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Random magnetocrystalline anisotropy in two-phase nanocrystalline systems
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School of Physics, The University of New South Wales, Sydney 2052, Australia

~Received 22 December 1997!

In order to clarify the effect of the exchange stiffness in the intergranular phase on the exchange correlation
length (Lex) and the random magnetocrystalline anisotropy (^K1&) of two-phase nanocrystalline soft magnetic
materials, the hyperfine fields (57Fe), coercivity and remanence to saturation ratio of nanocrystalline Fe91Zr7B2

have been studied in the temperature range from 77 to 473 K. We observe that the coercivity of the nanoc-
rystalline Fe91Zr7B2 in the temperature range near the Curie temperature of the intergranular amorphous phase
(TC

am) varies as approximately the26th power of the mean hyperfine field of the intergranular phase. This
indicates thatLex nearT;TC

am is mostly governed by the exchange stiffness of the intergranular amorphous
phase and̂K1& of the Fe-Zr-B sample should vary as the23rd power of the exchange stiffness constant in the
intergranular region. These results are explained well by our extended two-phase random anisotropy model
in which two local exchange stiffness constants are considered for the spin-spin correlation withinLex.
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I. INTRODUCTION

Excellent magnetic softness has been observed in var
amorphous1 or nanocrystalline2 systems. The origin of the
magnetic softness in these materials is due to the impor
condition that the structural correlation length~atomic dis-
tance in the case of amorphous materials or grain siz
nanocrystalline systems! is shorter than the exchange corr
lation length (Lex) over which spins are coupled via the e
change interaction. Alben, Becker, and Chi3 have described
the effective anisotropy energy of the amorphous mater
based on a statistical argument, the so-called random an
ropy model. The effective anisotropy energy density in t
model is given by the square root of the mean-square fl
tuation of the anisotropy energy in the exchange coup
volume (;Lex

3 ). Herzer4,5 has shown that the random aniso
ropy model explains the effective anisotropy energy even
nanocrystalline systems and predicted that the coercivityHc
varies as the sixth power of the grain size (D) in the range
D,Lex.

Since Herzer’s first application of the random anisotro
model to nanocrystalline Fe-Si-B-Nb-Cu,4 this model has
been employed widely to explain the origin of the magne
softness in various nanocrystalline systems.6,7 Most of the
nanocrystalline soft magnetic alloys reported so far were p
pared by primary crystallization of amorphous precurs
and thus the resultant microstructure contains a consider
amount of the residual amorphous phase.8 However, the
original random anisotropy model only deals with sing
phase systems and hence the model is not strictly applic
to the variety of unique magnetic behaviors which origin
from the two-phase nature itself. These unique behaviors
clude ~i! the magnetic hardening at elevated temperatu
near the Curie temperature of the intergranular amorph
phase4 at which the intergranular exchange coupling is
duced dramatically and~ii ! the magnetic hardening at th
initial stage of the nanostructural evolution9 where the vol-
ume fraction of the residual amorphous phase is substan
Hernandoet al.10 have recently proposed an extended mo
PRB 580163-1829/98/58~5!/2730~10!/$15.00
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in which the decay of the exchange interaction within t
intergranular amorphous region as well as the volume fr
tion of the amorphous phase is considered. Their exten
model can explain the latter problem but, as the authors
cussed in their paper, this model failed to describe the m
netic hardening with increasing temperature towardsTC

am.
We are particularly interested in this unresolved probl
since the answer to this problem would establish a phys
basis for the magnetic softness in the two-phase nanocry
line soft magnetic materials.

In actual nanocrystalline samples, the contributions of
induced anisotropies~e.g., magnetoelastic or annealin
induced anisotropies! to the magnetization process alwa
complicate the treatment of the intrinsic physical problem
In this report, we first consider the applicability of the ra
dom anisotropy model and we select an appropriate nan
rystalline sample in which the effect of the induced anisot
pies is negligible relative to^K1&. The temperature
dependences of the various magnetic properties for the
lected nanocrystalline sample are then examined. We h
employed 57Fe Mössbauer spectroscopy to investigate t
temperature dependence of the magnetization since
method provides intrinsic magnetic properties without t
need to apply an external magnetic field and also meas
the magnetic properties of the residual amorphous phase
the nanocrystallites separately. Finally, the observed t
perature dependence of magnetic properties including c
civity and the mean hyperfine field of the residual amorpho
phase are discussed, based on a new extended random
isotropy model where the effects of the volume fraction a
the exchange stiffness of the residual amorphous phase
considered.

