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Magnetic properties of hard/soft composites: SmCgCo,_,Fe,

R. F. Sabiryanov and S. S. Jaswal
Department of Physics and Astronomy and Center for Materials Research and Analysis, University of Nebraska,
Lincoln, Nebraska 68588-0111
(Received 11 May 1998

First-principles calculations are carried out to study the magnetic hardening of pttCxn _,Fe,) mul-
tilayers. The multilayer stacking along tbeaxis of the hexagonal hard phase (SrgCand the(111) direction
of the fcc soft phase (Ga,Fe) is well matched structurally. The self-consistent spin-polarized electronic
structure results are used to calculate the magnetic moments and the exchange interaction parameters. The
average magnetic moments of the soft &) and hard phases are L.83and 1.2:z per atom, respectively.
A continuum model of the periodically layered hard/soft composite predicts the optimum thickness of the soft
phase to be approximately 13 nm independent of the thickness of the hard phase. Calculated exchange param-
eters predict the Curie temperature of the hard/soft system to be between the values for eat0phase388
K) depending on the relative thicknesses of the two phases. The optimum theoretical limit to the energy
product of the composite is65 MGOe, which is almost twice the value for the hard phase.
[S0163-182608)04642-9

. INTRODUCTION netization, exchange interactions, arfh of SmCQ/
Co,_,Fe, composites represented by a periodic layered

Substantial efforts are being made to improve the properstructure shown in Fig. 1. These results along with the ex-
ties of permanent-magnet materials, i.e., to increase the eperimental anisotropy of the hard phase are used in a micro-
ergy product (BH)max and the Curie temperaturd{). A magnetic analysis due to Skomski and Coryfind the op-
recent innovation in this area is the possibility of exchangaimal thicknesses of the hard and soft phases.
coupling of the hard and soft magnetic phases proposed by
Kneller and Hawig' The basic idea here is to combine the
large saturation magnetizatiof) of the soft phase with
the large magnetic anisotropy of the hard phase to produce a The self-consistent spin-polarized electronic structure cal-
composite with superior hard-magnet properfi€ur recent  culations are carried out using the linear-muffin-tin-orbital
calculations predict such an improvement for FePt/Fe mul- (LMTO) method in atomic sphere approximation and in near
tilayers and the experimental res@ltdso look promising. orthogonal representation.

SmCaq has the largest anisotropy fiel@40-440 kOg The electronic structure results are used to calculate the
among the rare earth—transition me8E-TM) compounds
and also has a high Curie temperat(t600 K). However, it

II. METHOD

has a relatively low theoretical value of the energy product

[(BH)™Me%=1/4(14u,M)?=33 MGOg, an upper bound to

(BH) max- An iron-based bcc RgCoss alloy has the largest ® Co

magnetization 1 =2.43ug) making it the best candidate as O sm

a soft phase. Since Smghbas a strong mismatch in lattice

constants to those of bcc Fe, it is quite possible that the use

of bcc Fe as a soft phase can stabilize structures different Soft

from SmCg@ (SmCg, SmyCo;, SmCg, and SmCo;; have phase

similar formation energigs The fcc(close-packedFe phase

has much weaker exchange interactions and therefore is not T

useful as a soft phase in an exchange spring maghetong

the fcc phases Co has the highest Curie temper&t3@8 K) Interface

and large magnetization. An addition of 10—15 % of iron to

Co stabilizes the fcc phase and increases the magnetization

to 1.8 T, which corresponds t®H) " of 82 MGOe. Also Hard

the lattice mismatch is only about 1% when {i4.1) direc- phase

tion of fcc Co is aligned with the axis of SmCg as shown

in Fig. 1. Thus SmCoand Cq_,Fe, are excellent candi- FIG. 1. Crystal structure near the interface of hexagonal SmCo
dates as hard and soft phases, respectively, for an exchanged fcc Co with thee axis of SmCg and the(111) direction of Co
spring composite. aligned normal to the interface. The interface pair-exchange param-

We present here first-principles calculations of the mageters(meV) are shown in the figure.
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magnetization and the exchange parametdfs in the 2
Heisenberg Hamiltonian. The expression @y derived in
Ref. 7 is as follows:

B Hard Soft Hard

Moment (ug)
|

Jij:—l Im FFdSA:(s)TE[ (e)A], ()T, ().
A7 (T o ! ! 4
(1)

HereT)!’, is the scattering path operator in the it§) rep-
resentation for different spin projectionsr€7,|), and
Aj(e)=t;;*—t;* is the difference of the inverse single-site
scattering matrices.

