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We present magnetic relaxation data of PrNdFeB magnets. These data were obtained by measuring
the time evolution of the magnetization under constant applied demagnetizing fields. The results
corresponding to fields far from the range of the coercive force evidenced a nonmonotonic time
variation of the magnetization. We propose that the occurrence of magnetic interactions underlies
the observed anomalous behavior. This idea is checked through a micromagnetic simulation of the
time evolution of the magnetization of a low field reversed nucleus which is exchange and
magnetostically coupled to the main hard phase. ©1996 American Institute of Physics.
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The phenomenology of magnetic relaxation is co
monly discussed by accepting that the studied samples
be described in terms of a set of local, noninteracting s
systems, demagnetizing through a simple mechanism
fully describable in terms of remanence and reversed sta1

The kinetics for this relaxation process is considered to
the Arrhenius–Ne´el one,2 which predicts a monotonic de
crease of the component of the magnetization meas
along the applied field direction. The validity of the abo
mentioned hypotheses is not clear since many experime
evidences indicate that the reversal processes should b
scribed in terms of a sequence of events involving nuc
ation, nucleus expansion, and/or domain wall pinnin
depinning processes as elemental stages.3–5Also, it is widely
recognized as the relevant role of the exchange and dip
interactions both in hysteresis4,6 and in relaxation. Finally,
the occurrence of non-Arrhenius behavior has been
denced both in isolated particle experiments7 and in micro-
magnetic simulations.8 A further evidence against the simp
two-level description of the relaxation is the occurrence
negative viscosity coefficients both in minor9,10and in mayor
loops.11 This seems to be a quite general effect since it
been observed both in single phase11 and in composite9 hard
materials. The phenomenology has been associated, in
phase systems, to the exchange coupling,9 whereas in Ref. 10
it was evidenced that this type of coupling is not a prereq
site for the observation of that anomalous behavior. Try
to contribute to the clarification of the origin of the negati
viscosity and to the discussion on the classic treatment of
relaxation phenomena, we will present here viscosity res
corresponding to relaxation fields far from the coerc
force. Those results will be discussed on the basis of a
cromagnetic simulation. We have studied a Pr6Nd9Fe76B9

sample which was prepared by crystallizing~continuous
heating at 40 K min21up to 973 K! a melt spun amorphou
precursor. X-ray diffractograms taken in the crystallized m
terial revealed a majority presence of a 2:14:1 phase
minority a-Fe reflections. The magnetic measurements w
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carried out using a superconducting quantum interference
vice ~SQUID! magnetometer and applying the field along t
casting direction of the flake-shaped samples. At all the c
sidered temperatures, the measured demagnetization br
of the hysteresis loop of the sample revealed the occurre
of a rapid magnetization decrease near the remanence,
dencing that, in contrast to the samples measured in Re
the soft and hard phases were exchange decoupled to a
extent. The viscosity experiments were carried out by i
tially submitting the sample to a positive 5 T field and then
decreasing it, at a constant rate of 0.05 T min21, down to a
value in the second quadrant which was kept constant du
the acquisition of the magnetization data. In Fig. 1, we co
pare the relaxation behavior of our sample~measured at 175
K! for three different fields: below~2 T!, above~4.5 T!, and
at the critical field value~3.7 T!. From that figure, it is ap-
parent that the time variation of the magnetizatio
m0Mz(t), is monotonic when the measuring field is in th
range at which most of the irreversibilities occur. In cle
contrast with this, the relaxation at fields far from the co
cive force shows a nonmonotonic behavior. In order to u
derstand this anomalous behavior, let us consider that
sample can be represented by a collection of interacting t
level subsystems. We will restrict ourselves to the case
which the applied field is smaller than the critical one, b