II. APPLICABILITY OF THE RANDOM ANISOTROPY
MODEL IN ACTUAL NANOCRYSTALLINE

SYSTEMS

In Herzer’s model4,5 the reduction of the effects of th
intrinsic magnetocrystalline anisotropy constant (K1) is
2730 © 1998 The American Physical Society
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based on the following random-walk consideration:

^K1&5
K1

AN
, ~1!

where ^K1& is the random magnetocrystalline anisotro
~i.e., the fluctuating part of the magnetocrystalline anisotro
energy! which governs the magnetization process in
sample.N is the number of grains in a magnetically coupl
volume which, in bulk-form systems, is

N5S Lex

D D 3

, ~2!

where the exchange correlation lengthLex is determined by
the competition between the anisotropy and exchange en
terms and is defined as

Lex5wA A

^K&
. ~3!

Here,A is the exchange stiffness constant andw is a param-
eter which reflects both the symmetry of the effective anis
ropy constant̂ K& and the total spin rotation angle over th
exchange-correlated coupling chain. Provided that the
dom magnetocrystalline anisotropy is the dominant anis
ropy in the system and the effective anisotropy constan
approximated bŷ K& ~i.e., ^K&'^K1&!, the effective length
of Lex can then be determined self-consistently using E
~1!–~3!, yielding

Lex'w4
A2

K1
2D3

, ~4!

which leads to the well-known relation

^K&'
1

w6

K1
4D6

A3
. ~5!

In this argument, Herzer assumedw51 rad ~w5A4/3 in the
model of Albenet al.3!. The origin of thesew values was not
discussed in detail in their models and hence the abso
value of^K& is not free from uncertainty. However, the si
nificance of Herzer’s approach lies in the derived pow
laws: D6, K1

4, andA23. The above scalinglike argument
valid under the condition̂K&'^K1&.

Naturally, the effective anisotropy in the nanocrystalli
materials may have contributions from induced anisotrop
other than the random magnetocrystalline anisotropy
hence the effective anisotropy constant in actual system
more correctly

^K&5A^K1&
21(

i
Kui

2 , ~6!

whereKu is the induced uniaxial anisotropy. This term com
prises at least the contribution from the following magne
elastic anisotropy:

Ku
el5

3

2
ulssu, ~7!
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wherels is the saturation magnetostriction ands is the re-
sidual stress. Consequently, if theKu term in Eq.~6! is sig-
nificant relative to^K1& ~e.g., samples with large magneto
striction and small grain sizes!, the^K& value is governed by
Ku . In such a case, one may no longer see the effect of g
refinement on the coercivity variation. More importantly, t
critical condition ^K&'^K1& obviously does not hold and
hence the contribution ofKu to ^K& alters the renormaliza
tion process ofLex and both Eqs.~4! and~5! change. There-
fore, an exact application of theD6, K1

4, andA23 scalinglike
rules should be strictly limited to those samples whose m
netization process is governed by the random magnetoc
talline anisotropŷ K1&.

Another possible source of discrepancy between
model and experiments is the fact that the model discus
above assumes single-phase materials, while the nanocry
line soft magnetic materials are two-phase systems. The
tension of the random anisotropy model to two-phase s
tems has recently been reported by Herzer11 and Hernando
et al.10 In Herzer’s extended approach, quadratic contrib
tions of the random local anisotropies from different pha
to the mean-square amplitude of the anisotropy energy w
considered and̂K& in his extended approach forw51 has
been given by

^K&'S (
i

n iDi
3Ki

2

A3/2 D 2

, ~8!

wheren i andKi are the volume fraction and the local ma
netocrystalline anisotropy constant of thei th phase, respec
tively. Provided that the effective local anisotropy consta
of the residual amorphous phase in the two-phase nanoc
talline materials is negligibly small relative toK1 of the
bcc-Fe nanocrystallites, Eq.~8! is approximated by

^K&'~12Vam!2
K1

4D6

A3
, ~9!

whereVam is the volume fraction of the residual amorpho
phase. It should be noted that the originalD6, K1

4, andA23

laws are maintained in this two-phase model at a cons
Vam value. The assumption in this model that the local a
isotropy in the residual amorphous phase is negligi
smaller thanK1 can be tested by checking whether t
sample magnetization process reflects the cubic symmetr
^K1& or not. If the local anisotropy constant of the amo
phous part is significant relative tôK1& then ^K& reflects
uniaxial anisotropy symmetry. Therefore, in any case wh
Fe-based nanocrystalline soft magnetic alloys reveal the
bic anisotropy symmetry of̂K1&, the above scalinglike ar
gument which predicts theD6, K1

4, andA23 laws should be
applicable. We have considered this important criterion
the applicability of the nanocrystalline random anisotro
model throughout the present report.

