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Abstract

NdFeB and PrFeB nanocomposite hard magnetic materials of the exchange-spring type were prepared by splat-cooling. Hysteresis
cycles reveal that magnetisation processes may be analysed in terms of two contributions arising from the two different phases which exist
in these systems. The soft phase magnetisation reverses first at a field of approximately 0.3 T which is found to be little temperature
dependent. Reversal is determined by exchange coupling with the hard phase. A grain size of 20 nm is deduced. This value is in
agreement with structural analysis. The hard-phase magnetisation reverses at a larger field value which is found to increase steadily with
decreasing temperature (2.75 T in the PrFeB samples and 1.1 T in the NdFeB sample at 20 K). Reversal is found to be determined by
processes which are reminiscent of those characterising reversal in usual sintered or melt-spun RFeB magnets. At room temperature, the
activation volume deduced from magnetic after-effect measurements is 2200 nm®>. The contribution of inter-particle dipole interactions to

magnetisation reversal is found to be small. [0 1998 Elsevier Science S.A. All rights reserved.
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1. Introduction

Exchange-spring magnets constitute a new type of
magnetic material in which a hard medium-magnetisation
phase and a soft high-magnetisation phase are intimately
intermixed [1]. Since the constituent crystallites are of
nanometer size, exchange coupling between them alows
combined high remanence and medium coercivity to be
obtained. Ternary alloys with typica compositions
R,sFe;;sB.g (R=Nd, Pr,..) were the first category of
exchange-spring magnets to be discovered [2]. Recently,
several other systems were reported to exhibit the same
type of properties [3—6].

Analysis of coercivity mechanisms in Nd—Fe-B hard
magnets, sintered as well as prepared by melt-spinning, has
recently been used in an attempt to try to find the subtle
link which exists between coercivity and micro- or nano-
structure. However, few such studies have been devoted to
exchange-spring magnetic materials [7—9]. In the present
paper, measurements of the temperature dependence of
coercivity and magnetic viscosity in Nd,Fe,;B,; and
Pr,Fe,sB,s nanocrystalline aloys (referred to as NdFeB
and PrFeB in the rest of this article) are reported. The
results are analysed within a model which has been
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previously applied to interpret coercivity in other hard
magnetic materials [10].

2. Sample preparation and structural characterisation

The samples were prepared by splat-cooling. The ex-
perimental arrangement [11] used for this purpose includes
a levitating high-frequency coil which is used to melt the
desired aloy of typical weight 100 mg. When the aloy is
liquid, the power is switched off, the liquid alloy drops and
isintercepted by a rotating hammer and splat-cooled onto a
facing anvil. The alloy cooling rate is approximately 10’
K s . In the present study, the alloy compositions were
Nd,Fe,sB,; and Pr,Fe,;B,;. X-ray anaysis showed that
the as-quenched aloys were amorphous. Two peaks were
found to occur in DTA analysis at approximately 580 and
620°C with a 10 K min~* scanning rate. These could be
associated with crystallisation of Fe on the one hand, and
Fe,B and R,Fe,,B on the other.

A small furnace in which two Kyocera resistors are
closely assembled was used to flash-anneal the quenched
samples. The temperature was raised to a maximum of
typically 750°C, above the temperature of crystallisation of
the different phases involved. The time required to reach
the desired temperature was approximately 30 s. At that
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moment, the power was switched off. The sample tempera
ture decreased very rapidly, in particular the decrease from
750 to 550°C, i.e. below the crystallisation temperature of
the various phases mentioned above, was less than 15 s.

X-ray analysis of the annealed samples allowed the o-Fe
and Fe,B phases to be identified, however it was not
possible to unambiguously detect the presence of the
R,Fe,,B phase. Subsequent TEM analysis was performed
at the TU Wien [12]. There, al the above three phases
were identified. The mean crystallite size of the different
phases was found to be extremely fine (typical dimensions
20 nm) and homogeneous.

