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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 co
posed of two phases with different magnetic properti
which fluctuate spatially with the correlation length
nanometers.1 Softer magnetic materials consist of Fe-ri
nanocrystallites embedded in a soft amorphous matr2

Harder magnets are formed by mixing at nanoscale hig
anisotropic rare-earth-transition metal crystallites with a s
magnetic matrix, which enhances both magnetization
Curie temperature.3 Complementary, pinning magnets, aft
a rather complicated annealing and quenching treatm
consist of a cellular structure with a softer Sm2Co17 phase
embedded in a hard SmCo5 matrix.4

It is remarkable that nanocrystalline material obtained
devitrification of amorphous alloys Fe79Zr7B14 and
Fe79Nd7B14 are examples of extremely soft and extreme
hard magnetic materials, with coercivities of 1023 and
104 Oe, respectively. This broad range—of seven orders
magnitude—is covered by substituting Nd by Zr only at
at. %, remaining free in the compound Fe79B14. Both mate-
rials are nanostructured, the former consists of Fe nanoc
tals with anisotropy constantk5104 J m23, embedded in an
amorphous matrix of FeZrB, withk5102 J m23; whereas
the later is formed of Fe2Nd14B1 nanocrystals withk
55 106 J m23, embedded in a matrix of Fe. In both cases
magnetic anisotropy constant of crystallites is two orders
magnitude larger than that of the matrix. One should a
notice that the anisotropy constant of Fe2Nd14B1 is only two
and a half orders of magnitude larger than that of Fe. The
fore, the difference in coercivity is due to nanostructure
fects rather than to single compositional reasons. Differ
types of approximations to the micromagnetic calculatio
have been attempted.5 The aim of this paper is to summariz
by means of a proposed approximation the parameters w
determine the general trend of coercivity as well as its th
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mal dependence in nanostructured two-phase systems. S
in the problem addressed here exchange and anisotropy
the more relevant energy terms in order to find quite gen
predictions, magnetostatic interactions, even though they
be important,6 have been disregarded. Finally some expe
mental results carried out on Fe nanocrystals which w
very diluted in a FeZrBCu amorphous matrix summarize
most important conclusions of the theoretical description

In a single-phase nanocrystalline ferromagnetic sys
the magnetic behavior is governed by the ratio of the cry
size d to the exchange correlation length or wall thickne
L5(A/k)1/2, A andk being the exchange and anisotropy co
stant of the single crystal. Let us analyze the two poss
cases.

~A! Coupled grains.If L.d, and the orientational distri-
bution of the crystallites is random, the effect of the e
change is a reduction of the effective anisotropy consta
This decrease leads to an increase of the exchange cor
tion length which becomesL* 5(A/keff)1/2, where keff is
given by7

keff5k/~N1/2!5k4d6/A3, ~1a!

where N is the number of crystallites in the volumeL* 3,
N5(L* /d)3.

~B! Uncoupled grains.If L,d, each crystallite magne
tizes independently. However, there is a surface layer aro
the grain with depthL, in which as a consequence of th
misalignment of the easy axis at both sides of the gr
boundary the anisotropy decreases. The typical volume f
tion of this surface layer at each crystallite isx* 56L/d. As
has been thoroughly analyzed this region provides low
nucleation fields for magnetization reversal.8 The effective
anisotropy constant can be in this case approximated by
5193 © 1998 The American Physical Society
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TABLE I. Summary of the parameters for the different cases considered in the text.

Cases

Conditions
fulfilled by the
relevant length

scales
Effective anisotropy

constantKeff Physical systems

~A! Coupled grains L2* @D k1

AN

Soft Fe-rich
L1* @d1 nanocrystalls in the

optimum soft
magnetic state

~B! Partially L2* @D
k1x(12x* )1

k1xx*

AN

Spring magnets
uncoupled grains L1* ,d1 AlNiCo magnets

~C! Uncoupled L2* ,D or k1x1k2(12x) Soft Fe-rich
grains L2* 'D nanocrystals in the

low dilution limit
Hard nanocrystalline

magnets
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keff5k~12x* !1kx* /~N1/2!, ~1b!

whereN is now the average number of crystallites in cont
with each crystallite, which is always close to 6. Therefo
under this conditionkeff is of the order ofk.

