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On the Theoretical Understanding of Nanocrystalline
Soft Magnetic Materials

G. Herzer

Nanocrystalline structures offer a new opportunity for tailoring soft magnetic materials. The most
prominent examples are devitrified glassy FeCuNbSiB alloys, which exhibit a homogeneous ultrafine
grain structure of bece FeSi, with grain sizes of typically 10 to 15 nm and random texture. Due to the small
grain size, the local magnetocrystalline anisotropy is randomly averaged out by exchange interactions so
that there is only a small anisotropy net effect on the magnetization process. Moreover, the structural
phases present lead to low or vanishing saturation magnetostriction. Both the suppressed magnetocrys-
talline anisotropy and the low magnetostriction provide the basis for the superior soft magnetic proper-
ties comparable to those of Permalloys or near-zero magnetostrictive Co-base amorphous alloys, but at

a higher saturation induction.
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1. Introduction

NANOCRYSTALLINE materials are single-phase or multiphase
polycrystals, the crystal size of which is in the nanometer
range, typically 5 to 50 nm. They can be produced by processes
such as compaction of nanometer-size powders, deposition
techniques, or by crystallization from the amorphous state.

In terms of magnetic properties, fine particle systems, so far,
have been mostly discussed as hard magnetic materials.[!] The
reduction of particle size is a well-known approach to subdivid-
ing the material into “single-domain” particles, which in-
creases coercivity, H,., toward a maximum controlled by the
anisotropies present. Although it is known that H . decreases for
very small particles, the regime in which grain sizes are much
smaller than the single-domain particle and domain wall sizes
has remained relatively unexplored. Accordingly, the attempt
in soft magnetic engineering has been to make the grain size as
large as Fossible to obtain low coercivities and high perme-
abilities.[2]

The situation began to change with amorphous, soft mag-
netic alloys[3] and, in particular, has changed dramatically with
the recent discovery of ultrafine crystalline Fe-base alloys ex-
hibiting superior soft magnetic properties. (4,51 The most promi-
nent examples are devitrified glassy FeCuNbSiB alloys,[4]
which exhibit a homogeneous ultrafine grain structure of bce
FeSi, with typical grain sizes of 10 to 15 nm and random orien-
tation. Further examples are devitrified glassy alloys based on
CoNbBI®lor FeZrB,!71Fe-M-C (M = Ti, Zr, Hf, Nb, or Ta) thin
films,[g] and multilayered structures like Fe/CoNbZr. 91

The present state of the art is shown in Fig. 1, in which the
coercivity, H ., of nanocrystalline Fe-base alloys has been plot-
ted versus the average grain size together with data for amor-
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phous and conventional polycrystalline soft magnetic materi-
als.[5] The 1/D dependence for large grain sizes (D > 100 pm)
reflects the classical rule that good soft magnetic properties re-
quire very large grains. Lowest coercivities are also found for
amorphous alloys (grain size on the order of atomic distances)
and in the nanocrystalline FeCuNbSiB alloys for grain sizes D
<15 nm. The initial permeability shows an analogous behavior
being essentially inversely proportional to H,.. Obviously, the
new nanocrystalline material fills the gap between amorphous
metals and conventional polycrystalline alloys. The DY de-
pendence of coercivity for grain sizes between about 10 and 40
nm moreover demonstrates how closely soft and hard magnetic
behavior can be neighbored.

Nanocrystalline FeCuNbSiB alloys are of particular inter-
est, because their soft magnetic properties are comparable to
those of Permalloys or amorphous Co-base alloys, but at sig-
nificantly higher saturation induction of typically B~ 1.2 T.
Typical values are coercivities, H, of less than 10 mA/cm and
initial permeabilities up to 100,000l4] and higher. The key fac-
tor to tailor such superior soft magnetic properties is under-
standing magnetic anisotropies and how they can be controlled.
In the simplest approach, the coercivity, H_, is proportional to
the anisotropy energy density, K, and the initial permeability is
L; =< 1/K. Thus, the basic conditions for good soft magnetic
properties generally are low or vanishing magnetic anisot-
ropies of a few J/m3 only.

The major anisotropy contributions may be divided into (1)
magnetocrystalline anisotropy, K, related to the crystal sym-
metry, the easy axis of magnetization being determined by the
crystal axis, and (2) magneto-elastic anisotropy, K5 e A - G,
originating from internal or external mechanical stresses, ©,
due to magnetostrictive coupling. The relevant material pa-
rameter is given by the saturation magnetostriction, A.