3. Magnetic measurements

Magnetisation measurements were performed using a
high-sensitivity VSM magnetometer equipped with a
superconducting coil with maximum applied field 8 T and
a range of accessible temperatures between 4.2 and 600 K.

31 Hysteresis cycles

Hysteresis cycles were measured at different tempera
tures from 300 down to 20 K (Fig. 1). At 300 K, the
hysteresis cycles apparently indicate homogeneous reversal
of the magnetisation. As the temperature is decreased a
two-phase process becomes visible (in particular for
PrFeB). The coercive field Hz" may be defined as the field
at which magnetisation vanishes. It should be noted that
HY exhibits a maximum around 150 K in NdFeB whereas,
in PrFeB, a smooth increase is observed down to the
lowest temperature (Fig. 2). The maximum in NdFeB may
be related [7] to the spin-reorientation which takes place in
Nd,Fe,,B at 135 K.

It must be stressed, however, that magnetisation reversal
is characterised by irreversible phenomena and the above
definition of the coercive field is not, in general, appro-
priate. A more physical definition of coercivity corre-
sponds to the field at which irreversible processes are the
largest [10]. The determination of this requires that revers-
ible and irreversible processes be separated in the ex-
perimental hysteresis cycles. In order to extract the revers-
ible susceptibility (yx,.,) contribution, measurements of
recoil loops were performed at 20 mT field intervals. In
general, significant time dependent magnetisation varia-
tions were found to occur at the field on the major cycle
where the recoil loop was started. The measurements were
taken after 100 s waiting time, when these effects had
become negligible. x,., is found to pesk at a field value
which is approximately the same in both samples and
varies from u,H =270 mT at 300 K to 420 mT at 20 K
(Figs. 3 and 4).

From y,,, and the total susceptibility Xou: Xiot — Xrew CAN
be deduced. This term, although it is often identified as y;,,
is not strictly equal to it, and this is particularly the case
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Fig. 1. M(H) in Nd,Fe,;B,, and Pr,Fe,,B,, at (8) 300 K, (b) 200 K and
(c) 20 K.

for exchange-spring systems where reversible and irrevers-
ible magnetisations are closely interrelated [13]. Neverthe-
less, the change in magnetisation represented by x,o. — Xre
is predominantly associated with irreversible reversal
phenomena. It is thus a meaningful quantity to characterise
reversal. Its field variation in the studied samples is shown
in Figs. 3 and 4. At a given temperature, a peak occurs in
(Xeot — Xeew)(H). This peak may be defined as the coercive
field, H St *re simply referred to as H, [10]. In PrFeB, H,
increases by a factor of 6 as temperature decreases (from
380 mT at 300 K to 275 T a 20 K). In NdFeB, H,
increases in the same temperature range by only a factor of
3, from 360 mT at 300 K to 1.1 T at 20 K (Fig. 2). These
variations resemble those observed in usual RFeB mag-
nets, i.e. H, monotonously incresses as temperature is
decreased, the low-temperature coercivity in the PrFeB
sample, however, being significantly larger than in the
NdFeB sample.



8 S David, D. Givord / Journal of Alloys and Compounds 281 (1998) 6—-11

3 T T T T T T
.“. O, ® Nd Fe'nBls
251 . O, mPFeB,
‘.\
2} . .
H

H H [T

0O 50 100 150 200 250 300

T [K]

Fig. 2. HY(T) (empty symbols) and H (T) (full symbols) in Nd,Fe,;B,
and Pr,Fe,,B ..

3.2 Reversal of the soft grain magnetisation. analysis of
the temperature dependence of y,,,

The above results indicate that reversal in the present
systems may be separated into two distinct contributions,
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one representing soft phase reversal, which is essentially
reversible and dominates at low field, and another repre-
senting hard phase reversal, which is essentially irrevers-
ible and dominates at high fields. Such a separation
between the reversible and irreversible contributions is in
agreement with previous analyses [8,14].

