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Anomalous magnetic viscosity in the bulk-amorphous ferromagnet Nd60Fe20Co10Al10

S. J. Collocott* and J. B. Dunlop
CSIRO Telecommunications and Industrial Physics, Lindfield, 2070, Australia

~Received 13 August 2002; published 27 December 2002!

Magnetic viscosity in ferromagnetic materials is the time dependence of magnetization,M (t), in a constant
field and is a result of the thermal activation of irreversible processes. On the major hysteresis loop and over
short times,M (t) can be represented by a simple logarithmic monotonic function. The anomalous magnetic
aftereffect is the nonmonotonic time dependence of the magnetization. The magnetic viscosity of bulk-
amorphous Nd60Fe20Co10Al10 has been studied on the major hysteresis loop and insight into the magnetization
processes has been gained from the determination of the magnetic viscosity parameterS, the ~rationalized!
irreversible magnetic susceptibilityk irr , and fluctuation fieldH f . Further measurements on both the lower and
upper branches of minor loops or recoil curves, for periods extending to 30 h, were made to investigate any
anomalous behavior. On the lower branch of a recoil curve, for certain magnetic prehistories, nonmonotonic
behavior is observed, with the magnetization initially increasing, reaching a peak, before decreasing. The
Preisach model is used to interpret this nonmonotonic behavior and the relationship between the time taken for
the magnetization to reach a peak and the applied magnetic field.

DOI: 10.1103/PhysRevB.66.224420 PACS number~s!: 75.60.Lr
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I. INTRODUCTION

In a broad physical sense hysteresis can be viewed
having its origin in a system that has a complicated f
energy landscape, with many local minima corresponding
metastable states.1 These metastable states in a ferromagn
material can be associated with features such as dom
walls. Ferromagnetic materials display a time dependenc
the magnetization which is known as the magnetic visco
or fluctuation aftereffect.2 Two independent physical descrip
tions have been developed to describe it, one by Street
Woolley,3 where thermally activated rate processes are c
sidered, involving metastable states with a distribution
activation energies, and the other by Ne´el ~see Ref. 2!, where
the mechanism is due to random fluctuations of spontane
magnetization vectors in terms of a fluctuation field. Bo
predict a logarithmic time dependence for the magnetizat
Time-dependent magnetization may also arise from a di
sion mechanism, for example, due to the diffusion of imp
rity atoms or holes in a ferromagnetic lattice, such as car
atoms ina-Fe, and displays a temperature dependence t
cal of diffusion processes.2,4

The time-dependent magnetizationM (t) is measured,
most commonly, on the major hysteresis loop as a single-
process and is shown diagrammatically in Fig. 1. Initially
magnetic fieldHs is applied in the forward direction to
achieve saturation of the magnetization of the material. T
field is then reduced, reversed on moving to the second
third quadrant, and then held constant atH1. Over a limited
range of timesM (t) can then be described by

M ~ t !5M01S ln~ t1t0!, ~1!

where S is the magnetic viscosity parameter,M0 a fitting
parameter, andt0 a fitting parameter to establish a referen
time. S in the second and third quadrants is negative a
attains its maximum value near the intrinsic coercivity. T
ratio of S/x irr , wherex irr is the irreversible magnetic sus
ceptibility, is defined as the fluctuation fieldH f or in the
more general form
0163-1829/2002/66~22!/224420~7!/$20.00 66 2244
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H f5
S~H,t !

x irr ~H,t !
~2!

showing thatH f may be time dependent.5,6 A two-step pro-
cess may also be used in a magnetic viscosity experim
that is, in addition to the single-step process, the magn
field is paused atH1 before being increased, moving to
point H2 on a recoil curve where it is held constant, a
M (t) measured. In the two-step experiment, depending
the magnetic prehistory, nonmonotonic behavior ofM (t)
may be observed. There is the special case in the two-
magnetic viscosity experiment, where a recoil curve is c
sen, such that when the applied field is zero, i.e.,H250, the
magnetization is zero~see Fig. 1!. This is known as dc de-
magnetization. At zero applied field, relaxation will proce
and the magnetization will begin to increase as the mate
remagnetizes in a process known as spontaneous remag
zation.