The present article reviews the consequences of the
nanocrystalline structure for these basic anisotropy contribu-
tions. The materials highlighted will be FeCuNbSiB alloys pro-
duced via crystallization from the amorphous state. The general
features, however, also apply to other nanocrystalline magnetic
materials.
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2. Magnetocrystalline Anisotropy

The magnetocrystalline anisotropy, K, of bcc Fe-208i, the
constituent crystalline phase in the FeCuNbSiB alloys, | 13,1435
still about K = 8000 J/m3,115] This value is by far too large to
explain by itself the low coercivities and the high initial perme-
abilities observed for nanocrystalline materials. The key to un-
derstanding is to recognize the role of ferromagnetic exchange
energy. Actually, the grain size in the nanocrystalline material
is much smaller than the ferromagnetic exchange length:
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Fig. 1 Coercivity, H, versus grain size, D, for various soft mag-
netic metallic alloys. The nanocrystalline materials shown are
FeNbSiB (closed triangles), FeCuNbSiB (closed circles),[]
FeCuVSiB (diamonds),! 101 FeZrB (closed squares),l”] and Fe-
CoZr (reverse triangles).[1!] The data for the NiFe alloys (open
squares and triangles) and Fe-6.5Si (wt%) (open circles) are
from Ref 2 and 12, respectively.
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where A denotes the exchange stiffness, which is about
LY, = 35 nm for the present material. LY, represents the mini-
mum scale within which the magnetic moments are forced to
align parallel by exchange interaction. The domain wall width,
for example, is typically 8g = & - L,,. Thus, magnetization can-
not follow the randomly oriented easy axis of each individual
grain. As a consequence, the effective anisotropy is an average
of several grains and, thus, reduced in magnitude.

2.1 Grain Size Effect

To interpret the magnetic properties in the regime where the
grain size is much smaller than the exchange length, the ran-
dom anisotropy model originally proposed by Alben et al.[16]
for amorphous ferromagnets is used. The basic concept is
shown in Fig. 2(a) and starts from an assembly of ferromagneti-
cally coupled grains of size D with magnetocrystalline anisot-
ropies K| oriented at random.

The effective anisotropy relevant to the magnetization proc-
ess results from averaging over the N = (Lex/D)3 grains within
the volume V = Lgx of the exchange length. For a finite number,
N, of grains, there will always be some easiest direction deter-
mined by statistical fluctuations. As a consequence, the result-
ing anisotropy density (K) is determined by the mean
fluctuation amplitude of the anisotropy energy of the N grains,
ie.:

K p Y*

®) = Kl[LexJ 2l

In turn, the exchange length, L, ,, now is related self-consis-
tently to the average anisotropy by substituting (K) for K in Eq
l,ie.:

L, =VA 3]

ex <_I(_>

This renormalization of L,, results from the counterplay of
anisotropy and exchange energy: As magnetocrystalline an-
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Fig. 2 (a) Schematic representation of the random anisotropy model. The arrows indicate the randomly fluctuating anisotropies. (b) Esti-
mate of the effective anisotropy (K) for the randomly oriented bce FeSi grains as a function of average grain size.
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Fig. 3 Grain size dependence of coercivity, H. (closed sym-
bols), and initial permeability, i; (open symbols), in nanocrys-
talline Fe74 5_,Cu,Nb3(SiB); salloys (circles: xc, = 1 at.%;
squares: xc, = 0) annealed 1 h at different temperatures. The
dashed lines show the variation H,, 1/t; = D below 40 nm and
H¢, 1/u; o< 1/D above 150 nm.

isotropy is suppressed by exchange interaction, the scale on
which exchange interactions dominate expands at the same
time, and thus, the local anisotropies are averaged out even
more effectively.

The combination of Eq 2 and 3 finally yields:

Kt
(Ky=— - DS (4]
A

which holds as long as the grain size D is smaller than the ex-
change length, L,,. It should be noted that this result is essen-
tially based on statistical and scaling arguments and, therefore,
is not limited to the case of uniaxial anisotropies (as may be an-
ticipated from Fig. 2a), but also holds for cubic or other symme-
tries.