The maximum in y,., occurs at a field value which is
much higher than the value expected for a soft magnetic
phase. x,., is actualy determined by interactions with the
hard phase [1]. Reversa may be described in a semi-
guantitative approach by assuming that the moment con-
figuration in a soft grain is determined by the competition
between Zeeman energy, which tends to align the moments
along H, and exchange interactions, which favour their
alignment along the moment direction in the adjacent hard
grains. Assuming that the anisotropy in the hard grains is
very large, the resulting moment configuration consists of
a progressive rotation from an angle of maximum devia-
tion, ..., in the centre of the soft grains, to alignment
with the hard phase easy direction at the grain boundary
with adjacent hard grains. To a first approximation, the
stored exchange energy in a soft grain, exchange coupled
with two hard grains with parallel magnetisation, may be
expressed as

Y= (4A0 imx)/dsoft (1)
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where A is the exchange constant and d
size. The Zeeman energy is

is the soft grain

soft

EZ = MOMSH(Sin emaxlamax)dsoft (2)

Minimisation yields for the field a which 6, = /2
(corresponding approximately to reversal of half the soft
phase, i.e. to the maximum of ;)

MOH = A7T3/2Msd§oft (3)
The low temperature spontaneous magnetisation of the
Fe,B phase is u,M,;=1.65 T and from T.=785 K, A=
15%x10 " IJm™ " is deduced. At 20 K, the field at which
Xeey 1S Maximum, H{, is 0.42 T in PrFeB (actually H}™
is very close to HQ") which gives d.,=20 nm, in good
agreement with TEM analysis.

The exchange constant A varies with temperature as M2
and thus, from relation (3), H(T) should vary as M. In
NdFeB, y,., is strongly influenced at low temperature by
the magnetisation reorientation which takes place at 135 K
and this makes difficult any quantitative comparison
between experimental and calculated HX(T). In PrFeB,
however, the temperature dependence of HY(T) aso
differs from the variation predicted by relation (3). It is
actually much faster (see Fig. 5). For a soft grain sur-
rounded by two hard grains with easy axes along the field
and whose magnetisation is reversed, x,., should vanish.
Thus a reduction in y,,, iS expected in the case where
irreversible processes are superimposed on the reversible
processes. At 300 K, the maximum in y,,, is found at 0.28
T. At this field value, approximately 25% of the irrevers-
ible events have aready occurred (see Fig. 4), and a
reduction in y,, occurs which is of the same order of
magnitude. It results that H}r is shifted to lower field
where the influence of irreversible processes becomes
negligible (Fig. 5).
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Fig. 5. HY®(T) in Nd,Fe,,B,; and Pr,Fe,;B,,. The continuous line
corresponds to M((T) in Fe,B calculated assuming that M (T)/M,(0) is
the same as in Fe metal.

3.3 Reversal of the hard grain magnetisation. analysis
of the temperature dependence of X0, — Xre»

Magnetisation reversal in NdFeB sintered magnets as
well as melt-spun materials was recently analysed within
the so-called global model [10]. This model is based on the
hypothesis that reversal is initiated in a small volume, the
activation volume (v,), under the influence of the external
applied field, dipole interactions and thermal activation.
The exact processes by which reversal takes place (nuclea-
tion, propagation or de-pinning) are not important in this
discussion. It is actually thought that, in all cases, reversal
is nucleated at some defect position through the initial
formation of a local magnetisation heterogeneity. The
basic simplifying assumptions are that the intrinsic phys-
ical properties at the defect position (anisotropy, exchange,
magnetisation) are simply proportional to the same quan-
tities in the bulk and that the corresponding proportionality
coefficients are temperature independent. The coercive
field is then derived as