III. EXPERIMENTAL PROCEDURES

Amorphous Fe91Zr7B2 was prepared in an argon atmo
sphere by a single roller melt spinner. The amorpho
samples were sealed in evacuated quartz tubes (1023 Pa)
and annealed for periods of 60 s to 1080 ks at temperatur
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2732 PRB 58K. SUZUKI AND J. M. CADOGAN
823 to 973 K using a salt bath.57Fe Mössbauer spectroscop
was carried out using a conventional constant-accelera
spectrometer and a57Co Rh source. The Mo¨ssbauer spectra
were fitted using a histogram method.12 The coercivity was
measured using a dcB-H loop tracer in the temperatur
range from 77 to 480 K at a heating rate of 2 K/min. T
volume fraction of the residual amorphous phase (Vam) and
the mean grain size (D) were evaluated from57Fe Möss-
bauer results and the peak width of the (110)bcc x-ray reflec-
tion, respectively. The evaluation ofVam was made by as
suming ~i! the same recoil-free fractions for the bcc a
amorphous phases and~ii ! the Fe content of the nanocrysta
lites is 98 at. %, which has been estimated using atom-pr
field-ion microscopy.8

IV. RESULTS

A. Anisotropy symmetry

As discussed in Sec. II the application of the random
isotropy model to actual nanocrystalline materials should
limited to the case wherêK1& is relevant to the magnetiza
tion process. In order to select an ideal nanocrystal
Fe91Zr7B2 sample to which the random anisotropy model
applicable, the remanence to saturation ratio (Mr /Ms) of the
Fe91Zr7B2 samples annealed under various conditions w
examined. Figure 1 shows the relation betweenMr /Ms and
coercivity for the nanocrystalline Fe91Zr7B2 samples an-
nealed in the temperature range from 823 to 973 K for p
ods from 60 s to 1080 ks. In this figure, the theoretical
manence ratio predicted in the Stoner-Wohlfarth model
randomly oriented noninteracting particles with uniax
~0.5! and cubic~0.83! crystalline symmetry13 are marked. It
has been shown by Chikazumi14 that these theoretica
Mr /Ms values can also be retained for magnetization p
cesses proceeding by domain-wall movement. The re
nence ratio in Fig. 1 tends to decrease with decreasingHc
towards the value of uniaxial symmetry andMr /Ms near the
value of cubic symmetry is limited to two samples with re
tively high coercivity values. This shows that the magneti
tion process in the low-Hc region is mostly governed by
induced anisotropies, indicating that theKu term in Eq.~6! is
greater than̂ K1&. On the contrary, the highMr /Ms values
near 0.83 associated with highHc indicate that the absolut
values of̂ K1& in these two samples are large, relative toKu ,
and thus^K1& indeed governs the magnetization proce

FIG. 1. Relation between coercivity (Hc) and the remanence t
saturation ratio (Mr /Ms) for nanocrystalline Fe91Zr7B2.
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These two particular samples were prepared by annea
amorphous Fe91Zr7B2 at 823 K for 60 s and 973 K for 3.6 ks
respectively.

It has previously been reported15 that the amorphous
Fe91Zr7B2 alloy annealed at 973 K for 3.6 ks contains cub
Fe3Zr. We have confirmed the formation of Fe3Zr in our
sample annealed at 973 K for 3.6 ks by x-ray diffractomet
The high-Hc value ~490 A/m! associated with the cubic an
isotropy symmetry of this sample is most likely due to t
large K1 of the cubic Fe3Zr phase and hencêK& of this
sample does not reflect the random magnetocrystalline
isotropy of the bcc-Fe phase. Consequently, we will foc
our attention on the Fe91Zr7B2 sample annealed at 823 K fo
60 s whose microstructure is composed only of the nan
rystalline bcc and the residual amorphous phase. The m
grain size of this sample was evaluated to be 12.6 nm.

B. Temperature dependence of magnetic properties

Among the magnetic and structural parameters relevan
^K& in the two-phase random anisotropy model,D andVam
are temperature independent in the range well below
crystallization temperature whereasA and K1 depend on
temperature. Consequently, the thermomagnetic meas
ments provide us with an ideal experimental opportun
within which the effect ofA or K1 on the random magneto
crystalline anisotropy can be discussed quantitatively.

The temperature dependence of the57Fe hyperfine field in
the nanocrystalline Fe91Zr7B2 sample was examined b
means of 57Fe Mössbauer spectroscopy. Amorpho
Fe91Zr7B2 in the rapidly quenched state was also examin
for comparison. Figure 2 shows the57Fe Mössbauer spectra
and corresponding hyperfine-field distributions,P(Bhf), of
the amorphous Fe91Zr7B2 alloy in the temperature rang
from 80 to 220 K. A broad distribution of hyperfine-fiel
typical of amorphous ferromagnetic systems is seen and
mean hyperfine-field (^Bhf&) decreases with increasing tem
perature.

