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Random magnetocrystalline anisotropy in two-phase nanocrystalline systems
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In order to clarify the effect of the exchange stiffness in the intergranular phase on the exchange correlation
length (L) and the random magnetocrystalline anisotrof#,() of two-phase nanocrystalline soft magnetic
materials, the hyperfine field§’Fe), coercivity and remanence to saturation ratio of nanocrystallig&i~B,
have been studied in the temperature range from 77 to 473 K. We observe that the coercivity of the nanoc-
rystalline Fg,Zr,B, in the temperature range near the Curie temperature of the intergranular amorphous phase
(T varies as approximately the 6th power of the mean hyperfine field of the intergranular phase. This
indicates thal , nearT~T2" is mostly governed by the exchange stiffness of the intergranular amorphous
phase andK ) of the Fe-Zr-B sample should vary as th6rd 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 Lwithin
[S0163-182698)03629-1

I. INTRODUCTION in which the decay of the exchange interaction within the
intergranular amorphous region as well as the volume frac-
Excellent magnetic softness has been observed in variod®n of the amorphous phase is considered. Their extended
amorphous or nanocrystallin systems. The origin of the model can explain the latter problem but, as the authors dis-
magnetic softness in these materials is due to the importamussed in their paper, this model failed to describe the mag-
condition that the structural correlation lengiitomic dis- netic hardening with increasing temperature towards'.
tance in the case of amorphous materials or grain size iWVe are particularly interested in this unresolved problem
nanocrystalline systemss shorter than the exchange corre- since the answer to this problem would establish a physical
lation length ¢, over which spins are coupled via the ex- basis for the magnetic softness in the two-phase nanocrystal-
change interaction. Alben, Becker, and Thave described line soft magnetic materials.
the effective anisotropy energy of the amorphous materials In actual nanocrystalline samples, the contributions of the
based on a statistical argument, the so-called random anisatrduced anisotropiege.g., magnetoelastic or annealing-
ropy model. The effective anisotropy energy density in thisinduced anisotropig@sto the magnetization process always
model is given by the square root of the mean-square fluceomplicate the treatment of the intrinsic physical problems.
tuation of the anisotropy energy in the exchange coupledn this report, we first consider the applicability of the ran-
volume (~L§x). Herzef® has shown that the random anisot- dom anisotropy model and we select an appropriate nanoc-
ropy model explains the effective anisotropy energy even irtystalline sample in which the effect of the induced anisotro-
nanocrystalline systems and predicted that the coerdijty pies is negligible relative to(K;). The temperature
varies as the sixth power of the grain siZe)(in the range dependences of the various magnetic properties for the se-
D<Lgy. lected nanocrystalline sample are then examined. We have
Since Herzer's first application of the random anisotropyemployed >'Fe Mgssbauer spectroscopy to investigate the
model to nanocrystalline Fe-Si-B-Nb-Cuthis model has temperature dependence of the magnetization since this
been employed widely to explain the origin of the magneticmethod provides intrinsic magnetic properties without the
softness in various nanocrystalline systémsviost of the need to apply an external magnetic field and also measures
nanocrystalline soft magnetic alloys reported so far were prethe magnetic properties of the residual amorphous phase and
pared by primary crystallization of amorphous precursorghe nanocrystallites separately. Finally, the observed tem-
and thus the resultant microstructure contains a considerabfeerature dependence of magnetic properties including coer-
amount of the residual amorphous ph&sdowever, the civity and the mean hyperfine field of the residual amorphous
original random anisotropy model only deals with single-phase are discussed, based on a new extended random an-
phase systems and hence the model is not strictly applicableotropy model where the effects of the volume fraction and
to the variety of uniqgue magnetic behaviors which originatethe exchange stiffness of the residual amorphous phase are
from the two-phase nature itself. These unique behaviors insonsidered.
clude (i) the magnetic hardening at elevated temperatures

near the Curie temperature of the intergranular amorphous || App( ICABILITY OF THE RANDOM ANISOTROPY

phasé at which the intergranular exchange coupling is re- MODEL IN ACTUAL NANOCRYSTALLINE
duced dramatically andii) the magnetic hardening at the SYSTEMS

initial stage of the nanostructural evolutfowhere the vol-
ume fraction of the residual amorphous phase is substantial. In Herzer's modét® the reduction of the effects of the
Hernandcet all° have recently proposed an extended modeintrinsic magnetocrystalline anisotropy constari€,) is
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based on the following random-walk consideration: where) is the saturation magnetostriction ands the re-
sidual stress. Consequently, if tKg term in Eq.(6) is sig-
K1 nificant relative to(K,) (e.g., samples with large magneto-
(K= \/_ﬁ 1) striction and small grain sizgghe(K) value is governed by

