebraska, Lincoln, Nebraska 68588

(Presented on 12 November 2002

Exchange interactions between hard-magnetic particles in a nonmagnetic matrix are investigated by
model calculations. A Landau—Ginzburg approach is developed to describe the net exchange
interactions between spheres of arbitrary diameters. Introducing cylindrical coordinates and
integrating over the surfaces of the adjacent spheres yields an exchange coupling which decreases
with a decay length depending on interatomic exchange, intra-atomic exchange, and temperature.
Typically, the decay length does not exceed a few interatomic distances. The decay is exponential
but also contains a prefactor depending on the surface curvature of the grains. It increases with
decreasing curvature, but this dependence is only a small correction to the leading exponential term.
© 2003 American Institute of Physic§DOI: 10.1063/1.1541633

I. INTRODUCTION able to suppress rare-earth intramultiplet excitations at tem-
3,10
Nanostructuring has long been considered and used aspgratures comparable; L. : : .
. _ Second, embedding magnetic particles or clusters in a
tool to improve the performance of permanent maghets. ; ; L
nonmagnetic matrix tends to enhance the coercivity and may

One approach IS to improve the coercivity t_)y making thebe used to fabricate artificially structured permanent mag-
reversal mechanism more Stoner—Wohlfarthlike, so that the |11 this mecha-

. . . nets. As briefly discussed by Sellmyet a
coercivity approaches the anisotropy fieldH, nism is closely related to the aforementioned grain decou-
=2K;/u,Mg. This can be achieved, for example, by em- y g

bedding the particles in paramagnetic matrix. However, too_llng caused by a paramagngt]c gram—boundary phase. A
similar though undesired coercivity enhancement is observed

realize Stoner—Wohlfarth behavior it is necessary to suppress . -
. o X . ’ Jn soft-magnetic two-phase alloys, where the coercivity
interparticle interactions, which lead to cooperative magneti- . )

. . reaches a maximum at the Curie temperature of the amor-
zation reversal and often to a pronounced coercivity reduc- hous arain-boundary phae
tion. These interactions can be avoided by embedding thB 9 y P :

particles in a paramagnetic matrix, but the high packing frac- r;mO; rl?i%nﬁ;rixniﬂgpgﬁﬁﬁqaﬁr_n;?ﬁtde ?EdKagll aa—YPo ilijclj;
tions necessary to realize useful energy products means th3 g ’ y

particles should nearly touch each other. This limits the use: KKY) interaction has been investigatétiThere, the net

. ; . . exchange interaction is obtained by adding of, or integrating
fulness of particle separation to reduce interactions. To gaugé . : . . .

. . . ~over atomic RKKY interactions, but this approach is not ap-
this effect, it is necessary to determine the net exchange in-

; . : : . plicable at finite temperatures and to particles in an insulat-
teractions between particles in a paramagnetic matrix. : . . :
. . ; .. ing matrix. Furthermore, for high volume fractions of the
There are two main groups of materials of interest. F'rStTerroma netic bhase. the corresponding exchanae expression
various types of Sm—Co-based magnets, such as Sm—Cq= 9 P ’ P g 9 P

Cu—2r (Ref. 4 and Sm—Co—Cu—TiRef. 5 exhibit a coer- Becomes very cumbersome, and it is necessary to use ap-
civity maximum at elevated temperatures. The main coercivprox!matlons' The same is true for ferromagnet§ ab‘ﬁge_
Curie—Weiss paramagnetand nonmagnetic media. In this

ity mechanism in these types of magnets is of the pinnin rticle, a Landau—Ginzburg approach is developed to de-

type®’ Zhou et al® found that the main origin of the coer- < . . ) . :
. ) . . __scribe the net exchange interactions between neighboring
civity maximum is the temperature dependence of the anisof- : .
spheres of arbitrary diameters.

ropy differenceAK=|K;.s—K,.;4 between the main 2:17
and grain-boundary 1:5 phases. An alternative explanation is

a thermal decoupling of the grains above the Curie temperdl.- CALCULATION AND RESULTS

ture of the grain-boundary pha&2in fact, these two mecha- To investigate the exchange interaction between grains
nisms are complementary rather than exclusive and haveg 5, insulating matrix, we consider the geometry shown in
common origin, namely that intersublattice exchange is UNEig. 1, whereR indicates the particle radius amt},, is the
interparticle distance. The model energy as a function of the
3E|ectronic mail: rvdskomski@msn.com magnetizationm, is
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FIG. 1. Considered geometry. Ferromagnetic particles are embedded in
paramagnetic matrix.

