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Abstract

The demagnetization processes and the magnetic viscosity have been studied on a bulk-amorphous Nd
60

Fe
30

Al
10

rod
at room temperature. Many unique magnetic properties have been found in this novel hard magnetic material. A clear
hysteresis was present on the minor loops, though the total and irreversible susceptibilities exhibited single-phase magnet
behavior. A signi"cant magnetic viscosity was evident at positive "elds. A large magnetic viscosity was found at negative
"elds close to the coercivity. The time-dependent magnetization curves were not logarithm-linear and could be well "tted
with a logarithm power series with N"6. The #uctuation "eld was strongly dependent on the magnetic "eld. The
activation volume was calculated to be 15}60]10~18 cm3. The magnetic viscosity on the minor loops was measured.
A non-monotonic behavior was found. ( 1999 Elsevier Science B.V. All rights reserved.

PACS: 75.60.Lr; 75.60.Ej; 75.50.B6
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1. Introduction

Recently, magnetic bulk-amorphous materials
have been successfully obtained by the chill-casting
process [1,2]. The amorphous (Nd,Pr)}Fe}(Al,Si)
alloys have shown high values of coercivity [1,3].
Therefore, the novel magnetic materials are of in-
terest for hard magnetic applications [1,3].

The coercivity mechanism of amorphous mate-
rials has not been well understood. The study of
magnetic viscosity is well known as a powerful
method for the investigation of magnetization and
demagnetization processes. The viscosity study can

provide information about energy barriers and ac-
tivation volumes involved in nucleation or pinning
mechanisms. Therefore, the results of magnetic vis-
cosity study can be used for optimization of mag-
netic properties, e.g., coercivity and remanence.

In this paper, we report the viscosity behavior of
the hard magnetic bulk-amorphous Nd

60
Fe

30
Al

10
alloy. The main loop viscosity behavior has been
described using the theory developed by O'Grady
et al. [4]. The #uctuation "eld and activation vol-
ume were determined. A non-montonic magnetic
viscosity was found on the minor loops.

Magnetic viscosity, i.e., time dependence of mag-
netization, is a well-known phenomenon and arises
due to a "nite time for thermal activation of the
magnetization over the energy barrier [5}7]. The
time-dependent magnetization is given in general
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as a sum of the reversible and the irreversible mag-
netizations (M(t)"M

*33
(t)#M

3%7
(t)), where M

*33
(t)

can be obtained as the remanent component after
the instantaneous removal of the "eld H at time t.
Variations of M

3%7
with time are generally small

and arise for example from a change of magneti-
zation-dependent demagnetization "eld. Here, we
consider only the component M

*33
(t), since mag-

netic changes by thermal action are irreversible.
According to this phenomenology, the time de-
pendence of the remanent magnetization is given
by

M
*33
"M

*33
(0)e~t@q. (1)

Here q is the relaxation time and in zero "eld q~1 is
given as

q~1"f
0
e~*E@kt, (2)

where *E is the energy barrier for reversal.
For the case where the distribution function of

the barrier *E remains approximately constant
during the time of observation, the formalism of
Eqs. (1) and (2) gives [5]:

M
*33

(t)"M
0
#C ln(t). (3)

Most magnetic materials can be well-described
with the linear logarithm function (Eq. (3)). Eq. (3)
has been widely used for the study of the magnetic
viscosity for di!erent types of magnetic materials,
such as Alnico, BaFe

12
O

19
, ferritin, SmCo

5
and

NdFeB [5,8}10].
Magnetic viscosity behavior in spin glass and

other disordered systems does not obey Eq. (3).
O'Grady et al. [4] develop a theory to explain these
phenomena. This theory shows that the curvature
of the M(t) versus ln(t) curve is strongly dependent
on the form of the distribution of energy barriers.
They give a logarithm power series to describe the
M(t) versus ln(t) curve:

M
*33
"M

0
#

n
+
i/1

C
i
ln(t)i. (4)

An irreversible change of the magnetization may be
described using the following di!erential equation
[11]:

dM
*33
"Sd ln(t)#s

*33
dH, (5)

where s
*33

is the irreversible susceptibility.

In Eq. (5), s
*33

dH is the "eld dependent part of
dM

*33
. NeH el [6], therefore, suggested that the e!ect

of the thermal #uctuations (Sd ln(t)) may be repre-
sented as a "ctitious "eld, which he called the
#uctuation "eld. The de"nition of the #uctuation
"eld is [7]

S"H
&
) s

*33
(6)

If the M(t) versus ln(t) is not linear, Eq. (6) should be
generalized [11]:

H
&
(H, t)"

S(H, t)

s
*33

(H, t)
, (7)

where S can be determined [11] as

S(H, t)"
RM

*33
R ln(t) K

H

(8)

An alternative but equivalent de"nition of the #uc-
tuation "eld is obtained directly from the constitut-
ive relation [11]

H
&
"!