K, . In such a case, one may no longer see the effect of grain
where (K,) is the random magnetocrystalline anisotropyrefinement on the coercivity variation. More importantly, the
(i.e., the fluctuating part of the magnetocrystalline anisotropycritical condition (K)~(K,) obviously does not hold and
energy which governs the magnetization process in thehence the contribution df,, to (K) alters the renormaliza-
sampleN is the number of grains in a magnetically coupledtion process ot ., and both Eqs(4) and(5) change. There-

volume which, in bulk-form systems, is fore, an exact application of tH®, K{, andA ™2 scalinglike
3 rules should be strictly limited to those samples whose mag-
[ Lex netization process is governed by the random magnetocrys-
N=|—=] , (2 . .
D talline anisotropyK).

h h h lation | is d ined b Another possible source of discrepancy between the
V;’] ere the exc %nge corri ation lengtly is deterrr?me Y model and experiments is the fact that the model discussed
the competition between the anisotropy and exchange energy, e assumes single-phase materials, while the nanocrystal-

terms and is defined as line soft magnetic materials are two-phase systems. The ex-
A tension of the random anisotropy model to two-phase sys-

Lex= [ (3y  tems has recently been reported by Hefzand Hernando
(K) et all® In Herzer's extended approach, quadratic contribu-
tions of the random local anisotropies from different phases
to the mean-square amplitude of the anisotropy energy were
considered andK) in his extended approach fer=1 has
rpeen given by

Here,A is the exchange stiffness constant ans a param-
eter which reflects both the symmetry of the effective anisot
ropy constan{K) and the total spin rotation angle over the
exchange-correlated coupling chain. Provided that the ra
dom magnetocrystalline anisotropy is the dominant anisot-

ropy in the system and the effective anisotropy constant is (K)y~
approximated byK) (i.e., (K)~(K,)), the effective length

of L., can then be determined self-consistently using Egs. .
(1)—(3), yielding wherev; andK; are the volume fraction and the local mag-

netocrystalline anisotropy constant of thte phase, respec-
A2 tively. Provided that the effective local anisotropy constant
—, (4) of the residual amorphous phase in the two-phase nanocrys-
KfD3 talline materials is negligibly small relative t&; of the
bce-Fe nanocrystallites, EB) is approximated by

2

y,D3K? ©

2 A3/2

Lex™~ €D4

which leads to the well-known relation
46
1

1 KiD® (K)~(1=Vgp)? : (9)

(5) A3

whereV,, is the volume fraction of the residual amorphous

In this argument, Herzer assumeer 1 rad (¢=4/3 in the  phase. It should be noted that the origibl, K%, andA~3
model of Albenet al®). The origin of thesep values was not  |aws are maintained in this two-phase model at a constant
discussed in detail in their models and hence the absolutgam value. The assumption in this model that the local an-
value Of<K> is not free from Uncertainty. However, the Sig' isotropy in the residual amorphous phase is neg||g|b|y
nificance of Herzer's approach lies in the derived powergmgller thanK, can be tested by checking whether the
laws: D®, K7, andA~%. The above scalinglike argument is sample magnetization process reflects the cubic symmetry of
valid under the conditiogK)~(Ky). (K;) or not. If the local anisotropy constant of the amor-

Naturally, the effective anisotropy in the nanocrystallinephous part is significant relative ;) then (K) reflects
materials may have contributions from induced anisotropieginiaxial anisotropy symmetry. Therefore, in any case where
other than the random magnetocrystalline anisotropy angte-based nanocrystalline soft magnetic alloys reveal the cu-
hence the effective anisotropy constant in actual systems isic anisotropy symmetry ofK,), the above scalinglike ar-

more correctly gument which predicts thB°®, K%, andA~3 laws should be
applicable. We have considered this important criterion for
K)= / K2+ S K2, 6 the applicability of the nanocrystalline random anisotropy
(K (Ko EI u! © model throughout the present report.

whereK, is the induced uniaxial anisotropy. This term com-
prises at least the contribution from the following magneto-
elastic anisotropy: Amorphous FgZr;B, was prepared in an argon atmo-
sphere by a single roller melt spinner. The amorphous
samples were sealed in evacuated quartz tubes>(P@)

and annealed for periods of 60 s to 1080 ks at temperature of

Ill. EXPERIMENTAL PROCEDURES

3
K3=5 Ihsal, (7)
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c b'éc'ry'st}ai”' RN T These two particular samples were prepared by annealing
L upl J
0.8 | anisotropy N o | amorph.ous FaZr,B, at 823 K for 60 s and 973 K for 3.6 ks,
| et | respectively.
=" 06 | > o N It has previously been reportdthat the amorphous
~ -~ el S o 1 FeyZr,B, alloy annealed at 973 K for 3.6 ks contains cubic
= o4 —g:i':‘c’)‘t'ﬂ o ¢ 1 FeyZr. We have confirmed the formation of fZ& in our
i P Fe;‘%rf;sa;?sagjg f:t 1 sample annealed at 973 K for 3.6 ks by x-ray diffractometry.
02 | t —60sto 1080 ks | The highH value (490 A/m) associated with the cubic an-
0 R e e isotropy symmetry of this sample is most likely due to the
1 10 100 1000 large K, of the cubic FgZr phase and hencé&) of this
H. (A sample does not reflect the random magnetocrystalline an-
. (A/m)