There has been success at modeling both one- and
step magnetic viscosity experiments with the Preisa
model,1,7 in which the magnetization is the sum of contrib
tions from a collection of square-loop hysterons, each h

FIG. 1. Field history for a one-step magnetic viscosity expe
ment,H1 lying on the main loop, and a two-step magnetic viscos
experiment,H2 lying on a minor loop~the special case leading t
zero magnetization in zero field!.
©2002 The American Physical Society20-1



bl
er
et

a
s
ch
o

o

o
b

a
y

ag
p
m
n
s
e
n
ns
om
ul
n
in
o

iz
ch
o
s
th

pe
-
wi
e
n-
.g
o
ft

°

a
rt

tio

o

tate,
sis
a

co-
e
00
4

re

f
ine
e

r
ng
e-
ence

ag-

nd
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teron being able to exist in one of two states, i.e., bista
The switching of hysterons between states, over an en
barrier, can be driven by the action of an applied magn
field, as with magnetic hysteresis, or by thermal activation
a constant applied field~the latter a Preisach-Arrheniu
approach8!. A prediction of the Preisach-Arrhenius approa
is the nonmonotonic behavior of the magnetic viscosity
recoil curves, withM (t) first drifting in a positive direction,
reaching a peak, before drifting in a negative direction. F
the special case of dc demagnetization (H250), M (t), de-
pending on the material, may drift upwards for days
months, before relaxing to zero with a time scale that may
years.

Recently, it has been reported that bulk-amorphous h
magnets can be obtained in the multicomponent alloy s
tems Nd-Fe-Al~Ref. 9! and Nd-Fe-Co-Al~Ref. 10!. Wang
et al.11 have observed nonmonotonic behavior of the m
netic viscosity on the lower branch of minor hysteresis loo
in Nd60Fe30Al10. These materials appear to be ideal syste
in which to study magnetic viscosity, in particular the no
monotonic behavior ofM (t), as their magnetic propertie
permit observation of what is a small effect. Though th
have an intrinsic coercivity of order 300 kA/m, they are u
likely to find widespread use in hard magnetic applicatio
due to their low remanence when compared to existing c
mercially available hard magnets. We have prepared b
amorphous Nd60Fe20Co10Al10 and performed magnetizatio
measurements on the major hysteresis loop, and determ
S, x irr , andH f . Further measurements have been made
recoil curves~both lower and upper branches!, and the spe-
cial case of the recoil curve that leads to the dc demagnet
state, to investigate nonmonotonic behavior. A Preisa
Arrhenius approach is used to interpret the observed n
monotonic behavior of the magnetic viscosity, with empha
on exploring the relationship between the time taken for
magnetization to reach a peak andH2.

II. EXPERIMENT

A cylindrical sample of Nd60Fe20Co10Al10 was prepared
by argon-arc melting and suction casting into a split cop
mould, with a 2 mmdiameter. X-ray powder diffraction stud
ies of the sample showed it to be essentially amorphous,
only a trace (,1%) of crystallinity, which appears to b
nonferromagnetic~peaks could not be indexed to the co
stituent elements or most probable intermetallics, e
NdFe2). There is no wasting or step in the hysteresis lo
~see Fig. 2!, which would indicate the presence of a so
magnetic phase. The density of the Nd60Fe20Co10Al10
sample, measured by displacement, is 6.9 g/cm3. Magnetic
measurements were performed at room temperature (21
in applied magnetic fields (Happ) up to 1.5 MA/m, using a
Lake Shore Vibrating Sample Magnetometer mounted on
electromagnet. All magnetic field measurements are repo
in terms of the internal magnetic fieldHint , calculated using
a sample demagnetizing factor of 0.12, and magnetiza
measurements as the magnetic polarizationJ, where J
5m0M .