RH
R ln(t) K

M*33

. (9)

Measurement of H
&

can be used to evaluate an
activation volume [7].

<
!
"

k¹

M
4
H

&

(10)

M
4

is the saturation magnetization.
The activation volume represents the average

volume of thermal activation (nucleation or do-
main wall motion). The activation volume <

!
is

associated with the domain wall thickness for many
hard magnetic materials [9,10,12].

2. Experimental procedure

The bulk-amorphous sample studied in this
work is a cylindrical Nd

60
Fe

30
Al

10
rod with a dia-

meter of 1 mm and a length of 3 mm prepared by
chill casting [1,3]. The density of the rod was esti-
mated to be 7.7 g/cm3. The X-ray di!raction and
MoK ssbauer spectroscopy studies con"rmed that the
rod consisted of a single amorphous phase.

The magnetic study was performed using a vibra-
ting sample magnetometer (Oxford VSM) at room
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Fig. 1. The hysteresis loop and the minor loops of the amorph-
ous Nd

60
Fe

30
Al

10
rod. The ramping rate is 20 kOe/min. The

total susceptibility as a function of the magnetic "eld is shown in
the attached plot.

temperature with a maximum applied magnetic
"eld of 50 kOe. The internal magnetic "eld H

*
was

estimated using a demagnetization "eld factor of
0.13 for cylindrical sample [13].

The hysteresis loop (Fig. 1) was measured using
the "eld ramping rate of 20 kOe/min. The minor
loops in Fig. 1 were taken after waiting for 2 min at
negative "eld. The sample was then brought
#0.5 kOe with a ramping rate of 5 kOe/min.
M

*33
was obtained as the remanent component

after the removal of the "eld H. The irreversible
susceptibility s

*33
was calculated by dM

*33
/dH

*
,

while the total susceptibility s
505

was determined by
the di!erential of dM/dH

*
on the mean hysteresis

loop.
For the viscosity measurements (Fig. 2), the rod

was "rst saturated with a positive "eld of 50 kOe.
The applied magnetic "eld H

!
was then brought to

the desired "eld with a ramping rate of 20 kOe/min.
The sample was held at the constant applied "eld
for 1800 s (30 min), during which the change of
magnetization (the viscosity) was measured. The
magnetic viscosity study was also performed on the
minor loop. The sample was brought to !4 kOe

with a ramping rate of 20 kOe/min after saturation
with #50 kOe and then brought back to the de-
sired "elds on the minor loop (Fig. 5). The sample
was held at a constant "eld for 900 s (15 min).

3. Result and discussion

Fig. 1 is the hysteresis loop and the minor loops
of the amorphous rod. The Nd

60
Fe

30
Al

10
rod is

a hard magnet with a coercivity of 3.7 kOe (the
ramping rate was 20 kOe/min). All the minor loops
(especially those taken after the demagnetization
with a "eld close the coercivity) are open, indicating
the presence of magnetic hysteresis (Fig. 1). This
behavior is di!erent from that of conventional per-
manent magnets (based on a hard magnetic crystal-
line phase BaFe

12
O

19
, SmCo

5
or Nd

2
Fe

14
B), by

which the minor loops are straight lines and no
hysteresis is present [8]. Hysteresis existing on mi-
nor loops has been reported in nanocomposites
consisting of a mixture of hard and soft phases [14]
due to exchange coupling of the hard and soft
phases. The hysteresis on the minor loops in
Fig. 1 indicates irreversible magnetization pro-
cesses. The mechanism of the demagnetization pro-
cesses is to be investigated.

The total susceptibility is shown in the inset to
Fig. 1. A sharp peak appears at the magnetic "eld,
which is nearly identical to the coercivity. The
irreversible susceptibility had a "eld-dependence
similar to that of the total susceptibility in Fig. 1.
This behavior is typical of single-phase magnets
[9,14], by which irreversible magnetization pro-
cesses mainly occur at magnetic "elds nearby the
coercive "eld.

For the amorphous Nd
60

Fe
30

Al
10

rod, the mag-
netic viscosity has been observed in a wide "eld
range. Fig. 2 shows the time-dependent magneti-
zation curves at di!erent constant applied "elds
H

!
from positive 5 to negative !10 kOe after the

magnetization with the positive "eld of 50 kOe. It is
surprising that a signi"cant magnetic viscosity was
present at positive "elds, as shown in Fig. 2a. The
magnetic viscosity is detectable even at positive
10 kOe. As is well known, magnetic viscosity occurs
because of the thermal instability, corresponding to
the #ip of magnetic domains into a more stable
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Fig. 2. The time-dependent magnetization curves taken at di!erent constant applied magnetic "elds. The solid lines are the "tting curves
using the logarithm power series with n"6. The dashed lines are the viscosity coe$cient S as a function of the time. The time scale is
ln(s).

direction, e.g., from positive to negative under the
application of a negative "eld after the saturation in
the positive direction. The origin of the viscosity at
positive "elds has to be investigated. The viscosity
at positive "elds is probably related to the hyster-
esis on the minor loop in Fig. 1.