isotropy of the bcc-Fe phase. Consequently, we will focus
FIG. 1. Relation between coercivitHc) and the remanence to our attention on the RgZr,B, sample annealed at 823 K for
saturation ratio ¥ /M) for nanocrystalline FgZr,B. 60 s whose microstructure is composed only of the nanoc-
rystalline bcc and the residual amorphous phase. The mean
823 to 973 K using a salt bath’Fe Mossbauer spectroscopy grain size of this sample was evaluated to be 12.6 nm.
was carried out using a conventional constant-acceleration
spectrometer and #Co Rh source. The Mesbauer spectra
were fitted using a histogram methtfdThe coercivity was B. Temperature dependence of magnetic properties
measured using a dB-H loop tracer in the temperature
range from 77 to 480 K at a heating rate of 2 K/min. The
volume fraction of the residual amorphous phasgg,j and
the mean grain sizelY) were evaluated fron?’Fe Mdss-
bauer results and the peak width of the (1,L0X-ray reflec-
tion, respectively. The evaluation &f,,, was made by as-

Among the magnetic and structural parameters relevant to
(K) in the two-phase random anisotropy modelandV,
are temperature independent in the range well below the
crystallization temperature whereds and K, depend on
temperature. Consequently, the thermomagnetic measure-
o . i ments provide us with an ideal experimental opportunity
suming (i) the same _r_ecoﬂ-free fractions for the bcc a”dwithin which the effect ofA or K; on the random magneto-
amorphous phases afig) the Fe content of the nanocrystal- crystalline anisotropy can be discussed quantitatively.

lites is 98 at. %, which has been estimated using atom-probe The temperature dependence of Hige hyperfine field in

field-ion microscopy. the nanocrystalline RgZr,B, sample was examined by
means of °’Fe Mossbauer spectroscopy. Amorphous
IV. RESULTS Fey1Zr;B, in the rapidly quenched state was also examined
for comparison. Figure 2 shows th&e Mossbauer spectra
and corresponding hyperfine-field distributio®®(By;), of
As discussed in Sec. |l the application of the random anthe amorphous ReZr,B, alloy in the temperature range
isotropy model to actual nanocrystalline materials should bérom 80 to 220 K. A broad distribution of hyperfine-field
limited to the case wheréK;) is relevant to the magnetiza- typical of amorphous ferromagnetic systems is seen and the
tion process. In order to select an ideal nanocrystallinenean hyperfine-field(8;)) decreases with increasing tem-
Fey Zr-B, sample to which the random anisotropy model isperature.
applicable, the remanence to saturation raliy (M) of the The temperature dependence of thesstoauer spectra for
FeyZr-B, samples annealed under various conditions washe nanocrystalline gZr,B, alloy is shown in Fig. 3. Three
examined. Figure 1 shows the relation betwd&nM; and  subspectral components; a broad subspectrum for the re-
coercivity for the nanocrystalline Bg&r,B, samples an- sidual amorphous phase and two sextets for the bcc-Fe
nealed in the temperature range from 823 to 973 K for perinanocrystallites, are necessary to fit the spectra satisfactorily.
ods from 60 s to 1080 ks. In this figure, the theoretical re-The relative area of the amorphous subspectrigp.X was
manence ratio predicted in the Stoner-Wohlfarth model forestimated to be 0.48 by fitting the spectrum at 295 K where
randomly oriented noninteracting particles with uniaxialthe overlap between the various subspectral components is
(0.5) and cubic(0.83 crystalline symmetr}? are marked. It less pronounced. A constaRt,,, value of 0.48-0.01 was
has been shown by Chikazuthithat these theoretical then chosen for the subsequent fitting of the spectra at other
M, /Mg values can also be retained for magnetization protemperatures in order to avoid any error(By;) due to the
cesses proceeding by domain-wall movement. The remétuctuation ofR,,,. In addition, the same line intensity ratio
nence ratio in Fig. 1 tends to decrease with decreaipg was used for all the subspectral components at each tempera-
towards the value of uniaxial symmetry aht} /M ¢ near the  ture since the magnetization in both the bcc and amorphous
value of cubic symmetry is limited to two samples with rela- phases in the sample is expected to be coupled via the ex-
tively high coercivity values. This shows that the magnetiza-change interaction. The area ratio of the two sextets from the
tion process in the lowd, region is mostly governed by bcc phase is about 95:5 aBg; of the minor sextet is smaller
induced anisotropies, indicating that tg term in Eq.(6) is  than that of the major sextet by about 10®B:{majon
greater tha{K,). On the contrary, the higM, /Mg values =33 T at 295 K. The smalleB;; value of the minor sextet
near 0.83 associated with hidh, indicate that the absolute represents those Fe atoms having some nonmagnetic near-
values of(K,) in these two samples are large, relativeip, neighbor atoms in the bcc lattice, consistent with the previ-
and thus(K;) indeed governs the magnetization processous atom-probe field-ion microscopy stldwhich clearly

