PHYSICAL REVIEW B VOLUME 58, NUMBER 9 1 SEPTEMBER 1998-

Soft to hard magnetic anisotropy in nanostructured magnets
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The effective anisotropy of hard-soft magnetic nanostructures is analyzed using the concept of the exchange
correlation length of both phases. The dependence of coercivity on volume fraction, fluctuation length, tem-
perature, and magnetic properties of the components is derived from the degree of magnetic coupling, defined
through an effective interphase exchange constant. Coercivity and remanence measurements carried out on
devitrified FeZrBCu amorphous alloys point out the transition from an uncoupled to a coupled regime by
increasing the temperature in a very diluted system, according to the predictions of the analysis.
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A group of the more relevant magnetic materials is com-mal dependence in nanostructured two-phase systems. Since
posed of two phases with different magnetic propertiesin the problem addressed here exchange and anisotropy are
which fluctuate spatially with the correlation length of the more relevant energy terms in order to find quite general
nanometer$. Softer magnetic materials consist of Fe-rich predictions, magnetostatic interactions, even though they can
nanocrystallites embedded in a soft amorphous métrix.be importanf, have been disregarded. Finally some experi-
Harder magnets are formed by mixing at nanoscale highlynental results carried out on Fe nanocrystals which were
anisotropic rare-earth-transition metal crystallites with a softvery diluted in a FeZrBCu amorphous matrix summarize the
magnetic matrix, which enhances both magnetization anfnost important conclusions of the theoretical description.
Curie temperaturé. Complementary, pinning magnets, after In a single-phase nanocrystalline ferromagnetic system
a rather complicated annealing and quenching treatmenth€ magnetic behavior is governed by the ratio of the crystal
consist of a cellular structure with a softer $bo,; phase Sized to the exchange correlation length or wall thickness
embedded in a hard SmCmatrix L=(A/k)Y?, Aandk being the exchange and anisotropy con-

It is remarkable that nanocrystalline material obtained bystant of the single crystal. Let us analyze the two possible
devitrification of amorphous alloys R&r,B;, and Cases.

Fe,dNd;B,, are examples of extremely soft and extremely (A) Coupled grainslf L>d, and the orientational distri-
hard magnetic materials, with coercivites of foand bution of the crystallites is random, the effect of the ex-
10* Oe, respectively. This broad range—of seven orders ofhange is a reduction of the effective anisotropy constant.
magnitude—is covered by substituting Nd by Zr only at 7 This decrease leads to an increase of the exchange correla-
at. %, remaining free in the compound,§&,, Both mate- tion length which becomes* =(A/k*")'? where k*" is

rials are nanostructured, the former consists of Fe nanocry§/Ven by

tals with anisotropy constaft=10* J m 3, embedded in an

amorphous matrix of FezrB, wittk=10 J m 3 whereas k= k/(NY2)=k*d®/A3, (1a)

the later is formed of FE&d;,B; nanocrystals withk

=510 Jm 3, embedded in a matrix of Fe. In both cases thewhere N is the number of crystallites in the volume*3,
magnetic anisotropy constant of crystallites is two orders oN=(L*/d)3.

magnitude larger than that of the matrix. One should also (B) Uncoupled grainsif L<d, each crystallite magne-
notice that the anisotropy constant of,Ré;,B; is only two tizes independently. However, there is a surface layer around
and a half orders of magnitude larger than that of Fe. Therethe grain with depthL, in which as a consequence of the
fore, the difference in coercivity is due to nanostructure ef-misalignment of the easy axis at both sides of the grain
fects rather than to single compositional reasons. Differenboundary the anisotropy decreases. The typical volume frac-
types of approximations to the micromagnetic calculationdion of this surface layer at each crystallitexis=6L/d. As
have been attemptédThe aim of this paper is to summarize has been thoroughly analyzed this region provides lower
by means of a proposed approximation the parameters whiahucleation fields for magnetization rever8arhe effective
determine the general trend of coercivity as well as its theranisotropy constant can be in this case approximated by
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TABLE I. Summary of the parameters for the different cases considered in the text.