The total exchange interaction of a given site 0 with all
the other sites,

200
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120

Atomic layer

Jo=2,

1#0

Joi s i) FIG. 2. Magnetic moments and total exchange parameters of

various Co atoms in a hard/soft multilayer.

can also be calculated from the relation
I1l. RESULTS AND DISCUSSION

1 EF
Jo=—g & Im fﬁwdsAP(s)(TEET,(S)—T(L)El,(%?)) Calculations were carried out for three supercells with 3,
6, and 12 layers of Co and four units of Sm@o each case.
+AY ()T (£)AP ()T (&), (3)  The results for magnetization and exchange parameters are

The procedure to caIcuIaﬂéff, in the LMTO formalism has
been developed by Gunnarsson, Jepsen, and Andeiites.

almost the same in each case. The calculated magnetic mo-
ments and effective exchange parametkrsor various Co
sites for the largest supercell composite are plotted in Fig. 2.

exchange parameters are calculated for nearest and neXthe local magnetic moments in two phases are quite similar

nearest neighbors.

as expected. The exchange parameters in the soft phase are

Skomski and Coeyminimize the magnetic energy of a slightly larger than those in the hard phase reflecting the
periodical layered structure in the presence of a nucleatiogjtference in theifT.. The exchange parameters at the inter-
field to _arrive at the following micromagnetic relation among face are in between those of the two phases. It is clear from
the various parameters of hard and soft phases: the calculated exchange parameters Thabr a composite is
expected to be in between the valuesTgffor SmCg (1000
K) and Co(1388 K) depending on the relative amount of the
two phases.

A N These results show that Sm§260 are strongly exchange
== MH N/2Astar<—s VMH N/2AS), (4)  coupled with excellent hard-magnet properties. As men-

An 2 tioned in the introduction, a small amount of Fe is necessary
whereM,, and M are the saturation magnetizations in hard!© Stabilize Co in the fcc phase. We find that the exchange
and soft phases, respectivel, is the anisotropy constant Stiffness parameters for Co-rich CqoFe are almost inde-
of the hard phasénisotropy of the soft phase is negledted pendent of Fe concentrgtlon. Therefore, we have phosen fcc
A, andA, are the exchange stiffness constants for hard an&0:F€ @s a representative of the soft phasg (be; in the

Ay
V(2K —MpHy)/2Atan > V2K, —MpHp)/2A,

soft phases, respectiveli,, is the nucleation field, and,  [ollowing micromagnetic calculations.

and\,, are the soft and hard layer thicknesses, respectively

The exchange stiffness constaft®f the continuum model

are related to the exchange parameters of the discrete mo

as follows. Stiffness tensor of spin wavBs is defined as
follows:®

Dmg Ji(R—R)(Ri—R))z, (5)

The micromagnetic equatigd) used to find the optimum
thicknesses of the two phases neglects the changes in the
pgnetic properties at the interface. This is not expected to

e a serious limitation for determining the optimum thick-
nesses of two phases in the present composite because the
interface layer exchange coupling parameters are very close
to the ones in pure phases as can be seen from Table | and
Fig. 1. There is a decrease in the interplane pair-exchange
parameters to the side of the hard phase but an increase in the

whereR; is the position of théth atom. The exchange stiff- in-plane exchange for the interfacial layer, which results in
ness constant for the crystals with inversion symmetry ighe value ofJ, to be intermediate between the hard and soft

connected wittD through the relation

D,
Aup=" (6)

whereV is the volume of the unit cell.