A. Anisotropy symmetry
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o rap'idly_'q vonchod ] <'B '_19*7T 0.01 with the Curie temperatures estimates. Our estimated Curie
] w =15 temperature of the rapidly quenched /B, sample
(~230 K) agrees well with the value (23® K) estimated
by Barandiara et all’ for an amorphous phase of the same
alloy composition. Although th& ¢ values of the residual
amorphous phase in the table contain relatively large errors
100 1+ 1 <B,>=17.3T (37010 K), this value is clearly higher than the value in
I ] the rapidly quenched state. This increase in the Curie tem-
perature of the amorphous matrix phase upon crystallization
is one of the most important effects in the nanocrystalline
L , o Fe-M-B (M=2Zr, Hf, and Nb soft magnetic alloy¥ be-
100 - . <B,>=118T cause the exchange coupling between nanocrystallites is
i ] strengthened by the increase in the Curie temperature of the
intergranular region and hence the magnetically coupled vol-
ume (3) increases. Hernando, Navarro, and Gdfriee-
N NG A ported that the Curie temperature of the intergranular amor-
<B,>=95T phous phase can be enhanced b$00 K due to the Fe-
exchange field penetrating from the bcc-Fe nanocrystallites.
0.005 This exchange penetration effect together with the enrich-
ment of the solute elements in the residual amorphous phase
due to the chemical redistribution upon primary crystalliza-
tion can explain the observed increase in the Curie tempera-
ture.

The hyperfine-field distributions of the amorphous phase

0.005 in Figs. 2 and 3 show complex structures. Similar results
were reported for some Fe-rich amorphous Fe-Zr afft¥/s
A h e Tt s o and the complexP(By) distribution has been attributed by
Velocity (mm/s) B, M some authors to the formation of magnetic clusters. On the

) other hand, the complex shape of théBy) distribution for
FIG. 2. Mossbauer spectra and hyperfine-field distributions at Vari-the residual intergranu|ar amorphous phase iS a common
ous temperatures for £r;B, in a rapidly quenched state. problem in nanocrystalline soft magnetic syst&hidwhich
. ) . . was considered to be due to the structural and chemical in-
indicates the dissolution of solute elements in the bcc NanoGiomogeneity in the intergranular region. We note, though,
rystallites in an FgZr7B; sample. _ that some authors have pointed out that B{@,,) distribu-

We have analyzed the temperature dependen¢Bigf in  ion of amorphous systems can be bimodal simply as a math-
both the amorphous and nanocrystalline;£eB, samples  e¢matical artifad?>and thus, one cannot unequivocally con-
in order to estimate the Curie temperature. Handfide-  ¢jyde cluster formation or inhomogeneity purely on the basis
scribed the temperature dependence of the spontaneous Maghe himodalP(B,,) distributions. Thus, there is the possi-
netization Ms) in amorphous systems by taking into ac- hjity suggested by our results, that the residual amorphous
count the distribution of the exchange integral in thepnase in our nanocrystalline sample could conceivably be
molecular-field approximation: magnetically inhomogeneous. However, as demonstrated in