The major hysteresis loop, a representative minor lo
22442
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and the recoil curve that leads to the dc demagnetized s
are shown in Fig. 2. The behavior of the major hystere
loop was further investigated with loops measured for
number of different sweep ratesdHapp /dt, and these are
shown, for the second quadrant, in Fig. 3. The intrinsic
ercivity Hi

c , determined whenJ50 ~as the loop crosses th
field axis!, ranges from 325 kA/m for a sweep rate of 26 5
(A m21) sec21 to 269.4 kA/m for a sweep rate of 119.
(A m21) sec21. Over the range of sweep rates measured,Hi

c

is proportional to the logarithm of the sweep rate, whe
Hi

c5290.68110.2 ln(dHapp/dt) ~kA/m!, wheredHapp /dt is
in units of (kA m21) sec21, with a regression coefficient o
0.999 61. This is in common with studies on nanocrystall
soft magnetic materials12 where it has been found that th
coercivity follows the expression

Hi
c'H f ln~dH/dt!, ~3!

whereH f is an ‘‘equivalent’’ fluctuation field, and has, fo
the data shown in Fig. 3, a value of 10.2 kA/m. The stro
dependence ofHi

c on sweep rate indicates a significant tim
dependent magnetization. The demagnetization reman
Jirr was measured and the~rationalized! irreversible suscep-
tibility k irr calculated bydJirr /dHint ~see Fig. 4!.

FIG. 2. Major hysteresis loop for Nd60Fe20Co10Al10, a represen-
tative minor loop, and the recoil curve that leads to the dc dem
netized state.

FIG. 3. Behavior of the major hysteresis loop in the seco
quadrant for sweep rates of (j) 26 500 (A m21) sec21, (d) 2650
(A m21) sec21, (.) 265 (A m21) sec21, and (m) 119.4
(A m21) sec21.
0-2
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ANOMALOUS MAGNETIC VISCOSITY IN THE BULK- . . . PHYSICAL REVIEW B 66, 224420 ~2002!
Magnetic viscosity measurements were performed
both one- and two-step processes, over time intervals u
24 h. The following magnetic field histories were used
the measurements.

~1! For one-step processes on the main loop, the sam
was first saturated in a positive applied fieldHs of 1.5
MA/m. The applied field was then ramped at a rate of 79
(kA m21) min21 in a negative direction to a point on th
main loop in the second or third quadrant (H1 in Fig. 1! and
held constant while the magnetization was measured a
function of time. The sequence can be summarized:Hs
51.5 MA/m⇒H1, measureM (t).

~2! For two-step processes the main focus of interest
the recoil line that leads to the dc demagnetized state.
with the one-step process, the sample was first saturated
positive applied fieldHs of 1.5 MA/m. The applied field was
then ramped at a rate of 795.8 (kA m21) min21 in a negative
direction to the turning point on the main loop,H1
52290.7 kA/m, and paused for 6–10 sec. The field w
then ramped at the same rate as before in a positive direc
to a pointH2 on the recoil line~including the special case o
H250 andJ50) and held constant while the magnetizati
was measured as a function of time. The sequence ca
summarized: Hs51.5 MA/m⇒H152290.7 kA/m, 6–10
sec pause⇒H2, measureM (t).

~3! Two-step processes were also investigated on
lower branch of the minor loop in the second quadr
shown in Fig. 2. The procedure was identical to that used
two-step processes on the recoil curve that leads to the
demagnetized state, with the exception that the turning p
H1 was 2271.5 kA/m. The sequence can be summariz
Hs51.5 MA/m⇒H152271.5 kA/m, 6–10 sec paus
⇒H2, measureM (t).

