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Magnetic relaxation in bulk and film manganite compounds
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Centro Atómico Bariloche and Instituto Balseiro, Comisio´n Nacional de Energı´a Atómica and Universidad Nacional de Cuyo,
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~Received 26 October 2000; published 20 August 2001!

We have investigated the time dependence of the magnetic and transport properties of La0.6Sr0.4MnO3 films
and bulk samples. A significant magnetic aftereffect has been observed in all the samples through magnetiza-
tion and resistivity measurements. The relaxation effects can be described by the addition of a logarithmic to
an exponential contribution. The weight of each contribution is strongly temperature dependent, with a relax-
ation that is predominantly logarithmic at low temperatures (T,30 K) and exponential at high temperatures
(T.100 K). As the film thickness is decreased the magnetic relaxation becomes more important and the
magnetic viscosity of the system increases. These results point out the important role of structural defects in the
magnetic relaxation of the samples.
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I. INTRODUCTION

Manganese oxides of the formA12xBxMnO3 (A: La, B:
Sr, Ba, Ca! have a very rich and complex phase diagram d
to the competence between antiferromagnetic and ferrom
netic ~FM! interactions.1 Superexchange interaction betwe
Mn31 makes LaMnO3 antiferromagnetic. An increase of th
Mn41/Mn31 concentration by doping the parent compou
with divalent cationsB induces ferromagnetism and a meta
insulator transition in the 0.2,x,0.5 range, due to Zenner’
double-exchange2 coupling between Mn31 and Mn41 ions.
A ‘‘colossal magnetoresistance’’ effect is observed close
the Curie point.

Even in the ferromagnetic phase manganite compou
present particular characteristics. Ibarra and Teresa3 show by
neutron-diffraction experiments that bulk compounds ha
rather large short-range ferromagnetic ordered region
temperatures well above the Curie point (TC). In thin films,
the lattice mismatch between the substrate and the mang
reduces ferromagnetic interaction by modifying the an
and distance in the MnuOuMn bonds.4 The Curie tem-
perature of the films is strongly depressed in relation to t
of the bulk compounds but mesoscopic ferromagnetic
gions have been observed atTC

f ilm,T,TC
bulk by magnetic-

force microscopy.5 A high magnetic polarizability and sma
hysteresis has also been measured in magnetization l
aboveTC

f ilm .6

Several works discuss the existence of a clustered sys
in similar compounds.7–9 As spin glasses, clustered and fe
romagnetic systems present characteristic magnetic re
ation effects their study may provide insights into the ma
netic structure of ferromagnetic manganites. A detailed st
of the behavior of the magnetic aftereffect could provi
evidence to distinguish between a clustered and a ferrom
netic system. Moreover, relaxation measurements may
information about the main mechanism of magnetizat
change in these samples. Magnetization changes in a fe
magnetic compound,10 may occur by domain-wall move
ment, magnetic moment rotation, or nucleation of reve
magnetization within large-volume elements. When a m
0163-1829/2001/64~10!/104409~6!/$20.00 64 1044
e
g-

o

ds

e
at

ite
e

t
-

ps

m

x-
-
y

g-
ve
n
ro-

e
-

netic field applied is changed, magnetic materials which
hibit hysteresis present a characteristic time dependenc
the magnetization, due to the multiplicity of available me
stable states. At constant external field, internal random t
mal perturbations may cause an hysteretic system to exp
different metastable states.11 Magnetic relaxation is a rathe
complex phenomenon and many models based both on
nomenological studies and first principles have been p
posed to explain it. In strongly interacting materials a slo
magnetic relaxation of the form:12

M ~ t !5M0e2(t/t)b
, 0,b,1 ~1!

called stretched exponential function is usually found,
stead of the conventional Debye exponential functionb
51).12 The Debye function is only found in very simpl
systems where the main relaxation mechanism can be
cribed to the existence of a single-energy barrier oppose
domain-wall movement and magnetic rotation. In many m
terials relaxation times are distributed in finite ranges, f
lowing particular distribution functionsg(t).13 The time
change of the magnetization can be described by

M ~ t !5M0S 12E
0

`g~t!

t
e2t/tdt D . ~2!

In the simplest case, a constant distribution function o
a time interval@t1 ,t2#, and zero outside this range is a
sumed. This type of magnetic aftereffect is referred to
Richter type. The integral expression can be calculated
different limits. Fort!t1, the magnetization decreases li
early with time t. For t1,t,t2, the magnetization is de
scribed by

M ~ t !>M01S ln~ t !, ~3!

whereS is the magnetic viscosity of the system, function
t1 andt2. Finally, the magnetization change tends to zero
t@t2 in the form

M ~ t !>M02A
1

t
e2t/t2, ~4!
©2001 The American Physical Society09-1
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whereA is a constant that depends ont1 andt2.
A more complicated behavior has been found in particu

spin glasses, where the magnetic relaxation follows a pow
law decay for short times and a logarithmic decay14 or
stretched exponential decay15 at long times.