1 Figs. 4 and 5, the temperature dependencéBgf) for the
M«(T)== My(0){Bdx(1+A)]+Bdx(1—A)]}, residual amorphous phase is extremely well described by the
2 molecular field approximation with a single critical point,
(10 indicating that the spins in the residual amorphous phase
whereB¢(x) is the Brillouin function andA is a parameter behave cooperatively despite any possible magnetic inhomo-
representing the exchange distribution. The temperature dgeneity. Consequently, the temperature dependence of intrin-
pendence ofBy;) derived from our Mssbauer results is Sic magnetic properties such as the spontaneous magnetiza-
analyzed based on this model. Figure 4 shows the relatiorfion and the exchange stiffness constant of the residual
ship between the reduced mean hyperfine field and the réatergranular amorphous phase in ouk#e;B, sample ap-
duced temperature for the amorphous and nanocrystallingear to behave as conventional ferromagnetic amorphous
Fey,Zr,B, alloys together with the theoretical curves with systems.
B, (the Brillouin function forS=1/2). As we see in this The temperature dependence of the coercivity and the re-
figure, the(B«(T)) of both the amorphous and nanocrystal- manence ratio for the nanocrystallineyf,B, sample an-
line samples are well fitted by the Handrich model. The ~ nealed at 823 K for 60 s is shown in Fig. Bl of the
(Br(0)), andA values for these theoretical curves were de-nanocrystalline FgZr;B, sample increases slowly with tem-
termined by least-squares fitting. The Curie temperatures gierature from 5.7 A/m at 77 K to 56 A/m at room tempera-
the amorphous phase in these samples were also estimatéde and then begins to increase significantly rne&twhere
from the temperature dependence of taey absorption at the intergranular magnetic coupling deteriorates as a result of
zero velocity, the so-called Msbauer thermal scan method the ferromagnetic to paramagnetic transition of the inter-
(Fig. 5. Table | summarizes these fitting parameters togethegranular amorphous phase. We have confirmed khais
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B8 6 4 2 0 2 4 6 B0 5 w0152 a0 and after annealing at 823 K for 60(s).
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) is suppressed to lower than the theoretical value for cubic
FIG. 3. Mossbauer spectra and hyperfine-field distributions atanisotropy(0.83 in the temperature range below200 K
various temperatures for &r,B, annealed at 823 K for 60 s. where smallH values less than 10 A/m are obtained. This
result is consistent with the plots in Fig. 1 where the samples
completely reversible in the entire temperature range showfith low H, values generally reflect uniaxial anisotropy
in Fig. 6 and hence any effect of the annealing upon theymmetry which indicates that the contribution of induced

measurement can be neglected. This phenomenon was dignjsotropies to/K) may no longer be negligiblé.e., (K)

covered by Herzérand is known as a typical feature of the #(K,)) below ~200 K.
two-phase nanocrystalline soft magnetic materials with two
distinct Curie temperatured4, /Mg in Fig. 6 shows a ten-
dency to decrease with decreasing temperature and the value V. DISCUSSION

A. Temperature dependence of coercivity

! S e 82IS K 'f 66 It is well known thatH . of materials generally depends on
G“-iipd.\ / or | 3 1 both the saturation magnetizatiol) and the effective an-
% 3 anneale isotropy constan{K) and can be expressed as
08 [ RS (S=1/2, 7
. A=0.46) (K)
A ‘ HCZ Pc M—, (11)
S a.e s
% 06T R . . .
ué: / o, wherep, is a constant; a value gf.~0.2 was estimated for
X " as rapidly-quenched EA na}nocrystalllne Fe-Si-B-Nb-Cu aIIoVsusmg(K)_ in Herz-
1\1 (S=1/2, A=052) % er's model ¢p=1). Given the fact that the fine particle
o %4 ’ ’ % theory for cubic crystals predicts,=0.64, the assumed in
Y %
% TABLE I. The mean®’Fe hyperfine field at 0 KBy«(0)), and
oo F i1 the Curie temperaturé: derived from the fits shown in Fig. 4. The
E T¢ values obtained from the Ksbauer thermal scan in Fig. 5 are
also shown for comparison.
%0 | o|2 | ol4 | ole | ols | 1 Tc from
’ ’ T ’ ’ Sample (Bp(0)) (T) T (K) thermal scanK)
c
As rapidly quenched 21.3 228 231
FIG. 4. Relation between the reduced mean hyperfine-field and 823 K for 60 s 20.8 375 362

the reduced temperature.
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1000 T T T T T T T T T T rystalline soft magnetic materials by taking into account the
X gg‘m& o ] magnetoelastic effect. In this approach, the temperature-
dependent parameter which is relevant to the effective ex-
800 [ s Fjos change stiffness i& 5. Sincel,, is expected to increase
b ; . with temperature toward‘éi’}m,10 this model produces a posi-

: tive temperature dependence fpiin the temperature range
below T&" and thus cannot explain our experimental result
shown in Fig. 6 in whichH, increases withl even below
T2 In addition, the nanocrystalline §&r/.B, sample
clearly reflects the cubic anisotropy symmetry Kf and
hence the uniaxial anisotrogg?™ must be negligibly small
000 | 1oz in our case. Therefore, the increaseHp in the nanocrystal-

./ line Fe;Zr;B, sample should be explained by other ap-
j/ ] proaches. In the next section, we analyze the random mag-
g s——— e R EEEP netocrystalline anisotropy of the two-phase system
0 100 200 300 400 500 incorporating two local exchange stiffness constants.
Temperature (K)