~4! The upper branch of the minor loop in the seco
quadrant was investigated with a more complicated field
tory of three steps. The procedure was identical to that u
on the lower branch, with the addition that the field w
ramped in a positive direction from the turning point o
2271.5 kA/m to 0 kA/m and paused for 6–10 sec. The fi
was then ramped in a negative direction along the up
branch of the minor loop to a particular point and held co
stant while the magnetization was measured as a functio

FIG. 4. Demagnetization remanenceJirr as a function ofHint

and inset the~rationalized! irreversible susceptibilityk irr as a func-
tion of Hint .
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time. The sequence can be summarized:Hs
51.5 MA/m⇒H152271.5 kA/m, 6–10 sec pause⇒Happ
50 kA/m, 6–10 sec pause⇒H2, measureM (t).

III. RESULTS

A. Magnetic viscosity on the major loop

Experimental results for the decay of magnetic polari
tion for a one-step process on the main hysteresis loop f
number of fields are shown in Fig. 5. The method of Str
and Brown,2 based on the equation

DH5
kT

]E/]HuM
ln~ t !5H f ln~ t !, ~4!

is used to deriveH f . In essence, lines at fixed values ofJ,
values ranging from240 mT to 50 mT in increments of 10
mT, are drawn in Fig. 5. The intersection of these lines w
the successive curves of the time decay ofJ, each at a con-
stant field, determinesDH and ln(t), which are plotted in Fig.
6. The gradient of these lines, as is seen from Eq.~4!, gives
H f . The values ofH f obtained range from 6.5 kA/m to 7.
kA/m, with nine out of the ten values between 7.1 kA/m a
7.6 kA/m. Excluding the value of 6.5 kA/m, the average

FIG. 5. Experimental results for one-step processes on the m
loop showing the decay of magnetic polarizationJ as a function of
the logarithm of timet for fixed values of applied magnetic field o
(l) 2235.6 kA/m, (.) 2239.6 kA/m, (m) 2247.6 kA/m, (d)
2253.7 kA/m, and (j) 2259.8 kA/m.

FIG. 6. Ha and ln(t) determined from the intersections of line
of constantJ, from the experimental curves in Fig. 5.~Lines from
left to right correspond to values ofJ of 50 mT, 40 mT, 30 mT, 20
mT, 10 mT, 0 mT,210 mT, 220 mT, 230 mT, and240 mT.!
0-3
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FIG. 7. Magnetic polarizationJ as a function
of time for a number of applied fieldsH2 along
the recoil curve leading to the dc demagnetiz
state. The sequence of applied fields is from t
top left to the bottom right.
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the other nine values gives a value forH f of 7.5 kA/m,
which is close to the value of 9.6–10.3 kA/m reported
bulk amorphous Nd60Fe30Al10.11 The value forH f of 7.5
kA/m is also consistent with the value of 10.2 kA/m obtain
earlier from the approximate expression used to describe
time-dependent behavior of the coercivity.

An activation volumen can be determined fromH f using
the relationship

H f5
kT

nMs
, ~5!

wherek is the Boltzmann constant,T the temperature, and
Ms the saturation magnetization.5 Substituting into Eq.~5!
values forT of 294 K andMs of 111 kA/m ~111 G! yields an
activation volume of 4310218 cm3, smaller than the value
of 15–20310218 cm3 reported for Nd60Fe30Al10.11 Collo-
cott and Dunlop13 in a study of commercial rare-earth ma
net materials report a value for the activation volume in s
tered Nd2Fe14B ~Vacodym 400HR! of 2.6310218 cm3, in
HDDR Nd2Fe14B powder ~Magnequench MQA-T! of 6.22
310218 cm3, and in sintered Sm2Co17 ~Vacomax 225HR! of
0.69310218 cm3.