Due to the close relation between the magnetic and tra
port properties of these systems, magnetic relaxation sh
also be measurable in magnetoresistivity measurement
fact, Helmoltet al.16 reported a logarithmic relaxation of th
resistivity in La2/3Ca1/3MnO3 thin films for different magne-
tohistory conditions and related it to the spin structure of
samples.

In this work a study of the magnetic aftereffect in mang
nite bulk and thin-film samples is presented and discusse
terms of a simple phenomenological model. The tempera
and field dependence of the magnetic relaxation has b
investigated through magnetization and resistivity meas
ments. Finally, the influence of the sample size in relaxat
mechanisms is discussed.

II. EXPERIMENTAL SETUP AND SAMPLES

We have measured the magnetic aftereffect in b
samples and sputtered films of La0.6Sr0.4MnO3 ~LSMO!.
Films of different thicknessesth varying from 10 nm to 500
nm were grown on~100! MgO and~100! SrTiO3 substrates,
as described elsewhere.17 The bulk samples were prepared b
nitrate liquid-mix reaction.

Magnetic measurements were carried out in a commer
super-conducting quantum interference device~SQUID!
magnetometer. Magnetization-vs-time curves were meas
at several temperatures (4.2 K,T,300 K) and magnetic
fields up to 5 T. Measurements of dc resistivity were ma
using a standard four-probe technique under magnetic fi
up to 9 T in the same temperature range.

The time-dependence data were always acquired after
forming a common sequence: the magnetization of
sample was first saturated with a 1 T field, applied paralle
the sample surface. After waiting for 5 min the field w
decreased to the desired value (t50). The superconducto
magnets used in both magnetic and transport experim
take around 1 min to lower the field from 1 T to zero.

III. RESULTS AND DISCUSSION

The samples of La0.6Sr0.4MnO3 used in this study are fer
romagnetic. The Curie temperature of the bulk sample
365 K while that of the films lays around 250 K.4 A metal-
insulator transition is observed atTP , nearTC for the bulk
samples and thick films (th.100 nm). As the film thickness
is decreased below 100 nm a decoupling betweenTP andTC
becomes noticeable.4 These materials present importa
temperature-dependent magnetoresistive effects that
maximum below and in close proximity toTP .

Our first evidence for magnetic relaxation in mangani
was obtained from magnetoresistance curves as a t
dependent hysteresis between the magnetoresistance c
for increasing and decreasing fields~Fig. 1!. This effect is
more important for faster sweep times and has been obse
10440
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in films even at room temperature, well above their Cu
point of the sample~case shown in Fig. 1!. These results
show the existence of magnetic relaxation at temperatu
where no or negligible magnetic coercitivity is observed, a
could be an indication of the presence of short-range orde
regions or magnetic polarons aboveTC in the films. The
existence of such states in similar systems has recently b
reported by Sohet al.5 In their work Soh et al. present
magnetic-force microscopy images measured above the
rie point in La0.67Sr0.33MnO3 films where mesoscopic region
of ferromagnetic order are observed.

In order to show the relation between the time effe
observed in the transport measurements and the magne
of the compounds, we have studied and compared the re
ation of the magnetization and the resistivity of the samp
For both cases, the measurements were performed follow
the same procedure, described in detail in the precee
section. The close relation between magnetic and trans
properties is evident from Fig. 2, where the time depende
of the magnetization and resistivity of a LSMO/SrTiO3 film
(th550 nm) measured at different temperatures is plott
The decrease of the magnetization suggests an increa
magnetic disorder. Consequently an increase of resistivit
expected, as can be observed. A similar behavior is foun
both magnetization and resistivity measurements.

We find that the magnetic relaxation varies between t
different regimes, depending on the temperature of the m
surement. At low temperatures (T,30 K) the change of
magnetization with time in the intermediate time windo
(100 s,t,3600 s) is well described by a logarithmic fun
tion. For shorter or longer time scales the magnetizat
change is smaller than that predicted by a logarithmic la
implying that some other contribution to the magnetizati
evolution must be considered. No saturation was observe
the time scale of our measurements~Fig. 2!. As the tempera-
ture increases the logarithmic like behavior changes prog
sively towards an exponential decay character. For 100
,T,0.8Tc the magnetization is described by an exponen
law in the whole time scale.