H, (A/m)
M, /M,

400 [

B. Two-phase random anisotropy model with two local

FIG. 6. Temperature dependence of the coercivity)(and the exchange stiffness constants

remanence to saturation ratioM(/M) for nanocrystalline
Fey:Zr;B, annealed at 823 K for 60 s. In Herzer's two-phase random anisotropy modethe
angle between the nearest spin-spin pair within the coupled
Herzer's approach appears to be reasonable. Consequentilume is assumed to be constant for both the nanocrystal-
H(T) for the present nanocrystalline Fe-Zr-B sample can bdine and intergranular regionstypically d/JA/{(K) rad,

described by whered is the spin-spin distangeHowever, if the exchange
stiffness in the intergranular amorphous phase is lower than
K‘l‘(T)D6 K‘l‘(T) that of the crystalline phase the spin rotation should become
Ho(T)~pc(1—Vam)® M TAT  MATIA T more rapid within the amorphous part compared with that in
(AT (AT (12) the crystalline part with the higher exchange stiffness. We

have considered two distinct angles for the spin-spin pairs in
SinceH, in the nanocrystalline Fe-Zr-B sample increases bythe crystalline and amorphous regions in order to include the
two orders of magnitude toward€™ andH, varies linearly ~ €ffect of the exchange stiffness in the intergranular phase on
with 1/M¢, M(T) cannot be responsible for such a dramaticthe exchange correlation length. In our m_ode_l, a simple cub_ic
increase iH,. TheH T curve may also refled{,(T) but ~ 9eometry has been assumed for the grains in order to main-
K, of bcc-Fe decreases with temperature and tiy6T)  t@in coherence with Herzer’s original approach.
does not explain the observed positive temperature depen- Our two-phase model starts from the same basic assump-
dence ofH, in Fig. 6, indicating thatA(T) is indeed the tion in the original random anisotropy modetamely that
dominant temperature-dependent factor fég(T) in the the effective anisotropy constar¢K)) which governs the
present case. anisotropy energy for the spin rotation over the exchange
In our nanocrystalline RgZr,B, sample, the effective correlation length I(,) is o_f the ord_er of the square root of
value of A is determined by the exchange stifiness in theth® mean-square fluctuation amplitude of the magnetocrys-
bce-amorphous-bee coupling chain and thus the observel@lliné anisotropy energy within the magnetically coupled
H-T curve in Fig. 6 should represent how the exchange/olume (~Lgy). In a two-phase system where the exchange
coupling over the range of., is determined in the two- Stiffness constants of the crystalline and amorphous phases
phase nanocrystalline materials. A formulation of the effecare A, and Ay, the spin rotation over each crystallite-
tive A in two-phase nanocrystalline materials has been re2morphous coupling pair with the lengih+ A would be
ported by Hernandet al° They assumed that the decay of

the Fe exchange field in the intergranular region is exponen- 0 D A
tial and they introduced a phenomenological paramstén = JALI(K) + VAl (KY (14)
this model, the effective exchange stiffness is given by sub- o am
stituting yA for A, wherey varies as with
y=e Mtam (13 A=D[(1-V,y Y3-1]. (15

where L, i§ the exchagge correlation Ien%ﬁ]h in the amor-gince the total spin rotation over the exchange correlation
phous matrix(~ VAam/K{", whereA,, andK ™ are the ex-  |ength is defined by, the number of grains within the entire
change stiffness constant and the induced uniaxial anisotroRYoupling chain ovet o is
for the amorphous matrix phase, respectivel\ is the
thickness of the residual intergranular amorphous phase.
i i i - ¢ ¢
This model explained successfully the magnetic hardening at n= — = _ (16)
an early stage of the nanostructural evolution in the nanoc- @ DIVAGH{KY+ Al VA (K)
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Furthermore, the magnetically coupled volume in this system 100 F \
is equal to i Von= 0.
(nD)® i
3 _
Lex_l_vami (17) 102 E—
and hencd_., in the system is given by -
£
1 ¢D S 100 F
LTV ™ D T
+ v L
VAGI(K)  Agml (K) - D=10nm
. . - = 4 3
where(K) is given by 10 K =1001/m \s
LA, =10 T/ m?
K I -
(K)~(Kg)=(1=Var) —=, (19 o=t 3
JN 10 T R R
3 3 . -1 -14 1 -13 10-12 1011
and the total number of grains in the coupled volulés 10 10 °
A, (J/im2)
L3
N=(1—V,,) & (20) FIG. 7. Relation between the calculatéd) and the exchange
D3 stiffness constant of the residual amorphous phasg)(according

. . to Eq.(22).
The exchange correlation length can be self-consistently de- 9.(22

termined using Eq¥18)—(20) and one arrives at ) _
in V). Given the fact that the effect d&,,, on the(K)