Conditions
fulfilled by the
relevant length Effective anisotropy
Cases scales constantk & Physical systems
(A) Coupled grains L3>D K, Soft Fe-rich
Ly>d, \/_W nanoc.rystalls in the
optimum soft
magnetic state
(B) Partially L3>D o kot Spring magnets
uncoupled grains L*<d, kiX(1—x*)+ AINiCo magnets
(C) Uncoupled L3<D or kix+Kky(1—X) Soft Fe-rich
grains L3~D nanocrystals in the
low dilution limit
Hard nanocrystalline
magnets
K= k(1 —x*) +kx*/(NY?), (1b) Such information should also decrease exponentially as it

) o penetrates within the grain. The typical decreasing length is
whereN is now the average number of crystallites in contactyoy |* = (A/k,)Y2. It is worth noting that the decrease in

with each crystallite, which is always close to 6. Therefore,aeff o pe due either to the decreasefgfbecause of the

. s ff .
under this conditiork®” is of the order ok. transition to the paramagnetic state of the matrix when the

ﬁThe coercivity of any ferromagnetic sample is related oemperature is increased or to the high dilution of phase 1,
k" and the spontaneous magnetizatidg through the rela- which meanD>L% .

tion For the sake of simplicity, and following the standard

@ procedure in the random anisotropy model for single-phase
systems, the exponential functions are approximated by step

wherep is a dimensionless factor which depends on the parfunctions, i.e.,y=1 forD<L}; andy=0 forD>L3 . Three

chpkEﬁ/MOMSa

ticular type of magnetization process. relevant cases can be considered. These cases are summa-
Consider a two-phase system composed of an assembly tzed in Table I.
crystallites, with volume fractiorx and average sizel; (A) Coupled grains, verifying £>D and L} >d;. This

(phase 1 embedded in a ferromagnetic phase with, at leastis the typical case of soft Fe-rich nanocrystals at tempera-
two orders of magnitude lower anisotrofpghase 2 The tures below the Curie temperature of the amorphous phase
easy axis direction is assumed to fluctuate in orientation wittand at moderate or high The contribution t®™ of the soft
lengthd, in phase 2, which is always smaller thep. The  phase becomes negligible. According to the random anisot-
minimumL, considered here, which corresponds to the caseopy calculations of a single phase system and taking into
of spring magnets with nanocrystalline Fe as phase 2, is adiccount the modificationsl=x(L} 3/df) and k=xky, it is

30 nm. The different strength of the anisotropy allows us tdfinally obtained that

disregard the contribution to the effective anisotropy of

phase 2 forx>0.1. Therefore, the effective exchange inter- keff=x2k3dS/AS, (5)
actions between crystallites, belonging to phase 1, are only
relevant with respect to a possible decreas&®df The ex- (B) Partially coupled grains, verifying £>D and

change constark is assumed to be of the same order in bothL} <d,. These are typical conditions holding for nanocrys-
phaseA=10"1' Jm™. The distance between crystallites of talline spring magnets as well as for AINiCo type magnets.
phase 1 and can be related tal; and x through the ap- In this case the effect of the exchange between crystallites
proximated expression smoothing the anisotropy only affects a volume fractidn
of them. Thenk®" becomes
D=(d,/x¥¥—d,. 3
K=k x(1—x* )+ kyxx* /(NY?), (6)