An estimate of the averaged anisotropy, {K), as a function of
the grain size, D, is shown in Fig. 2(b) for the material parame-
ters of aFe-20Si (A = 1011 J/m, K{ = 8 kJ/m3). Obviously,
grain sizes below about 20 nm are small enough to suppress the
local magnetocrystalline anisotropy, Ky, sufficiently. For grain
sizes of D = 10 nm, for example, the average anisotropy is only
(K) = 4 J/m3, which is almost negligible compared to K 1
High-resolution Kerr effect studies of nanocrystalline
Fey3 sCu{Nb3Si3 sBg indeed reveal very wide domain walls
of about 2 um thickness, indicative of the low effective anisot-
ropy of the material.[17]

Coercivity and initial permeability are closely correlated to
the effective anisotropy (K) by:[%]
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Fig. 4 Coercivity, H,, and remanence to saturation ratio, B,/By,
of nanocrystalline Fe73 sCuiNb3Si3 sBg (annealed 1 h at 540
°C + 4 h at 350 °C in a transverse magnetic field) as a function
of the measuring temperature (f = 50 Hz).

where p. and p,, are dimensionless prefactors close to unity.
These relations, valid for the regime D < LS., were shown to
hold both for domain displacement and rotational processes,
i.e., they apply irrespective of the detailed mechanisms of the
magnetization reversal.

The DI6] dependence is well reflected in the coercivity and
permeability data for grain sizes below about 40 nm (=LY ).
Figure 3 supplements the permeability for some of the alloys
shown in Fig. 1. Analysis of the experimental data yields for the
prefactors p,. =~ 0.13 and p , = 0.5, respectively. This compares
reasonably well with the predictions of fine particle theory
(e.g.,p.=0.64and py= 0.33 for cubic particles oriented at ran-
dom).

If the grain size exceeds the exchange length, the magneti-
zation process is determined by the full magnetocrystalline an-
isotropy K. Accordingly, H, and 1/y; run through a maximum
at D = L,,. Finally, if the grain size exceeds the domain wall
width, & p = TL,,, domains can be formed within the grains, and
H_.and 1/y; tend to decrease again according to the well-known
1/D-law.[2:3]

2.2 Grain Coupling

The suppression of magnetocrystalline anisotropy requires
that the randomly oriented grains are ferromagnetically cou-
pled by exchange interaction. Consequently, if the exchange in-
teraction is reduced, the local anisotropies will be less
effectively averaged out (see Eq 4 and Ref 18), and the soft
magnetic properties will degrade.

The exchange interaction between the bee grains mainly oc-
curs via the interfacial amorphous minority matrix in which the
nanocrystallites are embedded.[lz"14’18]Hence, it is sensitive
to the local magnetic moments there. Now, the thermomagnetic
analysis shows!18] that the interfacial component becomes
paramagnetic at around 300 °C, i.e., far below the Curie tem-
perature of the bee grains (T~ = 600 °C). Thus, the exchange in-
teraction between the crystallites is reduced with increasing
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temperature and, finally, is largely interrupted at the Curie
point of the intergranular phase. The latter leads to a significant
increase of coercivity by more than one order of magnitude, as
shown in Fig. 4. Simultaneously, the domain structure changes
from wide domains to a pattern of small, irregular domains.[17]
The behavior described is essentially reversible, i.e., structural
changes during the measurement can be largely ruled out.

Similar to the temperature dependence, the reduction of the
magnetic moment in the interfacial phase by alloying, for ex-
ample, too much N b,119] may also lead to inferior soft magnetic
properties.

The increase in coercivity with temperature, finally, un-
equivocally rules out superparamagnetic phenomena. This is
important to note because thermal effects, i.e., the transition to
superparamagnetism, also would provide a possible explana-
tion for the decrease in coercivity for particle sizes much
smaller than the domain wall width.[20]

Figure 4 also includes the temperature dependence of the re-
manence fo saturation ratio, B,/B,. The sample was annealed in
a magnetic field that induced a macroscopic uniaxial anisot-
ropy, K,,, of about 5 J/m3. The low value of B,/B in the lower
temperature regime indicates that this induced anisotropy con-
trols the hysteresis loop (the measuring direction was per-
pendicular to the induced anisotropy axis), because the
magnetocrystalline anisotropy is averaged out. However, for
the higher temperatures where the exchange coupling is largely
interrupted, the magnetocrystalline anisotropy takes over con-
trol of the hysteresis loop, because in this case, K| >> K,. This
is the reason for the increase in the remanence to saturation ra-
tiotoward B,/B, = 0.83, which is the theoretical result for an as-
sembly of noninteracting cubic particles oriented at
random.[21]
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3. Saturation Magnetostriction

Itis an additional highlight of the FeCuNbSiB alloys that the
high positive saturation magnetostriction of A, = +23 x 1076
decreases sifnificantly with the formation of the nanocrys-
talline state.[4] Figure 5(a) shows the evolution of saturation
magnetostriction, A, with annealing temperature. An example
of the dependence on composition is shown in Fig. 5(b) for a
Feq3 sCuyNb3Si By, 5_, alloy series in the as-quenched amor-
phous state and after annealing 1 h at 540 °C. Although A, is
practically constant for the amorphous state, it depends sensi-
tively on the Si content of the annealed nanocrystalline mate-
rial, passing even through zero at xg; = 15.5 at.%.