1 @D value in Fig. 8 becomes more pronounced with increasing
Loy~ 33 , (21)  volume fraction of the residual amorphous phase, our model
(1= Vam P KD/ A+ ATVA)* is fully consistent with these previously reported results. Fig-

ure 9 shows the effect of,,, on the calculatedK) at vari-

ousA,, values. ThgK) value for relatively lowA,,, exhib-

( D A )6 its a peak, predicting thatl. of the nanocrystalline alloys
—_—t—— , (229 may increase at the initial stage of the nanocrystallite evolu-
\/A_cr \//'\_am tion. This prediction is only valid when the induced anisotro-

pies of the amorphous precursa¢{") is smaller thanK ;)
and hence théK) calculation in Fig. 9 does not seem to be

and henc€K) in our new model is given by

<K>~$<1—vano4r<1‘

or, equivalently,

1 1 (1-V,,) -1 6 relevant to the magnetic hardening in the Fe-Si-B-Nb-Cu
(K)y= =5 (1= Var)*KID® —=+
¢ \/ATcr \/ATam 10°% F
(22b -

It is worth noting that this final result of our model repro-
duces the same result of Herzer's two-phase mfge! (9)]
under the conditiorA .= A, and forV,,,=0 our model re-
duces to the original single-phase nanocrystalline random an:

isotropy modelEqg. (5)]. Important features in the result of 10° £

the above analysis af@) the well-knownD® dependence is Q
preserved andii) (K) varies asA;n? under the condition Y
A.m<A., physically because the spin rotation within the 2
exchange correlation length occurs mostly in the amorphous Vv
region. Some detailed simulations @) at variousA,,, and 10 F
Vam Values are given in Fig. 7. Furthermore, the calculated '
(K) curves have been normalized by the valuégt=A,
(with the anisotropyK)*) and replotted in Fig. 8. Constant
parameters of D=10nm, K;=10*J/n?, and A,
=101 J/n?, typical of Fe-based nanocrystalline soft mag-

*

netic alloys, were used in the¢i) calculations. 1
The plots in Figs. 7 and 8 may explain some of the results 104 108 102 10-1 1
in previous experimental work in two-phase nanocrystalline A /A
am //bee

materials. It has commonly been obseR’?d in previous

studies for various two-phase nanocrystalline alloys that the FiG. 8. Relation between the normalized random magnetocrys-
increase inH; near TZ" becomes less prominent with the talline anisotropy (K)/(K)*) and the exchange stiffness constant
evolution of nanocrystallites in the samglee., the decrease (A,./A.).
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100 T T T T T T T T 100 . ———————r——
p=10nm A =
L K = 4 5 am a *
or, 1_18»:/7 . 5x10Tym
- L Apee = Jimy 205K T,
E 60 . T
=2 280K
Al e
x Yor 7 _ 260K
v 1x 1072 Jjm2 € o
20 L 4 3 ok 280K . - 200K |
5 x 1012 J/m? b . 160K ]
0 . | : < ~ 120K
0 0.2 0.4 0.6 0.8 1 sk
Vam 6
| | | Hoo (B )
FIG. 9. Change in calculatgd) at variousA,,, as a function of
the volume fraction of the residual amorphous phagg,\.
10 20

alloys for which a largek 3™ of ~100 J/nf and a smallK ;)
of ~2 J/n? were estimated However, the effect 0¥/, on <By> (T)
the (K) value could be important in the Fe-Zr-B-Cu alloys
where theH value in the amorphous state is comparable tqin
that in the nanocrystalline stafe(i.e., K™~ (K)).

FIG. 10. Relation between IH. and InByy) for the nanocrystal-
e Fe;Zr,B, alloy (replotted from Fig. &

T
am, _ al
C. Application of the model to experimental results Mg (T)= Mo"( 1- ﬁn) ) (24

In this section, we discuss the applicability of our mOOIe'where the critical exponer=0.36 has given reasonable fits

to actual two-phase nanocrystalline systems. The experime% thermomagnetic curves in various nanocrystalline

tal results obtained from the nanocrystalline o#e/B;, 1\ 0ria1528 From this relation, one can expect thag(T)

sample are gxplalned based on the model proposed in tr{/%ries neaima™ as A,(T)= (T3 T)2 and henceK(T))
previous section.