The coercivity of any ferromagnetic sample is related
keff and the spontaneous magnetizationMs through the rela-
tion

Hc5pkeff/m0Ms , ~2!

wherep is a dimensionless factor which depends on the p
ticular type of magnetization process.

Consider a two-phase system composed of an assemb
crystallites, with volume fractionx and average sized1
~phase 1! embedded in a ferromagnetic phase with, at le
two orders of magnitude lower anisotropy~phase 2!. The
easy axis direction is assumed to fluctuate in orientation w
lengthd2 in phase 2, which is always smaller thanL2 . The
minimumL2 considered here, which corresponds to the c
of spring magnets with nanocrystalline Fe as phase 2, i
30 nm. The different strength of the anisotropy allows us
disregard the contribution to the effective anisotropy
phase 2 forx.0.1. Therefore, the effective exchange inte
actions between crystallites, belonging to phase 1, are
relevant with respect to a possible decrease ofkeff. The ex-
change constantA is assumed to be of the same order in bo
phasesA510211 J m21. The distance between crystallites
phase 1 andD can be related tod1 and x through the ap-
proximated expression

D5~d1 /x1/3!2d1 . ~3!

The coupling between the hard crystallites is carried
through the softer matrix. The magnetic ordering effect co
ing from a certain crystallite which reaches the surface
another crystallite should be described as an effective
change that we propose to write as

Aeff5e2~D/L2* !A5gA, ~4!

whereA5(A1A2)1/2 andL2* 5(A/k2)1/2.
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Such information should also decrease exponentially a
penetrates within the grain. The typical decreasing lengt
now L1* 5(A/k1)1/2. It is worth noting that the decrease i
Aeff can be due either to the decrease ofA2 because of the
transition to the paramagnetic state of the matrix when
temperature is increased or to the high dilution of phase
which meansD@L2* .

For the sake of simplicity, and following the standa
procedure in the random anisotropy model for single-ph
systems, the exponential functions are approximated by
functions, i.e.,g51 for D,L2* andg50 for D.L2* . Three
relevant cases can be considered. These cases are su
rized in Table I.

~A! Coupled grains, verifying L2* @D and L1* @d1 . This
is the typical case of soft Fe-rich nanocrystals at tempe
tures below the Curie temperature of the amorphous ph
and at moderate or highx. The contribution tokeff of the soft
phase becomes negligible. According to the random ani
ropy calculations of a single phase system and taking
account the modificationsN5x(L1*

3/d1
3) and k5xk1 , it is

finally obtained that

keff5x2k1
4d1

6/A3. ~5!

~B! Partially coupled grains, verifying L2* @D and
L1* ,d1 . These are typical conditions holding for nanocry
talline spring magnets as well as for AlNiCo type magne
In this case the effect of the exchange between crystal
smoothing the anisotropy only affects a volume fractionx*
of them. Then,keff becomes

keff5k1x~12x* !1k1xx* /~N1/2!, ~6!

whereN is the number of crystallites of phase 1 comprised
L2*

3, N5x(L2*
3/d1

3).
Notice that the remanent magnetization is proportiona

0.5M1x(12x* )1M1xx* 1M2(12x), where M1 and M2
are the spontaneous magnetizations of phases 1 and 2
spectively. The decrease ofx, as well as the increase ofx* ,
decreaseskeff but increases the remanence as is norma
observed in spring magnets whereM2.M1 .



-
e

oe
k
it
n

ec

.
o

le

ts
cr
ba
of

d
a

y
g
at

re

b

n-

n

e,

o
l-

e
ta
p

-

x-
ple
ith

ted

e of
ped
ture
c-

ti-
ting
ause
trix

the

for

PRB 58 5195BRIEF REPORTS
Expressions~5! and ~6! account for the difference in co
ercivity, of seven orders of magnitude, between devitrifi
FeZrB and FeNdB. Forx50.5 andd157 nm, keff takes, ac-
cording to Eq.~6!, a value of 0.5 J m23 for k15104 J m23

and A510211; however, according to Eq.~7! for k15107,
L151 nm andkeff becomes 43106 J m23.