FIG. 1. Time dependence of the magnetization for fields below and ab
the critical one~data obtained at 175 K!. The inset shows the dependence
the magnetization at the critical field.
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our argument can be easily translated to a field value ab
the critical field. In that situation, the local magnetizati
reversal is possible if, at one of the subsystems forming
sample, the barrier protecting the local remanence is, du
a reduced local anisotropy value, small enough to be o
come either because the applied field is sufficient to ind
the reversal or because the thermal energy is of the orde
the barrier height. If, due to a reduced gradient of the lo
properties and to a non-negligible exchange coupling,
limiting wall of the reversed region can easily propagate t
larger region of the sample~for instance, to the entire grai
containing the initially reversed region!, it could be possible
for the system to reach a configuration of larger energy t
that corresponding to the initial unreversed state. To give
example of that possibility, let us mention the increase
dipolar energy that should be associated with the presenc
poles at the frontier between the reversed and unreve
regions. Once at this higher energy state~and assuming som
degree of adiabaticity!, the system could start to relax agai
A possible mechanism for that relaxation~which should get
rid of the excess of dipolar energy by lowering the po
density at the reversed region interface! is the formation of
an extended inhomogeneous magnetic moment struc
~similar to closure domains! which could increase the com
ponent of the magnetization along the initial saturation dir
tion. In order to consider this idea in further detail, we ha
carried out a micromagnetic simulation of the behavior o
system in which a reversed nucleus is formed under sm
applied fields. Our model consisted of a square~24324! ar-
ray of infinite atomic lines~parallel to theX axis of our
reference system!. Intraline exchange interactions are cons
ered to be infinite, whereas the corresponding interline c
plings are finite. The intrinsic magnetic properties are
fined for each line by~i! the exchange energy-to-anisotrop
energy ratio,a[Ad22/K52, whereA, d52.5310210 m
andK5107 Jm23 are the exchange constant, the interatom
distance, and the anisotropy constant of the hard phase
spectively;~ii ! the dipolar energy-to-anisotropy energy rat
m[m0MS

2/2 K50.3, wherem0MS is the saturation magneti
zation and~iii ! the local easy-axis orientation~for all the
atomic lines in the system, we have considered that the l
easy axis is contained in theYZ plane and tilted 20° away
from theZ axis!. The internal energy of our system includ
uniaxial anisotropy, Zeeman~field applied along the2Z
axis!, exchange~first neighbors!, and dipolar terms. The en
ergy evolution is followed by a Monte Carlo algorithm. W
considered that our system is kept at constant tempera
~corresponding to 1024 of the maximum anisotropy energ
per unit length attainable by the system!. We define a Monte
Carlo step~MCS! as the process corresponding to the int
duction of random modifications in all the degrees of fre
dom of the system. If the attempt frequency for such mo
fications is known, then the number of MCS can
converted into time units.12 For the sake of simplification
the simulated relaxation process starts from a homogen
magnetization configuration, upon the artificial introducti
of a reversed nucleus~a very similar starting point can b
achieved by associating a reduced anisotropy to a regio
the model system!. Considering the large degree of deco
pling of the two phases forming the sample which is su
4252 Appl. Phys. Lett., Vol. 69, No. 27, 30 December 1996
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gested by the hysteretic behavior, that reversed nucleus c
be identified with a small anisotropy region inside a ha
grain. The time variation of the magnetization data presen
in Fig. 2 ~evaluated for an applied field value much smal
than the critical one, see the inset in Fig. 2! corresponds to a
simulation of the relaxation of a system in whose surfac
~838! reversed nucleus was present. As is clear from Fig
our simulation qualitatively reproduces the nonmonoto
time variation of the magnetization. It is interesting to no
that the artificially reversed nucleus is considerably stab
despite the reduced applied field value, the exchange in
actions of the moments on its border with those immediat
out from it, are not sufficient to induce either a global reve
sal or a rapid remagnetization. What, in fact, happens~see
the inset in Fig. 2, where the configuration of the system
two MCS values is shown! is that an extended domain wal
type structure forms at the border of the nucleus, which
sults in a decrease of the magnetization component along
field direction ~the relationship of this process with the e
change coupling is evidenced by the rapid evolution of
corresponding energy term during the MCS range associ
to magnetization decrease!. After ca. 103 MCS, the nucleus
starts getting more inhomogeneous and shrinking slow
which leads to an increase of that component~the only en-
ergy contributions significantly evolving during this proce
are the dipolar and the Zeeman ones!. In contrast to the re-
sults in Fig. 2, the simulation of the relaxation process of
same system under fields of the order of the critical o
showed that a global reversal followed, very rapidly, the
troduction of a reversed nucleus~this result was independen
of the nucleus size and position!.

In summary, we have experimentally observed a n
monotonic time variation of the magnetization when th
quantity is measured under constant fields far from the c
cal field range. Our results were discussed in terms of
occurrence of interactions between a nucleus which gets
versed for fields clearly different from those correspond
to the reversal of its neighboring regions and which
coupled to them through exchange and dipolar interactio
From our results, we conclude that the exchange interact

FIG. 2. Time~MCS! evolution of the reduced magnetization of a~24324!
model system in which a~838! reversed nucleus was present. The ins
show the configuration of the system for 10 and 3200 MCS, and the red
~to the anisotropy field,HK! applied field,Happ, dependence of the reduce
~to the saturation value,MS! Z component of the magnetization.
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are on the origin of the initial expansion of that revers
nucleus, whereas the dipolar coupling underlies its furt
decrease in size.
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