The temperature dependence of the Mo¨ssbauer spectra fo
the nanocrystalline Fe91Zr7B2 alloy is shown in Fig. 3. Three
subspectral components; a broad subspectrum for the
sidual amorphous phase and two sextets for the bcc
nanocrystallites, are necessary to fit the spectra satisfacto
The relative area of the amorphous subspectrum (Ram) was
estimated to be 0.48 by fitting the spectrum at 295 K wh
the overlap between the various subspectral componen
less pronounced. A constantRam value of 0.4860.01 was
then chosen for the subsequent fitting of the spectra at o
temperatures in order to avoid any error in^Bhf& due to the
fluctuation ofRam. In addition, the same line intensity rati
was used for all the subspectral components at each temp
ture since the magnetization in both the bcc and amorph
phases in the sample is expected to be coupled via the
change interaction. The area ratio of the two sextets from
bcc phase is about 95:5 andBhf of the minor sextet is smalle
than that of the major sextet by about 10%@Bhf~major!
533 T at 295 K#. The smallerBhf value of the minor sexte
represents those Fe atoms having some nonmagnetic
neighbor atoms in the bcc lattice, consistent with the pre
ous atom-probe field-ion microscopy study8 which clearly
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indicates the dissolution of solute elements in the bcc nan
rystallites in an Fe90Zr7B3 sample.

We have analyzed the temperature dependence of^Bhf& in
both the amorphous and nanocrystalline Fe91Zr7B2 samples
in order to estimate the Curie temperature. Handrich16 de-
scribed the temperature dependence of the spontaneous
netization (Ms) in amorphous systems by taking into a
count the distribution of the exchange integral in t
molecular-field approximation:

Ms~T!5
1

2
Ms~0!$BS@x~11D!#1BS@x~12D!#%,

~10!

whereBs(x) is the Brillouin function andD is a parameter
representing the exchange distribution. The temperature
pendence of̂ Bhf& derived from our Mo¨ssbauer results is
analyzed based on this model. Figure 4 shows the relat
ship between the reduced mean hyperfine field and the
duced temperature for the amorphous and nanocrysta
Fe91Zr7B2 alloys together with the theoretical curves wi
B1/2 ~the Brillouin function forS51/2!. As we see in this
figure, the^Bhf(T)& of both the amorphous and nanocryst
line samples are well fitted by the Handrich model. TheTC ,
^Bhf(0)&, andD values for these theoretical curves were d
termined by least-squares fitting. The Curie temperature
the amorphous phase in these samples were also estim
from the temperature dependence of theg-ray absorption at
zero velocity, the so-called Mo¨ssbauer thermal scan metho
~Fig. 5!. Table I summarizes these fitting parameters toge

FIG. 2. Mössbauer spectra and hyperfine-field distributions at v
ous temperatures for Fe91Zr7B2 in a rapidly quenched state.
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with the Curie temperatures estimates. Our estimated C
temperature of the rapidly quenched Fe91Zr7B2 sample
(;230 K) agrees well with the value (23065 K) estimated
by Barandiara´n et al.17 for an amorphous phase of the sam
alloy composition. Although theTC values of the residua
amorphous phase in the table contain relatively large er
(370610 K), this value is clearly higher than the value
the rapidly quenched state. This increase in the Curie t
perature of the amorphous matrix phase upon crystalliza
is one of the most important effects in the nanocrystall
Fe-M -B ~M5Zr, Hf, and Nb! soft magnetic alloys18 be-
cause the exchange coupling between nanocrystallite
strengthened by the increase in the Curie temperature o
intergranular region and hence the magnetically coupled
ume (Lex

3 ) increases. Hernando, Navarro, and Gorria19 re-
ported that the Curie temperature of the intergranular am
phous phase can be enhanced by;100 K due to the Fe-
exchange field penetrating from the bcc-Fe nanocrystalli
This exchange penetration effect together with the enri
ment of the solute elements in the residual amorphous ph
due to the chemical redistribution upon primary crystalliz
tion can explain the observed increase in the Curie temp
ture.