3l
2
whered is the interatomic exchangky(T) is an intra-atomic
exchange parameter, aads the interatomic distance. Equa-
tion (1) corresponds to a magnetic decay lengtk, Where
k?>=14(T)/J&. Essentially, Eq.(1) is of the Landau—
Ginzburg type:* and « is of the order of 10/nm in typical
insulators such as AD;.*°

J

= a(Vm)2+ m?|dV,

I eff(T)
aS

1)

For two planes separated by a nonmagnetic medium of

thicknessd,, Eq. (1) leads to the differential equation

d2m+ 2 g

dX2 K —U.
For the boundary conditionsn(—d,/2)==*=m, and m
(+dy/2)=+m,, the respective solutions of E(R) are

)

3 COSh kX)
M. () =Moo S xdy2) (33
and
B sinh( kX)
m,(x)—mom. (3b)

The dashed(ferromagnetiz and solid (antiferromagnetic

lines in Fig. 2 show the magnetization profiles given by EQs.
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|
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FIG. 2. Spin polarization in a nonmagnetic insulating matrix for ferromag-

netic coupling(dashed lingand antiferromagnetic couplingolid line).
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FIG. 3. Distance dependence of the interatomic exchasgigematic The
dotting of the arrows shows the strength of the exchange.

3(a) and 3b), respectively. Putting the two profiles into Eq.
@) yields a small energy difference, which is equal to the
interparticle exchange per surface area.

The net interparticle exchange energy is obtained
from Egs.(1) and(3). Exploiting the rotational symmetry of
the problem, it is convenient to writdj,=2x [ »(r)rdr,
where the average energy density »_— 7, is obtained
by x integration from—d,/2 to d,/2. After short calculation,
we obtain

(TG
7T ek S'””"dC’)(sinhZ(Kdo/z)
1
B cosﬁ(Kd0/2)> ’ @
and
20(THMZ 1
7T TTa%k sinh(kdy) (53

Since the inverse decay length is quite large; 10/nm for
typical insulators, the hyperbolic sine can be approximated
by an exponential function, so that

Aleg(T)m?

2

. (5b)

7 exp — kdg).
Next, we take into account that the particle radRis much
larger than 1#, so that the distance,=d,+2[R—(R?

—r?)%2] is in good approximationl,= d;,+r%R. The inte-

gration overr can then be performed analytically, and we
obtain
Al g T)RNME
D= 8.2 X~ kdnin), (63
or
,.R
Jip=4mmgJ 2 exp( — xkdmin) - (6b)

When the radii of the two grains are differeR,(andR,),
thenR must be replaced bR.+=2RR,/(R;+Ry). Since the
exchange energ¥;, competes against the anisotropy energy,
KV, it is instructive to consider the exchange-energy den-
sity Jyo=Jjp/V rather thel;, itself

2

Jvol_ﬁexq_ KO min) . (60)
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Equation(6) describes the net exchange between two parnetic particles embedded in insulating matrix. The net ex-
ticles. Since the integration leading from E§) to Eq. (6) change energy has been obtained by introducing cylindrical
assumes nearly plane adjacent surface areas, this resultdsordinates and integrating over the surfaces of the adjacent

limited to small spacingd - spheres. In fair approximation, the exchange coupling de-
creases exponentially with decay length,,. Unless the
IIl. DISCUSSION AND CONCLUSIONS matrix is close to ferromagnetism, the decay length is at the

The strong decrease of the exchange with increasing jjnost a few interatomic distances, but the large number of

terparticle spacing, as epitomized by the decay lengih 1/ adjacent sgrfa_ce _atoms _ylelds an _enhanc_ement of the ex-
~1A, reflects the weakness of the interatomic exchange a%hange which is linear with the particle radius.

compared to the intra-atomic exchange. Figure 3 illustrates

tha_tt the .interatomic exphange creates a small moment iRCKNOWLEDGMENT

neighboring nonmagnetic atoms, and the exchange between

these moments leads to the net exchange. The number of This work was supported by the AFOSR, ARO, ONR,
adjacent pairs of nanoparticle surface atoms is quite largand CMRA.

and leads to the factdR in Eq. (6b), but this factor gives

only a minor correction to the leading exponential term and

significant exchange is limited to a few interatomic dis- ‘R. Coehoom, D. B. de Mooij, J. P. W. B. Duchateau, and K. H. J. Bus-
tances. In per_mal_"nent mag_nets, this amounts to a near!y Com_}ih-ol-\:vl\‘/llullljehry?J(FSr?:rr]\?eSZrcAa ngc(ii?eﬁ? D. Eckert, P. Nothnagel, and H.
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