It is known that the exchange stiffness constant of mateYa"es as

rials varies as (K(T))oc(TEM—T) 65, (25)
TcS? Using this relationship, &2 value was estimated for the
il (23 nanocrystalline FgZr,B, alloy. The temperature depen-
dence ofH, for the nanocrystalline kgZr;B, alloy (Fig. 6)
whereS is the spin ana is the lattice parameter. Using the 05 —— 1
measured hyperfine fields at 295 (K2.4 T for the amor- (@) v, Kol s 2 >
phous phase and 33 T for the crystalline phasgX™ s 04| :xx:“ :ng B i | 08
~370K and assuming that the Curie temperature of thex_
bcc-Fe in the sample is-1000 K, we obtainA,,/A. of g o3|
about 0.05 for the nanocrystalline §z&r,B, alloy. Judging i <~
from the plot in Fig. 8, we find a considerably sharp variation § ©2
of (K) at Ayn/A~0.05 andV,,=0.5. SinceA, /A, of the :“'Eu
: 01 |
sample decreases dramatically towai', the observed
increase inH. towardsTa" is well understood within the o L
proposed model. More quantitative arguments are possible ®) '
by looking at the relation betweedn(T) and(By(T)). As g [ g i
we see in Fig. 10, the gradient of theHy versus I{By,;) plot _ P
tends to be steeper with decreasifBy;) as is predicted in £ 15} e i
Fig. 8. In addition, the plot nearly matches the gradient of Wy TRk bon
—6 at temperatures close T§". This clearly indicates that 5 10 l .
(K) in the nanocrystalline RgZr,B, sample is mostly gov- V o
erned byA_3 nearT2", fully consistent with the above the- 5F ° ;ﬂi’:g%; T
oretical prediction. S
Since the temperature dependencéigfin the nanocrys- % 100 200 300 400 500

talline Fe.Zr;B, alloy reflects A,,, which varies as the
square of the spontaneous magnetization, we should be able
to obtainTg" from theH-T curve. The temperature depen-  FIG. 11. Plots of the coercivity to the power 1/68 (83
dence of the spontaneous magnetization for the residual0.36) (a) and the mean hyperfine-fiel#)) versus temperature for
amorphous phaseM2™ nearTg" is generally expressed by the nanocrystalline kgZr-B, alloy.

Temperature (K)
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is replotted a¢d_ ¥ againstT in Fig. 11(a). A critical tem- VI. CONCLUSIONS

perature of 369 K is obtained by extrapolating the steepest \ye have studied the effect of the exchange stiffness in the
straight part of the plots to the temperature axis. We havéntergranular region on the random magnetocrystalline an-
also estimated the effect &f;(T) andM(T) on this critical  jsotropy (K;)) both experimentally and theoretically. The
temperature by assuming the relationship in ER) and  temperature dependence of the coerciviy, X below the
usingK,(T) of a-Fe (Ref. 29 and found that the obtained Curie temperature of the residual intergranular amorphous
critical point in Fig. 11a) could be overestimated by 10 K. phase Tg") shows a clear correlation with the mean
The obtained critical temperature is in good agreement witfhyperfine-field of the residual amorphous phaé@y() de-

the Curie temperature shown in Fig. (bl where the rived from Mossbauer spectroscopy. The gradient of the
(By(T)) results in Fig. 4 are replotted together with the fit- N He versus 1By plot converges towards a value of6

ting using the molecular field approximation. This agreementVith increasing temperature towardgz", indicating that

of the two critical temperatures reinforces our contention that<1) in the sample varies as the3rd power of the ex-

the random magnetocrystalline anisotropy in the two-phas Range stlffTr;(?nssT(;]on;t_aQt dOf thz re3|dlrj]al arrorpglous phase
nanocrystalline systems can be well described by our e am) NEarTc™. The Ay, dependence has also been con-

irmed directly by the critical behavior in the -T curve,
tended mgdel. - . H.o (TA"—T) %8, whereB (=0.36) is the critical exponent
The critical point in Fig. 11 theoretically corresponds to; ¢ .\ C ’ )

the di . (th ; lue is limited b for the spontaneous magnetization.
e divergence oH, (the maximum value is limited bi,) These experimental results are quite well explained by the

due to the disappearance of the intergranular exchange COpy,de| proposed in the present study in which the two-phase
pling at TE", however, the experimentéi. in Fig. 6 keeps  random anisotropy model is extended by taking into account
increasing even above this critical temperature. This clearlyhe effect of the two local exchange stiffness constants in the
indicates that the contribution of magnetic interactions othegrystalline and amorphous regions on the exchange correla-
than the direct ferromagnetic exchange interaction, such agon length (.,). We note that from our theoretical analysis
the dipolar or the interaction due to the exchange(i) the well-knownD® or K‘l1 dependences are preservéi,
penetratiort? becomes significant ned@d" (typically above the exponent for thé\,,, dependence ofK) converges to-
T/TE&"~0.85 in our case These extra intergranular interac- wards a value of-3 for A <A, whereA is the ex-
tions limit the applicability of our two-phase random anisot- change stiffness constant of the crystalline phase (ianthe

ropy model especially for those samples with smdl,, ©obtained formula [Eq. (22)] under the condition of
since the effect of the exchange penetration is greater at shdam=Acr OF Van=0 returns to the original results of
intergranular distances. Some other approathieswhich Herzer>
the exchange interactions over ferro-para-ferro-magnetic sys-

tems are considered could be useful in resolving the problem

of the temperature dependencetf in the range very close  The authors are grateful to the Australian Research Coun-
to T2" or above. cil for its financial support.
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