The coupling between the hard crystallites is carried out ) ) ) )
through the softer matrix. The magnetic ordering effect comWhereN is the number of crystallites of phase 1 comprised in
ing from a certain crystallite which reaches the surface of-3 %, N=x(L3%d3).
another crystallite should be described as an effective ex- Notice that the remanent magnetization is proportional to

change that we propose to write as 0.5M1X(1—x*) +MxX* + M3(1—-x), where M; and M,
are the spontaneous magnetizations of phases 1 and 2, re-
Aeff— @ (DIL3)A — yA (4) spectively. The decrease gfas well as the increase &f,

decreasek®" but increases the remanence as is normally
whereA=(A;A,)Y2 andL} = (A/k,) Y2 observed in spring magnets wheve,>M .
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Expressiong5) and (6) account for the difference in co- 45
ercivity, of seven orders of magnitude, between devitrified
FezrB and FeNdB. Fox=0.5 andd, =7 nm, k°" takes, ac- @ ]
cording to Eq.(6), a value of 0.5 Jm® for k;=10* I m3 v 35 i
and A=10"1%; however, according to Eq7) for k=10, <E(
L,=1 nm andk®" becomes & 10° J m™3. ~ 30 1
(C) Uncoupled grains, verifying <D or L5~D. In % 25
this case the information coming from the grains either does L i |
not reach the surface of the other grains or does very weakly. © 29| i
This is the case of soft nanocrystals in the low dilution limit. LZ)
In general, even at low values BfL3 becomes greater than o 1°r )
D. According to Eq.(3), for x=0.1, D is approximately 8 ol 3
equal tod; and thereforeD is smaller thanL3 if d; is
smaller than 30 nm. Hence, whdn is of the order of 10 nm 5t 8
the conditionL <D only holds for very low values ok,
i.e.,x<0.01. In this limit the hard phase is expected to affect O a0 100 150 200 280 300

only the magnetization process of the sam(@knost pure
phase 2 through the pinning effettexerted on the walls.
Notice that under these conditions the contribution of the soft FIG. 1. Temperature dependence of the coercive field for the

phase to the effective anisotropy may then be comparable t'Qample FgZr-B.Cu, annealed atO) 593 K, (A) 633 K, and((J)
that of the hard phase. 793 K.

Temperature (K)

ke=kyx+ka(1—X). (7)  tem becomes coupled, i.ey=1. Thus, expressiotd) pre-
dicts the possibility of inducing coupling by heating ex-

A different case is that of the so-called pinning magnetstremely diluted systems. In this paper we report an example
In contrast to the previously considered cases, the microef a system in which the exchange coupling increases with
structure of these magnets consists of a softer phase 1, basicreasing temperature. This system is a highly diluted
cally composed of Spto,,, surrounded by a hard phase 2 of FeZrBCu nanocrystal.
SmCag;, In this casel} >d; andL} <D, which means that Amorphous ribbons of composition gZ&r,BCu, were
the grain size of phase 1 is not large enough to keep a d@nnealed under high vacuum. The thermal dependence of
main wall and magnetization reversal takes place in the hardoercivity and remanence was measured in ribbon shaped
phase. Therefore, the effective macroscopic anisotropy isamples at temperatures from 50 K up to room temperature
that of the hard phase, the role of the softer phase being oy means of a Hwster coercimeter and are shown, respec-
increase the Curie temperature and saturation magnetizatidively, in Figs. 1 and 2. The crystalline fraction was esti-
and hence the energy product. mated from magnetic measurements at 520 K in a vibrating

The thermal dependence of coercivity in nanostructure¢ample magnetometer. This temperature was chosen because
two-phase systems presents some interesting anomalies ditiés far above the Curie temperature of the amorphous matrix
to the thermal dependence of the coupling as illustrated by
expressior(4). Notice thatL3 and thereforey increase with
temperature, wherea& decreases with temperature. Con- 0.12 -
sider first a totally coupled system at low temperaturg,
>D andL} >d,. SinceL} increases with temperatut®the
same relatio.3 >D holds, or according to the step function
approximationy= 1, at any higher temperature. HowevAr,
decreases aWl;M, with increasing temperature, therefore,
the system remains coupled up T for which k®f=k;.
According to Eq.(5) this happens foA=x?%,d3. In the
case of soft nanocrystals the Curie temperature of the amor-
phous matrixTC2 is 400 K lower than that of the Fe crystal-