The hyperfine-field distributions of the amorphous pha
in Figs. 2 and 3 show complex structures. Similar resu
were reported for some Fe-rich amorphous Fe-Zr alloys20,21

and the complexP(Bhf) distribution has been attributed b
some authors to the formation of magnetic clusters. On
other hand, the complex shape of theP(Bhf) distribution for
the residual intergranular amorphous phase is a comm
problem in nanocrystalline soft magnetic systems22,23 which
was considered to be due to the structural and chemica
homogeneity in the intergranular region. We note, thou
that some authors have pointed out that theP(Bhf) distribu-
tion of amorphous systems can be bimodal simply as a m
ematical artifact24,25and thus, one cannot unequivocally co
clude cluster formation or inhomogeneity purely on the ba
of the bimodalP(Bhf) distributions. Thus, there is the poss
bility, suggested by our results, that the residual amorph
phase in our nanocrystalline sample could conceivably
magnetically inhomogeneous. However, as demonstrate
Figs. 4 and 5, the temperature dependence of^Bhf& for the
residual amorphous phase is extremely well described by
molecular field approximation with a single critical poin
indicating that the spins in the residual amorphous ph
behave cooperatively despite any possible magnetic inho
geneity. Consequently, the temperature dependence of in
sic magnetic properties such as the spontaneous magne
tion and the exchange stiffness constant of the resid
intergranular amorphous phase in our Fe91Zr7B2 sample ap-
pear to behave as conventional ferromagnetic amorph
systems.

The temperature dependence of the coercivity and the
manence ratio for the nanocrystalline Fe91Zr7B2 sample an-
nealed at 823 K for 60 s is shown in Fig. 6.Hc of the
nanocrystalline Fe91Zr7B2 sample increases slowly with tem
perature from 5.7 A/m at 77 K to 56 A/m at room temper
ture and then begins to increase significantly nearTC

am where
the intergranular magnetic coupling deteriorates as a resu
the ferromagnetic to paramagnetic transition of the int
granular amorphous phase. We have confirmed thatHc is

i-
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2734 PRB 58K. SUZUKI AND J. M. CADOGAN
completely reversible in the entire temperature range sh
in Fig. 6 and hence any effect of the annealing upon
measurement can be neglected. This phenomenon was
covered by Herzer4 and is known as a typical feature of th
two-phase nanocrystalline soft magnetic materials with t
distinct Curie temperatures.Mr /Ms in Fig. 6 shows a ten-
dency to decrease with decreasing temperature and the v

FIG. 3. Mössbauer spectra and hyperfine-field distributions
various temperatures for Fe91Zr7B2 annealed at 823 K for 60 s.

FIG. 4. Relation between the reduced mean hyperfine-field
the reduced temperature.
n
e
is-

o

lue

is suppressed to lower than the theoretical value for cu
anisotropy~0.83! in the temperature range below;200 K
where smallHc values less than 10 A/m are obtained. Th
result is consistent with the plots in Fig. 1 where the samp
with low Hc values generally reflect uniaxial anisotrop
symmetry which indicates that the contribution of induc
anisotropies tô K& may no longer be negligible~i.e., ^K&
Þ^K1&! below ;200 K.

V. DISCUSSION

A. Temperature dependence of coercivity

It is well known thatHc of materials generally depends o
both the saturation magnetization (Ms) and the effective an-
isotropy constant̂K& and can be expressed as

Hc5pc

^K&
Ms

, ~11!

wherepc is a constant; a value ofpc;0.2 was estimated for
nanocrystalline Fe-Si-B-Nb-Cu alloys11 using ^K& in Herz-
er’s model (w51). Given the fact that the fine particl
theory for cubic crystals predictspc50.64, the assumedw in

t

d

FIG. 5. Temperature dependence of the resonantg-ray absorp-
tion at zero velocity for Fe91Zr7B2 in a rapidly quenched state~a!
and after annealing at 823 K for 60 s~b!.

TABLE I. The mean57Fe hyperfine field at 0 K̂Bhf(0)&, and
the Curie temperatureTC derived from the fits shown in Fig. 4. Th
TC values obtained from the Mo¨ssbauer thermal scan in Fig. 5 a
also shown for comparison.

Sample ^Bhf(0)& ~T! TC ~K!
TC from

thermal scan~K!

As rapidly quenched 21.3 228 231
823 K for 60 s 20.8 375 362
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Herzer’s approach appears to be reasonable. Consequ
Hc(T) for the present nanocrystalline Fe-Zr-B sample can
described by

Hc~T!'pc~12Vam!2
K1

4~T!D6

Ms~T!A3~T!
}

K1
4~T!

Ms~T!A3~T!
.

~12!

SinceHc in the nanocrystalline Fe-Zr-B sample increases
two orders of magnitude towardsTC

am andHc varies linearly
with 1/Ms , Ms(T) cannot be responsible for such a drama
increase inHc . TheHc-T curve may also reflectK1(T) but
K1 of bcc-Fe decreases with temperature and thusK1(T)
does not explain the observed positive temperature de
dence ofHc in Fig. 6, indicating thatA(T) is indeed the
dominant temperature-dependent factor forHc(T) in the
present case.