0% 25KT
IYE = Negr oM — v.M 4

sVa a’'s

/"LOHC sa

where vy is the domain wall energy. The activation volume,
V,, can be related to the experimental magnetic viscosity
coefficient, S,, through

kT )
Va I‘LOS/MS
with
31 B DXrev)
=2 e 6
SI Xeot — Xrev ( )

Inrelation (6), S=dM/dInt is the time dependence of the
magnetisation. S, is usually derived from independent
measurements of S and x,,, — Xe,- ThiS procedure is very
time consuming. In a simpler approach, S, may be related
to the shift in field, 3H, between two magnetisation curves
measured at respective waiting times, =, and 7,, after
application of the field [15] (or to the shift in field between
magnetisation curves measured at constant dM/dt [16]):

8H =S, In(r,/7,) (7)

S, (M) thus obtained at 300 and 100 K, for example, is
shown in Fig. 6. It is found that S, increases as mag-
netisation progressively reverses into the field direction.
Such afield dependence of S, is characteristic of heteroge-
neous systems.

The temperature dependence of S, messured at the
magnetisation value corresponding to H, is shown in Fig.
7. The value of S, obtained is approximately a factor of 5
smaller than in usual R—Fe—B magnets [10]. It is a well
established experimental fact that S, is approximately
proportional to H>® [17]. The present result is in quali-
tative agreement with this observation since the coercive
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Fig. 6. S,(M) in Nd,Fe,;B,, at T=100 and 300 K.

field in usual R—Fe—B magnets is 3-5 times higher than in
the spring-magnet materials. The temperature dependence
of §, as shown in Fig. 7 appears, in addition, to be
strikingly similar to that observed in usual NdFeB magnets
[10].

The activation volume, v,, deduced from S, is also
shown in Fig. 7. v, increases from approximately 100 nm°®
at 10 K to 2200 nm*® at 300 K. At this |atter temperature, v,
is comparable to the typical grain volume. Assuming a
spherical activation volume, the corresponding diameter is
about 16 nm; thisis close to the average grain size (20 nm)
found by TEM.

Once the activation volume is known, the coercive field,
as expressed by relation (4), depends only on two parame-
ters, a and Ny;. H./M, as afunction of y/MZv2’® is shown
in Fig. 8. A linear variation is observed for both the
NdFeB and PrFeB systems, which indicates that the model
applies. The parameter values deduced are o =0.28 and
Ny =0.05 for Nd,Fe,¢B,4 and a=0.26 and N, =0.02 for
Pr,Fe,¢B,g. The value of the parameter « is smaller than
in usual R—Fe—B magnets, which derives directly from the
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Fig. 7. S(T) and v,(T) in Nd,Fe,;B ;.
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Fig. 8. H./M, as a function of y/MZv,” in Nd,Fe,;B,, and Pr,Fe,;B ;.

lower values of the coercive field in the spring magnets.
The value of N iscloseto 0. In sintered NdFeB magnets,
Ng:=1 is obtained, which indicates that large dipole
interactions contribute to reversal. We suggest that the very
small value of Ny in the present system should be
compared to the same result obtained in single phase
melt-spun RFeB ribbons. On the one hand, it is expected
that dipole interactions should decrease with the average
grain size. On the other hand, it may be suggested that
reversal mechanisms at the microscopic level show simi-
larities in the different types of nanocrystallised NdFeB
materials. In al cases, pinning may be favoured at the
boundaries between hard grains (melt-spun NdFeB) or
between a soft and a hard grain (spring magnets).

4, Conclusion

A semi-quantitative analysis of both reversible and
irreversible processes in exchange-spring magnets has been
presented in the present study. This allowed the essential
physical parameters involved to be identified. Considering
the complexity of these systems, a more quantitative
approach requires numerical simulation to be performed.
This has been developed, in particular, by Schrefl et al.
[18]. In this case, however, the specific influence of each
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parameter remains conjectural and needs to be compared
carefully to experiment. This is why both approaches,
phenomenological and numerical, have their own merit.
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