lites. HenceA goes to zero very fast at the proximity 'ﬁgz,
k™ rises up to reaclk, indicating the decoupling of the 0.03 | A
crystallites which become either single domains or super- D\D_,D,’/D//D/D
paramagnetic particles. This effect has been experimentally J ‘ ‘ ‘ ‘ ‘
observed as a sharp maximum in the coercivity of the sample 50 100 150 200 250 300
in the vicinity of T,,.** T t K
The effect predicted by relatio@) is more interesting for emperature (K)
SXStems uncoupled at low aemperature, V_e“fW-@@KD and FIG. 2. Temperature dependence of the relative remanence for
L1>d;. Initially y=0, asL; increases withT, at a certain  the sample Fgzr,BsCu, annealed atO) 593 K, (A) 633 K, and
temperaturd3 overcome®. From this temperature the sys- () 793 K.

0.09 + 8

0.06 - N 1

Relative Remanence
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and well below the crystallization temperature and the Curieannealed at 793 K the crystalline fraction is 0.54, whereas,
temperature of the crystalline phase. The average grain dihe average grain diameter is 21 nm. Thus, the average dis-
ameter was calculated from the x-ray diffraction patterns bytance between grains B=5 nm. Therefore, in this sample
means of the Scheer formula. ~ L3>D, at 0K, the coupling between grains is strong and the
In the samples annealed at 5943 and 633 thhe crystallinginning effect is negligible. The thermal dependence of co-
fraction is measured to be>410™" and 5<10°°, respec-  grcivity is due to a decrease of the coupling associated with
tively. Therefore, considering that the average grain diametef o gjecrease oh,, as is reinforced by the behavior of the

is of the order of 20 nm, the distance between crystallites i P ; * g
calculated to be about 260 and 100 nm, respectively. Thes?eeduced remanence shown in Fig. 2. The increase;on

distances are of the same order as the typical domain wal ©2S€s the remanence in the sample annealed at 593 K due

thickness in amorphous materials. Therefore, these sampl the_ gnlar%ement .Of rt]he coup:llng, JUST ?js |t6d3e3creaﬁeshthe
fulfill the conditions listed in(C) and the effect of crystallites COETCIVity, whereas in the sample annealed at 633 K the ther-

is a pinning effect on the domain walls. The pinning in- mal decrease of the remanence reflects the decrease of the

creases as the domain wall thicknegs, approache®, then ~ SPontaneous magnetization of the amorphous matrix
takes a maximum fot3 =D and decreases due to the aver-The sample annealed at 793 K is in the structural optimum

aging effect of the exchange for further increased bf.° ?tqte frgm thgl softl_mactj:]negc p0|.nt of r\]/.le;v. Ads the sr?mple IS
Therefore, the coercivity consists of two contributiofis. Inite itis easily splitted in domains which reduces the rema-

The intrinsic contribution or that from the amorphous phasd'€Cce- The coupling between crystallites decreases with in-
free of crystallites. This contribution is expected to decreas€'€asing temperature due to the descert0énd, therefore,

with temperature as a power bf, as indicated by Eq(14). the remanence approaches the uncoupled value oiv).83

(i) A pinning contribution which is expected to either de- (as 0.83 is the .theoreticall reduc_ed remanence of an assembly
crease with temperature fari >D or increase fol.<D.  Of randomly oriented cubic particles

The experimental results shown in Fig. 1 indicate that the [N summary, the parameters governing the effective an-
pinning effect is maximum for the sample annealed at 593 Kisotropy and coercivity of nanostructured soft-hard two
(L3~D at 0 K). The fast decrease of coercivity with tem- phases systems have been indicated. The experimental ther-
perature corresponds to the decrease of pinning effect withal dependence of the coercivity can be explained through
the increase of% . In the sample annealed at 633k} is ~ €Xpression4) proposed for the coupling. Moreover, the ca-
slightly larger tharD,*? the pinning effect is smaller, and the pability of expression(4) to account for the induction of
thermal dependence of coercivity is governed through th&oupling by increasing temperature has been experimentally
thermal dependence of the intrinsic coercivity. In the sampldested.
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