In our nanocrystalline Fe91Zr7B2 sample, the effective
value of A is determined by the exchange stiffness in t
bcc-amorphous-bcc coupling chain and thus the obse
Hc-T curve in Fig. 6 should represent how the exchan
coupling over the range ofLex is determined in the two-
phase nanocrystalline materials. A formulation of the eff
tive A in two-phase nanocrystalline materials has been
ported by Hernandoet al.10 They assumed that the decay
the Fe exchange field in the intergranular region is expon
tial and they introduced a phenomenological parameterg. In
this model, the effective exchange stiffness is given by s
stituting gA for A, whereg varies as

g5e2L/Lam, ~13!

where Lam is the exchange correlation length in the am
phous matrix~;AAam/Ku

am, whereAam andKu
am are the ex-

change stiffness constant and the induced uniaxial anisot
for the amorphous matrix phase, respectively.!. L is the
thickness of the residual intergranular amorphous ph
This model explained successfully the magnetic hardenin
an early stage of the nanostructural evolution in the nan

FIG. 6. Temperature dependence of the coercivity (Hc) and the
remanence to saturation ratio (Mr /Ms) for nanocrystalline
Fe91Zr7B2 annealed at 823 K for 60 s.
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rystalline soft magnetic materials by taking into account
magnetoelastic effect. In this approach, the temperat
dependent parameter which is relevant to the effective
change stiffness isLam. SinceLam is expected to increas
with temperature towardsTC

am,10 this model produces a pos
tive temperature dependence forg in the temperature rang
below TC

am and thus cannot explain our experimental res
shown in Fig. 6 in whichHc increases withT even below
TC

am. In addition, the nanocrystalline Fe91Zr7B2 sample
clearly reflects the cubic anisotropy symmetry ofK1 and
hence the uniaxial anisotropyKu

am must be negligibly small
in our case. Therefore, the increase inHc in the nanocrystal-
line Fe91Zr7B2 sample should be explained by other a
proaches. In the next section, we analyze the random m
netocrystalline anisotropy of the two-phase syst
incorporating two local exchange stiffness constants.

B. Two-phase random anisotropy model with two local
exchange stiffness constants

In Herzer’s two-phase random anisotropy model,11 the
angle between the nearest spin-spin pair within the coup
volume is assumed to be constant for both the nanocrys
line and intergranular regions~typically d/AA/^K& rad,
whered is the spin-spin distance!. However, if the exchange
stiffness in the intergranular amorphous phase is lower t
that of the crystalline phase the spin rotation should beco
more rapid within the amorphous part compared with tha
the crystalline part with the higher exchange stiffness. W
have considered two distinct angles for the spin-spin pair
the crystalline and amorphous regions in order to include
effect of the exchange stiffness in the intergranular phase
the exchange correlation length. In our model, a simple cu
geometry has been assumed for the grains in order to m
tain coherence with Herzer’s original approach.

Our two-phase model starts from the same basic assu
tion in the original random anisotropy model3 namely that
the effective anisotropy constant (^K&) which governs the
anisotropy energy for the spin rotation over the exchan
correlation length (Lex) is of the order of the square root o
the mean-square fluctuation amplitude of the magnetoc
talline anisotropy energy within the magnetically coupl
volume (;Lex

3 ). In a two-phase system where the exchan
stiffness constants of the crystalline and amorphous ph
are Acr and Aam, the spin rotation over each crystallite
amorphous coupling pair with the lengthD1L would be

w05
D

AAcr /^K&
1

L

AAam/^K&
~14!

with

L5D@~12Vam!21/321#. ~15!

Since the total spin rotation over the exchange correla
length is defined byw, the number of grains within the entir
coupling chain overLex is

n5
w

w0 5
w

D/AAcr /^K&1L/AAam/^K&
. ~16!
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Furthermore, the magnetically coupled volume in this syst
is equal to

Lex
3 5

~nD!3

12Vam
, ~17!

and henceLex in the system is given by

Lex5
1

~12Vam!1/3

wD

D

AAcr /^K&
1

L

AAam/^K&

, ~18!

where^K& is given by

^K&'^K1&5~12Vam!
K1

AN
, ~19!

and the total number of grains in the coupled volumeN is

N5~12Vam!
Lex

3

D3
. ~20!