The concept of the activation volume has been develo
in the context of granular crystalline materials and can
viewed as the actual particle volume of a domain involved
the thermal activation process.5 This link to a microstructural
feature is less applicable to bulk amorphous materials wh
there is no long-range crystalline or granular order. A feat
of amorphous materials is a small activation volume;
example, values of'10218 cm3 are reported in TbFeCo thin
films,14 similar in magnitude to the value reported here
Nd60Fe20Co10Al10. A related observation has been made
CrO2 powders used in recording media, where the activat
volume is much smaller than the actual particle size6 ~par-
ticle size of order 4310216 cm3 compared with the activa
tion volume of 1.5310217 cm3).15 This suggests that th
activation volume is only weakly correlated to grain or pa
ticle size.6 It may be better to view the activation volume
an amorphous material as being a characteristic dimen
22442
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over which magnetic moments are correlated, forming
entity that is the basic unit for any thermally activated pr
cesses.

B. Magnetic viscosity on the recoil curve that leads to the dc
demagnetized state

Experimental results for a two-step process on the re
curve, which leads to the dc demagnetized state, are sh
in Fig. 7. At the turning pointH152290.7 kA/m, on the
main loop the magnetization is seen to decrease monot
cally with time. On moving along the recoil curve—that i
moving in a positive field direction as the applied fieldH2
becomes less negative—the magnetization is seen to incr
initially, reaching a peak, before decreasing; that is, n
monotonic behavior is observed. The time to reach the pe
tmax, is dependent onH2 and varies from a few tens o
seconds at2184.2 kA/m to'12.5 h at296 kA/m.

C. Magnetic viscosity on the lower and upper branches of a
minor hysteresis loop

Experimental results for a two-step process leading to
lower branch of a minor hysteresis loop, in the second qu
rant, are shown in Fig. 8. The turning pointH1 is
2271.5 kA/m. The behavior of magnetization is essentia
identical to that observed for the recoil line leading to the
demagnetized state. The nonmonotonic character of the m
netization as a function of time is seen clearly, and as
applied field is moved in a positive direction, the time
reach a magnetization peak increases. Again in a nomin
zero field the sample remagnetizes spontaneously, wit
monotonic increase in the magnetization.

The situation for a three-step process, which leads to
upper branch of the minor hysteresis loop, is somewhat
ferent. Experimental results are shown in Fig. 9, and n
that the data for the various applied fields have been plo
with the same span inJ, to highlight features. In addition to
the first turning point at2271.5 kA/m, there is now a sec
ond turning point at 0 kA/m, from which the field is move
0-4
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FIG. 8. Magnetic polarizationJ as a function
of time for a number of applied fieldsH2 along
the lower branch of the minor hysteresis loo
with H152271.5 kA/m. The sequence of ap
plied fields is from the top left to the bottom
right.
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in a negative direction and made progressively more ne
tive. At the two extreme points of the upper branch of t
recoil curve—that is, at or near zero field and a point on
main loop—the magnetization as a function of time beha
as expected and is consistent with the observations mad
the lower branch of the minor hysteresis loop and the re
curve leading to the dc demagnetized state. Namely, at
field there is a monotonic increase in magnetization, as
material spontaneously remagnetizes, and a monotonic
crease in the magnetization on the main loop. Along the
per branch, as the field is made progressively more nega
no clear peak is seen in the magnetization; rather the slop
the magnetization data~plotted versus the logarithm of time!
is seen to become less positive, at a field of279.1 kA/m be
close to zero, as the magnetization remains constant, be
becoming negative, and then increasingly negative.