At negative magnetic "elds, the magnetic viscos-
ity increased with increasing negative "eld. The

highest viscosity (i.e., the largest change in magneti-
zation) was found in the "eld range close to the
coercivity. When the negative "eld further increases
beyond the coercivity, the magnetic viscosity de-
creases and becomes nearly unmeasurable at a "eld of
15 kOe or above. This change of the viscosity is often
found in other magnetic materials, such as mechan-
ical alloying SmCo

5
and melt-spun NdFeB [9,10].
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As shown in Fig. 2, the time-dependent magneti-
zation curves of the amorphous Nd

60
Fe

30
Al

10
rod

cannot be described using the linear logarithm
function (Eq. (3)). A large deviation from the linear
logarithm is found in the magnetization curves
taken at magnetic "elds near the coercive "eld
(3}5 kOe).

The non-linearity of the magnetic viscosity has
been reported previously [12,15}17]. Street et al.
[12] have proposed the modi"ed equation of
M(t)"M

0
#C ln(t#t

0
) (with M

0
, C and t

0
as

constants) for "tting non-linear magnetization
curves. For magnetization curves in Fig. 2, the
magnetization curves taken at positive "elds can be
well "tted with the modi"ed linear-logarithm func-
tion M(t)"M

0
#C ln(t#t

0
). However, the modi-

"ed linear-logarithm function cannot be used for
"tting the magnetization curves taken at negative
"elds, especially magnetization curves taken at
magnetic "elds close to the coercivity. The curva-
ture of the time-dependent magnetization changed
from concave downwards to upwards, when
the magnetization changed its sign from positive
to negative, as shown in Figs. 2d and e. This
has shown that the magnetic viscosity coe$cient
S is not a time-independent constant and is
strongly dependent on the irreversible magneti-
zation [11].

O'Grady et al. [4] have derived theoretically the
time-dependent magnetization curve for spin glass
and other disorder systems, for which a log-normal
distribution of particle volumes (corresponding to
the energy barriers) is assumed. A non-linearity of
the viscosity was obtained from the theoretical
analysis [4]. They proposed a logarithm power
series for "tting their time-dependent magneti-
zation curves. In this work, we "t the magnetization
curves in Fig. 2 using a logarithm power series as
shown in Eq. (4).

If n"1, Eq. (4) reduces to Eq. (3). For magneti-
zation curves taken at magnetic "elds near the
coercivity, a power series with n up to 6 is required.
All the magnetization curves including those taken
at positive "elds can be well-"tted with the logar-
ithm power series with n"6, as shown by the solid
lines in Fig. 2. This result implies that the bulk-
amorphous Nd

60
Fe

30
Al

10
material may have

a log-normal distribution of energy barriers.

The non-linearity in Fig. 2 shows that the viscos-
ity coe$cient S is time dependent. As reported
by Lyberators and Chantrell [11], the viscosity
coe$cient S can be calculated as Eq. (8)
(S(H, t)"RM

*33
/R ln(t) at constant "eld).

The viscosity coe$cient S is plotted in Fig. 2 as
a function of the time t at the di!erent constant
"elds. It can be seen that S is nearly a constant at
positive "elds, if the time is long enough (Fig. 2a).
For the magnetization curves taken at low negative
"elds, S increases with the increasing time. For the
magnetization curves taken at negative 3}3.5 kOe
(i.e., just below the coercivity), S increases initially
with the time, reaches a maximum when the mag-
netization is around zero, and then decreases with
the time. For the magnetization curves taken at
higher negative "elds above the coercivity, S de-
creases continuously with the time. As reported
previously [17], the time-dependent magnetization
curves of the Tb}Fe}Co thin "lms are similar to
those of the amorphous Nd

60
Fe

30
Al

10
rod at the

magnetic "elds nearby the coercivity (Figs. 2d and
e). Non-linearity of the viscosity has been reported
in Fe

3
O

4
small particle systems [15] and Cu}Mn

spin glasses [16].
The #uctuation "eld can be evaluated from the

viscosity coe$cient S and the irreversible suscepti-
bility. An alternative expression of the #uctuation
"eld is shown as Eq. (9) (H

&
"!RH/R ln(t) at con-

stant M
*33

) [11].
Fig. 3 shows the internal magnetic "eld H

*
as

a function of ln(t) at di!erent constant irreversible
magnetizations. These data points were taken from
a set of time-dependent magnetization curves,
which were measured at di!erent positive applied
magnetic "elds (3.0}3.1 kOe). In this relatively nar-
row "eld range (3.0}3.1 kOe), the magnetic "eld has
a linear relationship with ln(t) at a constant irre-
versible magnetization. All the linear lines in Fig. 3
are parallel to each other, indicating that the #uctu-
ation "eld H

&
is a constant in the narrow "eld

interval. Similar results have been reported for
Tb}Fe}Co thin "lms [17].