The exchange correlation length can be self-consistently
termined using Eqs.~18!–~20! and one arrives at

Lex'
1

~12Vam!7/3

w4D

K1
2~D/AAcr1L/AAam!4

, ~21!

and hencêK& in our new model is given by

^K&'
1

w6
~12Vam!4K1

4S D

AAcr

1
L

AAam
D 6

, ~22a!

or, equivalently,

^K&'
1

w6
~12Vam!4K1

4D6F 1

AAcr

1
~12Vam!21/321

AAam
G 6

.

~22b!

It is worth noting that this final result of our model repr
duces the same result of Herzer’s two-phase model@Eq. ~9!#
under the conditionAcr5Aam and forVam50 our model re-
duces to the original single-phase nanocrystalline random
isotropy model@Eq. ~5!#. Important features in the result o
the above analysis are~i! the well-knownD6 dependence is
preserved and~ii ! ^K& varies asAam

23 under the condition
Aam!Acr , physically because the spin rotation within th
exchange correlation length occurs mostly in the amorph
region. Some detailed simulations of^K& at variousAam and
Vam values are given in Fig. 7. Furthermore, the calcula
^K& curves have been normalized by the value atAam5Acr
~with the anisotropŷ K&* ! and replotted in Fig. 8. Constan
parameters of D510 nm, K15104 J/m3, and Acr
510211 J/m2, typical of Fe-based nanocrystalline soft ma
netic alloys, were used in these^K& calculations.

The plots in Figs. 7 and 8 may explain some of the res
in previous experimental work in two-phase nanocrystall
materials. It has commonly been observed22,26 in previous
studies for various two-phase nanocrystalline alloys that
increase inHc near TC

am becomes less prominent with th
evolution of nanocrystallites in the sample~i.e., the decrease
m

e-

n-

s

d

-

ts
e

e

in Vam!. Given the fact that the effect ofAam on the ^K&
value in Fig. 8 becomes more pronounced with increas
volume fraction of the residual amorphous phase, our mo
is fully consistent with these previously reported results. F
ure 9 shows the effect ofVam on the calculated̂K& at vari-
ousAam values. Thê K& value for relatively lowAam exhib-
its a peak, predicting thatHc of the nanocrystalline alloys
may increase at the initial stage of the nanocrystallite evo
tion. This prediction is only valid when the induced anisotr
pies of the amorphous precursor (Ku

am) is smaller than̂ K1&
and hence thêK& calculation in Fig. 9 does not seem to b
relevant to the magnetic hardening in the Fe-Si-B-Nb-

FIG. 7. Relation between the calculated^K& and the exchange
stiffness constant of the residual amorphous phase (Aam) according
to Eq. ~22!.

FIG. 8. Relation between the normalized random magnetoc
talline anisotropy (̂K&/^K&* ) and the exchange stiffness consta
(Aam/Acr).
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alloys for which a largeKu
am of ;100 J/m3 and a small̂ K1&

of ;2 J/m3 were estimated.11 However, the effect ofVam on
the ^K& value could be important in the Fe-Zr-B-Cu alloy
where theHc value in the amorphous state is comparable
that in the nanocrystalline state27 ~i.e., Ku

am;^K1&!.

C. Application of the model to experimental results

In this section, we discuss the applicability of our mod
to actual two-phase nanocrystalline systems. The experim
tal results obtained from the nanocrystalline Fe91Zr7B2
sample are explained based on the model proposed in
previous section.

It is known that the exchange stiffness constant of ma
rials varies as

A}
TCS2

a
, ~23!

whereS is the spin anda is the lattice parameter. Using th
measured hyperfine fields at 295 K~12.4 T for the amor-
phous phase and 33 T for the crystalline phase!, TC

am

;370 K and assuming that the Curie temperature of
bcc-Fe in the sample is;1000 K, we obtainAam/Acr of
about 0.05 for the nanocrystalline Fe91Zr7B2 alloy. Judging
from the plot in Fig. 8, we find a considerably sharp variati
of ^K& at Aam/Acr;0.05 andVam50.5. SinceAam/Acr of the
sample decreases dramatically towardsTC

am, the observed
increase inHc towardsTC

am is well understood within the
proposed model. More quantitative arguments are poss
by looking at the relation betweenHc(T) and ^Bhf(T)&. As
we see in Fig. 10, the gradient of the lnHc versus ln̂Bhf& plot
tends to be steeper with decreasing^Bhf& as is predicted in
Fig. 8. In addition, the plot nearly matches the gradient
26 at temperatures close toTC

am. This clearly indicates tha
^K& in the nanocrystalline Fe91Zr7B2 sample is mostly gov-
erned byAam