IV. DISCUSSION

Nonmonotonic behavior, resulting from a two-step pr
cess, can be interpreted in the context of the Preisach mo
22442
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The key to the Preisach model is the concept that the m
rial can be represented by a collection of hysterons. T
magnetization of each hysteron is normalized being eit
11 or 21, depending on the value of an applied switchi
magnetic field. The magnetization is the sum of the con
butions from the hysterons, the Preisach function is the d
sity function of hysterons, and the up-switching field and t
down switching fields are the coordinates that define
Preisach plane. It is not our intention to discuss in detail
Preisach model as this can be found elsewhere, notably
monographs of Bertotti1 and Della Torre.7 Of most interest
here is application of the Preisach approach to gain ins
into the relationship between the time taken to reach the p
in magnetization,tmax, andH2. The nonmonotonic behavio
of the magnetization from a two-step process can be
scribed with reference to the Preisach plane, shown in
10. As the field is decreased from saturation,Hs , in a nega-
tive direction toH1, and then reversed, increasing in a po
tive direction fromH1 to H2 where it is held constant, the
two portions of the state lines, indicated by arrows, relax
-
s
d

FIG. 9. Magnetic polarization
J as a function of time for a num-
ber of applied fields along the up
per branch of a minor hysteresi
loop. The sequence of applie
fields is from the top left to the
bottom right.
0-5
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S. J. COLLOCOTT AND J. B. DUNLOP PHYSICAL REVIEW B66, 224420 ~2002!
give opposite contributions to the magnetization. The sign
cant feature is that the relaxing hysterons that contribute
the magnetization in a positive manner and those hyste
which contribute to the magnetization in a negative man
have completely different time constants. This is the sou
of the nonmonotonic behavior of the magnetization. T
magnetization first increases, as the hysterons that mak
region A in Fig. 10 relax, then decreases as these hyste
are exhausted, and the relaxing hysterons in region B are
only ones contributing to the change in magnetization.

The Preisach description of the two-step process in F
10 forms the basis of a simple geometrical approach, ba
on the relative contributions to the changing magnetizat
from regions A and B, to explore the relationship betwe
tmax andH2. The approach is to derive an expression for
changing magnetization in region A,DMa , and likewise for
the changing magnetization in region B,DMb , which con-
tain time-dependent terms. For both regions A and B
change in magnetization is proportional to the area swept
by the state lines, but the constant of proportionality will
different for regions A and B, as the density of hystero
~i.e., the Preisach distribution! able to participate in the re
laxation process falls on approaching the positive satura
field Hs . Thence the difference betweenDMa and DMb is
determined (DMa2DMb) and differentiated with respect t
time and equated to zero to determine the behavior oftmax.
It is assumed that the state lines move at two different c
stant logarithmic rates and in each case traverse equal n
bers of hysterons per unit distance. Under such circu
stances the magnetization would display a sim
logarithmic time dependence in a single-step experim
This is the case for our sample in the region of interest, as
magnetization data shown in Fig. 5 display this characte
tic. From the discussion in Bertotti1 ~see pp. 500–503!, for
region A, the relaxation ratetA and the distance traversed b
the state line,hA , are given by~for t@t0, with t0 viewed as
a time interval over which the system updates its state!

tA5t0 , ~6!

hA5C lnS t

t0
D , ~7!

FIG. 10. The Preisach description of relaxation following a tw
step field process.
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and for region B, the relaxation ratetB and the distance
traversed by the state line,hB , by

tB5t0 expS DH

H f
D , ~8!

hB5C lnS t

t0
D2CS DH

H f
D , ~9!

whereC is a constant andDH5(H22H1).
The contribution to the magnetization arising from rela

ation in region B will of the form

DMB5CBhB , ~10!

whereCB is a constant. The time-dependent component
DMB is

DMB~ t !5CBC ln~ t !. ~11!

For region A, it is first necessary to evaluate the crosshatc
area, which equals

1

4
@~DH !22~DH2hA!2#5

1

4
~2hADH2hA

2 ! ~12!

and the time-dependent terms inDMA ,

DMA~ t !5
CAC

4
@2DH ln~ t !2C„ln~ t !…212C ln~ t ! ln~t0!#,

~13!

whereCA is a constant. The maximum~peak! in the magne-
tization will occur at a timetmax, where

]@DMA~ t !2DMB~ t !#

]t
5

CAC

4tmax
@2DH22C ln~ tmax!