The behavior of A, can be understood from the two-phase
nature of the material and the composition of the individual
phases. The balance of magnetostriction among the bcc FeSi
grains and the residual amorphous matrix yields:

Mg = Viesi - AE &S+ (1 = vpegp) - A" (7]

where vg.g; denotes the crystalline volume fraction. Analysis
of the experimental data shows that the magnetostriction of the
crystalline bce phase is negative (?»feSi ~ -5 x 107%) and corre-
sponds to that of conventional polycrystalline oFeSi of compa-
rable composition.[zz] Accordingly, the residual amorphous
matrix has a still relatively high positive magnetostriction
(A4 ~10-25 x 107%) typical for amorphous Fe-base alloys en-
riched with B and Nb.

Thus, near-zero magnetostriction in nanocrystalline Fe-
base alloys requires a large crystalline volume fraction with
negative magnetostriction to compensate the high positive
value of the amorphous Fe-base matrix. This is achieved either
by a high Si content in the bee grains, as in the present case, or
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Fig. 5 Saturation magnetostriction, A;, of FeCuNbSiB alloys. (a) Influence of annealing temperature, T, for Fe73 sCu1Nb3Sij3 5Bg. (b) In-
fluence of alloy composition for a Fe73 sCu1Nb3Si, By 5 alloy series in the amorphous and nanocrystalline state.
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if the grains consist of pure oFe (KS = -4 X 10'6), as in the case
of FeZrB alloys.m

Low saturation magnetostriction is essential to avoid
magneto-elastic anisotropies arising from internal or external
mechanical stresses. Accordingly, the decrease in magne-
tostriction on the formation of the nanocrystalline state is re-
flected in a simultaneous increase of initial permeability by
about one order of magnitude.[45]Still, the best soft magnetic
properties are not necessarily found on the A = 0 line, but for
compositions where the total amount of magneto-elastic and
magnetocrystalline anisotropy is minimized.[13:23]

4. Conclusions

The basic mechanism for the soft magnetic properties of
nanocrystalline ferromagnets is that the local magnetocrys-
talline anisotropies are randomly averaged out for grain sizes
smaller than the ferromagnetic exchange length, similar to the
case of amorphous alloys. Moreover, the phases formed on
crystallization lead to low or vanishing saturation magne-
tostriction, which minimizes magneto-elastic anisotropies.

Both the low magnetocrystalline anisotropy and low or van-
ishing magnetostriction are the preconditions for superior soft
magnetic properties. There are only a few alloy systems that ex-
hibit this combination of properties: the Permalloys, Sendust,
Mn-Zn-Ferrites, amorphous Co-base alloys, and now the
nanocrystalline Fe-base alloys. Among these, the nanocrys-
talline alloys offer the highest saturation magnetization of
about J; = 1.2 to 1.3 T, which makes them an interesting candi-
date for soft magnetic applications.

As in other soft magnetic materials, magnetic field anneal-
ing allows variation in the shape of the hysteresis loop accord-
ing to the demands of various applications.[2 24] The
nanocrystalline FeCuNbSiB alloys also exhibit a relatively
high electrical resistivity of about 135 pQcm. Combined with
the low ribbon thickness of typically 20 im, this yields a favor-
able frequency dependence of permeability and low eddy cur-
rent losses up to frequencies of 100 kHz and more.[24]In fact,
the soft magnetic properties are very similar to those of amor-
phous, near-zero magnetostrictive Co-base alloys. The advan-
tages, however, are a higher saturation induction and a
significantly better thermal stability of the soft magnetic prop-
erties. There is no doubt that nanocrystalline Fe-base alloys
will supplement the spectrum of existing soft magnetic materi-
als in the near future. Possible applications already envisaged
are tape-wound cores for common mode chokes, saturable re-
actors, high-frequency transformers, and magnetic heads.
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