23 nearTC
am, fully consistent with the above the

oretical prediction.
Since the temperature dependence ofHc in the nanocrys-

talline Fe91Zr7B2 alloy reflects Aam which varies as the
square of the spontaneous magnetization, we should be
to obtainTC

am from theHc-T curve. The temperature depe
dence of the spontaneous magnetization for the resi
amorphous phase (Ms

am) nearTC
am is generally expressed b

FIG. 9. Change in calculated̂K& at variousAam as a function of
the volume fraction of the residual amorphous phase (Vam).
o

l
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Ms
am~T!5M0

amS 12
T

TC
amD , ~24!

where the critical exponentb50.36 has given reasonable fi
to thermomagnetic curves in various nanocrystall
materials.4.28 From this relation, one can expect thatAam(T)
varies nearTC

am as Aam(T)}(TC
am2T)2b and hencê K(T)&

varies as

^K~T!&}~TC
am2T!26b. ~25!

Using this relationship, aTC
am value was estimated for th

nanocrystalline Fe91Zr7B2 alloy. The temperature depen
dence ofHc for the nanocrystalline Fe91Zr7B2 alloy ~Fig. 6!

FIG. 11. Plots of the coercivity to the power21/6b (b
50.36) ~a! and the mean hyperfine-field~b! versus temperature fo
the nanocrystalline Fe91Zr7B2 alloy.

FIG. 10. Relation between lnHc and ln̂Bhf& for the nanocrystal-
line Fe91Zr7B2 alloy ~replotted from Fig. 6!.
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is replotted asHc
21/6b againstT in Fig. 11~a!. A critical tem-

perature of 369 K is obtained by extrapolating the steep
straight part of the plots to the temperature axis. We ha
also estimated the effect ofK1(T) andMs(T) on this critical
temperature by assuming the relationship in Eq.~12! and
using K1(T) of a-Fe ~Ref. 29! and found that the obtained
critical point in Fig. 11~a! could be overestimated by;10 K.
The obtained critical temperature is in good agreement w
the Curie temperature shown in Fig. 11~b! where the
^Bhf(T)& results in Fig. 4 are replotted together with the fi
ting using the molecular field approximation. This agreeme
of the two critical temperatures reinforces our contention th
the random magnetocrystalline anisotropy in the two-pha
nanocrystalline systems can be well described by our
tended model.

The critical point in Fig. 11 theoretically corresponds t
the divergence ofHc ~the maximum value is limited byK1!
due to the disappearance of the intergranular exchange c
pling at TC

am, however, the experimentalHc in Fig. 6 keeps
increasing even above this critical temperature. This clea
indicates that the contribution of magnetic interactions oth
than the direct ferromagnetic exchange interaction, such
the dipolar or the interaction due to the exchang
penetration,19 becomes significant nearTC

am ~typically above
T/TC

am;0.85 in our case!. These extra intergranular interac
tions limit the applicability of our two-phase random aniso
ropy model especially for those samples with smallVam

since the effect of the exchange penetration is greater at s
intergranular distances. Some other approaches30 in which
the exchange interactions over ferro-para-ferro-magnetic s
tems are considered could be useful in resolving the probl
of the temperature dependence ofHc in the range very close
to TC

am or above.
o

IM

l

B

o

st
e

h

t
t
e

x-

u-

ly
r

as
e

ort

s-
m

VI. CONCLUSIONS

We have studied the effect of the exchange stiffness in
intergranular region on the random magnetocrystalline
isotropy (̂ K1&) both experimentally and theoretically. Th
temperature dependence of the coercivity (Hc) below the
Curie temperature of the residual intergranular amorph
phase (TC

am) shows a clear correlation with the mea
hyperfine-field of the residual amorphous phase (^Bhf&) de-
rived from Mössbauer spectroscopy. The gradient of t
ln Hc versus ln̂Bhf& plot converges towards a value of26
with increasing temperature towardsTC

am, indicating that
^K1& in the sample varies as the23rd power of the ex-
change stiffness constant of the residual amorphous ph
(Aam) near TC

am. The Aam
23 dependence has also been co

firmed directly by the critical behavior in theHc-T curve,
Hc}(TC

am2T)26b, whereb (50.36) is the critical exponent
for the spontaneous magnetization.

These experimental results are quite well explained by
model proposed in the present study in which the two-ph
random anisotropy model is extended by taking into acco
the effect of the two local exchange stiffness constants in
crystalline and amorphous regions on the exchange corr
tion length (Lex). We note that from our theoretical analys
~i! the well-knownD6 or K1

4 dependences are preserved,~ii !
the exponent for theAam dependence of̂K& converges to-
wards a value of23 for Aam!Acr , where Acr is the ex-
change stiffness constant of the crystalline phase, and~ii ! the
obtained formula @Eq. ~22!# under the condition of
Aam5Acr or Vam50 returns to the original results o
Herzer.5,11
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