12C ln~t0!#2
CBC

tmax

50 ~14!

and therefore

CA@DH2C ln~ tmax!1C ln~t0!#24CBC50, ~15!

which, after simplifying and ignoring the terms that are co
stant along a particular minor loop, gives

ln~ tmax!}H2 . ~16!

For different minor loops,CB will change, and therefore
plots of ln(tmax) versusH2 will have the same slope but dif
ferent intercepts.

This simple geometric approach predicts the functio
relationship between the time at which the peak in the m
netization occurs andH2. The data fortmax andH2 are plot-
ted in Fig. 11 for both the recoil line leading to the dc d
magnetized state,H152290.7 kA/m, and for the lower
branch of the minor hysteresis loop,H152271.5 kA/m. It
is seen that the approach adopted is general to both se
data and provides a reasonable approximation for the fu
tional relationship betweentmax and H2. Both the curves

-

0-6
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ANOMALOUS MAGNETIC VISCOSITY IN THE BULK- . . . PHYSICAL REVIEW B 66, 224420 ~2002!
plotted in Fig. 11 have the same slope but there is a sm
offset in they intercept, asCB is different for data obtained
for different minor loops.

Nonmonotonic behavior of the magnetization is a univ
sal feature of a two-step process in ferromagnetic mater
its observation being dependent on key material proper
and experimental conditions. The effect may occur over v
short time scales or very long time scales, even years
there may be very small changes in the magnetization m
ing its experimental observation impractical. The key to
observation of the effect in the Preisach description is
relaxation rate for area B, given by Eq.~8!, and in particular
the behavior, and sensitivity, of this function with respect
the values ofH1 andH f . With reference to the data for th
recoil line leading to the demagnetized state,H15
2290 kA/m, H f57.5 kA/m, andt0'10210 sec ~based on
the estimates given in Refs. 1 and 16!, it can be seen thattB
varies from 1.6231024 sec forH252183.7 kA/m to 18 sec
for H25296 kA/m. For the latter, nonmonotonic behavi
is observable over a time scale of 28 h. For the special c
of H250 kA/m, tB56.83106 sec and the magnetization
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seen to be still increasing after 24 h, and it would be nec
sary to wait of the order of 1 year before a peak is obser
followed by a subsequent decrease in the magnetizat
~This is a somewhat impractical experiment.! The effect of
H2, as it becomes more negative, is to give values oftB that
enable observation of nonmonotonic behavior over rea
accessible experimental time scales.H f is a property of the
material, but for materials that have a small value, such
hard magnets, e.g., Alnico,5 H f'80 A/m, and NdFeB,13 H f
'1 kA/m, the term (DH/H f) gets larger more quickly, as
doestB , making observation of nonmonotonic behavior d
ficult, as the range of field valuesH2 is limited and time
scales are increasingly short. In the limit asH f gets very
small, the difference (H22H1) must also become small i
nonmonotonic behavior is to be observed, but a point may
reached where experimentally it is impractical due to limi
tions on magnet sweep rates and the inability to make fi
changes in small increments. It is desirable to have a mate
with H f'8 kA/m, as is the case in bulk-amorphous ferr
magnets, making these materials ideal for studying n
monotonic behavior. For the experimental conditions used
this work, (DH/H f) has to be in the range'14–25, for
observation of nonmonotonic behavior.

V. CONCLUSION

Nonmonotonic behavior in the magnetization has be
observed in the bulk-amorphous ferromagn
Nd60Fe20Co10Al10. The Preisach model has been used to
terpret this nonmonotonic behavior and shows ln(tmax)}H2. It
is argued that nonmonotonic behavior is a universal fea
of a two-step process in ferromagnetic materials, its obse
tion being dependent on key material properties and exp
mental conditions. The time scale of the evolution of t
peak in the magnetization may make its experimental ob
vation impractical. In general a material with a fluctuatio
field of order 8 kA/m is desirable if nonmonotonic behavi
is to be observed with ease.
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