~C! Uncoupled grains, verifying L2* ,D or L2* 'D. In
this case the information coming from the grains either d
not reach the surface of the other grains or does very wea
This is the case of soft nanocrystals in the low dilution lim
In general, even at low values ofx, L2* becomes greater tha
D. According to Eq.~3!, for x50.1, D is approximately
equal to d1 and thereforeD is smaller thanL2* if d1 is
smaller than 30 nm. Hence, whend1 is of the order of 10 nm
the conditionL2* ,D only holds for very low values ofx,
i.e.,x,0.01. In this limit the hard phase is expected to aff
only the magnetization process of the sample~almost pure
phase 2! through the pinning effect9 exerted on the walls
Notice that under these conditions the contribution of the s
phase to the effective anisotropy may then be comparab
that of the hard phase.

keff5k1x1k2~12x!. ~7!

A different case is that of the so-called pinning magne
In contrast to the previously considered cases, the mi
structure of these magnets consists of a softer phase 1,
cally composed of Sm2Co17, surrounded by a hard phase 2
SmCo5. In this case,L1* .d1 andL2* ,D, which means that
the grain size of phase 1 is not large enough to keep a
main wall and magnetization reversal takes place in the h
phase. Therefore, the effective macroscopic anisotrop
that of the hard phase, the role of the softer phase bein
increase the Curie temperature and saturation magnetiz
and hence the energy product.

The thermal dependence of coercivity in nanostructu
two-phase systems presents some interesting anomalies
to the thermal dependence of the coupling as illustrated
expression~4!. Notice thatL2* and thereforeg increase with
temperature, whereasA decreases with temperature. Co
sider first a totally coupled system at low temperature,L2*
.D andL1* .d1 . SinceL2* increases with temperature,10 the
same relationL2* .D holds, or according to the step functio
approximationg51, at any higher temperature. However,A
decreases asM1M2 with increasing temperature, therefor
the system remains coupled up toT* for which keff5k1.
According to Eq.~5! this happens forA5x2/3k1d1

2. In the
case of soft nanocrystals the Curie temperature of the am
phous matrixTc2

is 400 K lower than that of the Fe crysta

lites. Hence,A goes to zero very fast at the proximity ofTc2
,

keff rises up to reachk1 indicating the decoupling of the
crystallites which become either single domains or sup
paramagnetic particles. This effect has been experimen
observed as a sharp maximum in the coercivity of the sam
in the vicinity of Tc2

.11

The effect predicted by relation~4! is more interesting for
systems uncoupled at low temperature, verifyingL2* ,D and
L1* .d1 . Initially g50, asL2* increases withT, at a certain
temperatureL2* overcomesD. From this temperature the sys
d
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tem becomes coupled, i.e.,g51. Thus, expression~4! pre-
dicts the possibility of inducing coupling by heating e
tremely diluted systems. In this paper we report an exam
of a system in which the exchange coupling increases w
increasing temperature. This system is a highly dilu
FeZrBCu nanocrystal.

Amorphous ribbons of composition Fe85Zr7B6Cu2 were
annealed under high vacuum. The thermal dependenc
coercivity and remanence was measured in ribbon sha
samples at temperatures from 50 K up to room tempera
by means of a Fo¨rster coercimeter and are shown, respe
tively, in Figs. 1 and 2. The crystalline fraction was es
mated from magnetic measurements at 520 K in a vibra
sample magnetometer. This temperature was chosen bec
it is far above the Curie temperature of the amorphous ma

FIG. 1. Temperature dependence of the coercive field for
sample Fe85Zr7B6Cu2 annealed at~s! 593 K, ~m! 633 K, and~h!
793 K.

FIG. 2. Temperature dependence of the relative remanence
the sample Fe85Zr7B6Cu2 annealed at~s! 593 K, ~m! 633 K, and
~h! 793 K.
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and well below the crystallization temperature and the Cu
temperature of the crystalline phase. The average grain
ameter was calculated from the x-ray diffraction patterns
means of the Sche¨rrer formula.

In the samples annealed at 593 and 633 K the crysta
fraction is measured to be 431024 and 531023, respec-
tively. Therefore, considering that the average grain diam
is of the order of 20 nm, the distance between crystallite
calculated to be about 260 and 100 nm, respectively. Th
distances are of the same order as the typical domain
thickness in amorphous materials. Therefore, these sam
fulfill the conditions listed in~C! and the effect of crystallites
is a pinning effect on the domain walls. The pinning i
creases as the domain wall thicknessL2* , approachesD, then
takes a maximum forL2* 5D and decreases due to the ave
aging effect of the exchange for further increases ofL2* .9