Fig. 4 is the plot of the #uctuation "eld as a func-
tion of the magnetic "eld. H

&
in Fig. 4 was estimated

from di!erent sets of viscosity curves in narrow "eld
ranges as described in Fig. 3. H

&
was found to be

constant, if the "eld range is small enough [17].
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Fig. 3. The internal magnetic "eld H
*

versus ln(t) at di!erent
constant irreversible magnetizations. The data points were ob-
tained from the time-dependent magnetization curves taken at
di!erent constant applied "elds. The time scale is ln(s).

Fig. 4. The #uctuation "eld H
&
and the activation volume<

!
as

functions of the internal magnetic "eld H
*
.

For positive "elds, the #uctuation "eld H
&

is
relatively low in the range of 30}40 Oe (Fig. 4). The
#uctuation "eld increases with increasing negative
"eld, and the maximum of 120}130 Oe is found in

the "eld range close to the coercivity (4}5 kOe). The
#uctuation "eld then decreases with increasing
negative "eld, when the negative "eld is beyond the
coercivity. H

&
"35 Oe was measured at the mag-

netic "eld of !9.5 kOe.
From the #uctuation "eld H

&
, the activation vol-

ume <
!

can be calculated, which is the volume of
magnetic domains involved in the thermal activa-
tion [11].

The activation volume is also plotted in Fig. 4 as
a function of the internal magnetic "eld. The activa-
tion volume at positive "elds is approximately
50]10~18 cm3. <

!
decreases with increasing nega-

tive "elds and is equal to 15}20]10~18 cm3 at
magnetic "elds nearby the coercivity. These values
of the activation volume are comparable to the
reported values of other magnetic materials, such
as SmCo

5
and NdFeB magnets [9,10,12].

Fig. 5 is the non-monotonic behavior of the mag-
netic viscosity on the minor loop after demagnetiz-
ation with !4 kOe. The viscosity is still in the
negative direction at !3 kOe. At lower magnetic
"elds !2.25 and !1.95 kOe, clear non-mono-
tonic magnetic viscosity is found (see Figs. 5b and
c). If the magnetic "eld is brought back far enough
(!1 kOe), the magnetic viscosity will be mono-
tonic again (see Fig. 5d). However, the direction is
positive this time. Nanocomposites, such as
Ni/NiO and Nd

2
Fe

14
B/Fe

3
B [18,19], have been

reported possessing such character. The mecha-
nism of this behavior in nanocomposites
Nd

2
Fe

14
B/Fe

3
B is due to the interaction between

the hard magnetic phase Nd
2
Fe

14
B and soft

magnetic phase Fe
3
B. The mechanism of the non-

monotonic behavior in amorphous magnetic
material is still not well established. More investi-
gation is needed.

4. Conclusions

In conclusion, the bulk-amorphous Nd
60

Fe
30

Al
10

rod has shown many unique magnetic properties in
this study. A clear hysteresis was present on the
minor loop, though the total and irreversible sus-
ceptibilities exhibited the single-phase magnet be-
havior. A signi"cant viscosity was observed at
positive "elds. The viscosity is detectable even at
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Fig. 5. The time-dependent magnetization curves taken at di!erent applied magnetic "elds on the minor loops. The rod was "rst
saturated at a positive "eld of 50 kOe. Then, the "eld was brought to !4 kOe, "nally to the desired "elds on the minor loop:
(a)!3 kOe, (b)!2.25 kOe, (c) !1.95 kOe, (d) !1 kOe.

positive 10 kOe after the magnetization at positive
50 kOe. The viscosity at positive "elds is an un-
usual magnetic phenomenon. The time-dependent
magnetization curves could not be described with
a linear logarithm function, especially for the mag-
netization curves taken at magnetic "elds nearby
the coercivity. All the magnetization curves were
well-"tted with the logarithm power series with
n"6, indicating a log-normal distribution of the
energy barriers. The #uctuation "eld H

&
was

strongly dependent on the magnetic "eld. H
&

was
100}130 Oe when the magnetic "eld was close to
the coercivity, resulting in an activation volume of
15}20]10~18 cm3. Clear non-monotonic mag-
netic viscosity is found on minor loops.
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