phase value$Fig. 2). The pair exchange parameters for the
bulk phases needed in E) are listed in Table I. Since the
exchange parametedg decrease fairly rapidly as a function
of the distance in this system, limiting the computatiord pf

to first and second neighbors is reasonable. Equati®rand

(6) give the exchange stiffness parameters as follows:
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TABLE |. Pair exchange parameters in Co, s€e, and 20 . , | :
SmCq Hard phase
Neighbors g S N S Soft phase | -
Compound Type Number Distancél) Jij (meV) é’
10 — —
Co Cda)-(a 12 2.519 14.14 E
Co(a)-(a) 6 3.563 1.30 5
CosFe Cdqa)-Co(a) 8 2.519 13.19 z F -
Cola)-Fe(a) 4 2,519 1451 .
Co(a)-Co(a) 6 3.563 3.13 |
Fe(a)-Fe(a) 6 3.563 7.75 R p 0 20
SmCgq Co(c)-(9) 6 2512 15.22 (BH)™” (MGOe)
Co(c)-(c) 3 2.861 4.46
Colc)-(c) 2 4.131 3.65 FIG. 3. The optimal thicknesses of hard and soft phases versus
Co0)-(c) 12 4.311 2.11 the theoretical energy producB )™M for SmCaq/Co;Fe multi-
Co9)-(9) 4 2.478 15.65 layers.
Co(g)-(c) 4 2.512 15.22
Co(g)-(9 2 4.131 —0.39 candidate for a high-temperature permanent-magnet mate-
Co(g)-(g) 4 4.291 0.73

rial. Stacking of hcp Co and Smgan the (1100 direction
also has a very good match at the interface and such a lay-
ered structure may form with easy axis perpendicular to the
Dfx%Fe: 462 meV R, A=1.321CT“%=AS, layering direction. In this case th_e relevant exchangt_a stiff-
ness constant of the hard phase is smaller than that in the
ame J direction due to the anisotropy of the exchange coupling in
D 7 "®=308 meV A, A,=0.8810" = SmCg,. However, this will only marginally decrease the op-
timal thickness of the soft phase. We hope the present calcu-
lations will stimulate experimental studies of this very prom-
ising hard/soft composite. Finally, the exchange stiffness
parameters calculated here can be used to perform micro-
magnetic simulations of any other experimentally realizable
M(SmCg)=1.05T=M,,, nanostructures of this composite.

J
SmC
D,;7"%=379 meVR, A~ 1.0810115=Ah.

The magnetization values for two phases are

M (CosFe)=1.8T=M,.

We use the value df,=17(MJ/m°) from the experiment?
Using the parameters listed above, the micromagneti¢4xq.
is solved numerically for the optimal thicknesses of hard an

soft phases for a giverBH) gy, (BH)mgy'is an upper limit o multilayer stacking along the-axis of the hard phase

to the energy product that can be realized for any matéial. and the(111) direction of the soft phase is well matched
This is based on the assumption of a rectangular hyStere5§ructurally. A micromagnetic analysis of the composite
loop with Hy=M,/2, whereM is the saturation magnetiza- gives the thickness of the soft phase as 13 nm, which is
tion. The results are presented in Fig. 3. We see that thg,qenendent of the thickness of hard phase. An optimal value
thickness of the soft phase remains constarit3 nm while ot the theoretical energy productiss5 MGOe for hard/soft
the ti;uckness of the hard phase decreases with increasifgicknesses of 5/13 nm. Curie temperature for this composite
(BH)max - Around hard layer thickness of 2 nm, the soft g expected to be-1200 K making SmCg/Co,_Fe, a very

layer thickness begins to decrease in thickness. One shoulghod candidate as a high-temperature hard magnet.
keep in mind that the use of the continuum model is ques-

tionable for 2 nm and thinner layers. One needs to use dis-
crete models to deal with such structures. We see from Fig. 3
that BH)"®%is 65 MGOe for hard and soft multilayers with  This work is supported by the NS@Grant No. DMR-
thicknesses of 5 and 13 nm, respectively. Such a multilaye®705044, the DOE (Grant No. DE-FG2-86ER45262and
is expected to have @&. of ~1200 K, making it a good the AFOSR(Grant No. F4962098100%8

IV. CONCLUSIONS

We have carried out first-principles studies of the mag-
etic properties of SmGdCo, _,Fe, multilayers. An addi-
ion of a small amount of Fe to Co makes the soft phase fcc.
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