Therefore, the coercivity consists of two contributions.~i!
The intrinsic contribution or that from the amorphous pha
free of crystallites. This contribution is expected to decre
with temperature as a power ofM2 as indicated by Eq.~1a!.
~ii ! A pinning contribution which is expected to either d
crease with temperature forL2* .D or increase forL2* ,D.
The experimental results shown in Fig. 1 indicate that
pinning effect is maximum for the sample annealed at 59
~L2* 'D at 0 K!. The fast decrease of coercivity with tem
perature corresponds to the decrease of pinning effect
the increase ofL2* . In the sample annealed at 633 K,L2* is
slightly larger thanD,12 the pinning effect is smaller, and th
thermal dependence of coercivity is governed through
thermal dependence of the intrinsic coercivity. In the sam
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annealed at 793 K the crystalline fraction is 0.54, where
the average grain diameter is 21 nm. Thus, the average
tance between grains isD55 nm. Therefore, in this sampl
L2* @D, at 0 K, the coupling between grains is strong and
pinning effect is negligible. The thermal dependence of
ercivity is due to a decrease of the coupling associated w
the decrease ofA2 , as is reinforced by the behavior of th
reduced remanence shown in Fig. 2. The increase ofL2* in-
creases the remanence in the sample annealed at 593 K
to the enlargement of the coupling, just as it decreases
coercivity, whereas in the sample annealed at 633 K the t
mal decrease of the remanence reflects the decrease o
spontaneous magnetization of the amorphous matrixM2 .
The sample annealed at 793 K is in the structural optim
state from the soft magnetic point of view. As the sample
finite it is easily splitted in domains which reduces the rem
nence. The coupling between crystallites decreases with
creasing temperature due to the descent ofA2 and, therefore,
the remanence approaches the uncoupled value of 0.8M1

~as 0.83 is the theoretical reduced remanence of an asse
of randomly oriented cubic particles!.

In summary, the parameters governing the effective
isotropy and coercivity of nanostructured soft-hard tw
phases systems have been indicated. The experimental
mal dependence of the coercivity can be explained thro
expression~4! proposed for the coupling. Moreover, the c
pability of expression~4! to account for the induction o
coupling by increasing temperature has been experimen
tested.
-

ed
1This is also the case of multilayers and granular solids. See
instance, S. S. Parkin, N. More, and P. Roche, Phys. Rev. L
64, 2304~1990!.

2A. Hernando, I. Navarro, C. Prados, D. Garcı´a, M. Vázquez, and
J. Alonso, Phys. Rev. B53, 8223~1996!, and references therein

3A. Manaf, R. A. Buckley, and H. A. Davies, J. Magn. Mag
Mater. 128, 302 ~1993!; see also J. F. Herbst, Rev. Mod. Phy
63, 819 ~1991!.

4K. J. Strnat, inFerromagnetic Materials, edited by E. P. Wohl-
farth and K. H. J. Buschow~Elsevier, British Vancouver, 1988!,
Vol. 4, p. 164, and references therein.

5R. Skomski and J. M. Coey, Phys. Rev. B48, 15 812~1993!; I.
Navarro, M. Ortun˜o, and A. Hernando,ibid. 53, 11 656~1996!.

6T. Leineweber and H. Kronmu¨ller, J. Magn. Magn. Mater.176,
145 ~1997!.

7R. Alben, J. J. Becker, and M. C. Chi, J. Appl. Phys.49, 1653
or
tt.

~1978!; G. Herzer, IEEE Trans. Magn.25, 3327~1989!.
8A. Hernando, I. Navarro, and J. M. Gonza´lez, Europhys. Lett.20,

175 ~1992!.
9M. Kerstern, Phys. Z.44, 63 ~1943!; B. D. Cullity, Introduction

to Magnetic Materials~Addison-Wesley, New York, 1972!, p.
317; S. Chikazumi,Physics of Magnetism~Wiley, New York,
1964!, p. 285.

10Since A2 decreases with temperature much slower thank2 and
providing thatA1 remains approximately constant in this tem
perature range,L2* will increase with temperature.

11A. Hernando and T. Kulik, Phys. Rev. B49, 7064~1994!.
12Notice that according to Eqs.~5! and~7! whenk2(12x).k1x as

is the case forx51023, the decrease of the anisotropy induc
by the coupling between crystallites atL2* .D is macroscopi-
cally negligible when compared to the pinning effects.