As was commented in the Introduction, a Richter-ty

FIG. 1. Magnetoresistance curves of an LSMO/MgO film ofth

5220 nm (TC5250 K), measured at 280 K and at different swe
rates: (d) RSW50.3 T/min and (s) RSW50.15 T/min.
9-2
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FIG. 2. Time dependence of the~a! resistivity
and ~b! magnetization of an LSMO/SrTiO3 (th

550 nm) film, measured at different temper
tures. Solid lines are the best fits, obtained by t
phenomenological model described in the text
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relaxation changes from a logarithmic to an exponen
function depending on the time-measuring window with
spect to the relaxation times. We have tried to fit our m
surements with the Richter relaxation expressions. As
pected, the pure logarithmic curves fit well with the mod
However, as the temperature increases and the curves fo
an exponential decrease the relaxation-time parameter
tained from the fits@expression~4!# does not agree with the
condition of long-time limit (t@t2). Thus, to describe the
magnetization and transport results, it is necessary to in
duce two relaxation terms. Both results can be described
single phenomenological model consisting of a simple D
bye relaxation with a slower logarithmic one,

M ~ t !5M01a2e2t/t2a4ln~ t !, ~5!

r~ t !5r02b2e2t/t1b4ln~ t !, ~6!

whereM0 andr0 are constants. The two terms of the ma
netic relaxation may indicate the existence of two relaxat
mechanisms that act in series. The first term is a Debye
ponential function,D5a2(b2)e2t/t, arisen from a single-
barrier activation mechanism. The logarithmic term,L
5a4(b4)ln(t), results from a relaxation mechanism that i
10440
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volves a distribution of energy barriers or time-depend
activation energies.24 In order to analyze the weight of bot
contributions to the total magnetization change in the ti
window t:@50 s,10 000 s#, DD/(DL1DD) and DL/(DL
1DD) ratios obtained from the fits have been plotted in F
3. The fit parameters of both magnetization and resistiv
curves show the same behavior as a function of tempera
At low temperatures the relaxation is driven mainly by t
logarithmic term. At high temperatures, on the contrary,
relative weight of the exponential component increa
abruptly to 1 while the logarithmic component tends rapid
to zero. Our phenomenological model fits the magnetic a
transport results in the whole time scale and for temperatu
below 0.8TC . In spite of this satisfactory result, we als
analyzed the data in terms of a stretched exponential law.
observe that the curves are also well fitted to this comp
law. It is important to outline that at low temperatures t
exponent of the stretched exponentialb tends to zero, lead-
ing to a pseudologarithmic function, while at high tempe
turesb→1, emulating a pure Debye function. In general
stretched exponential law has been observed in the mag
relaxation of strongly interacting materials and complex s
tems. The determination of the existence of one or t
9-3
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mechanisms of magnetic relaxation cannot be ruled out o
by these results. Direct observation of domain relaxation
magneto-optical techniques or studies of the dynamics
magnetic-force microscopy images could contribute to so
the origin of domain movement in these compounds. In
pioneering work in this area, Guptaet al.18 found that the
change of magnetization with a magnetic field
La0.67Sr0.33MnO3 films is due mainly to rotation and domain
wall displacement. The existence of two relaxation mec
nisms cannot be disregarded since there are several so
of domain-wall pinning in films, like strains, dislocation
and point defects, etc.,19 that could lead to these results.

The contribution of the logarithmic and exponential term
can also be analyzed in the magnetic viscosityS of the
samples,

SM5
]~M /M0!

] ln~ t !
or Sr5

]~r/r0!

] ln~ t !
, ~7!

depending on the time-dependent magnitude studied. It
lows from the definition that a logarithmiclike relaxatio
would lead to a constant magnetic viscosity while an ex
nential one would result in a time-dependent one. Fort!t
and t@t a Debye law evolves more slowly than a logarit
mic one. The derivative of the exponential law with resp
to the ln(t) actually vanishes for short and long times a
presents a maximum fort5t. As a consequence, the rela
ation timet of the exponential contribution can be obtain
from the plot of the magnetic viscosity. In Fig. 4 we show t
time dependence of the viscosity for a LSMO/MgO (th
5220 nm) film at different temperatures. A characteris
peak is observed in all the curves. However, it can be a
noticed that the logarithmic constant contribution increa
with decreasing temperature, indicating progressive incre
ing of its predominance.

A noticeable narrowing of the viscosity peak togeth
with an increase in intensity is observed as the tempera

FIG. 3. Temperature dependence of the (n) logarithmic
DL/DD1DL and (d) exponentialDD/DD1DL contributions to
magnetic relaxation. These data are obtained from resistivity m
surements.
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rises above 100 K. In this temperature range not only th
mally activated magnetization changes are measured,
also intrinsic temperature effects, due to the increasing n
ber of magnons and changes of the magnetic anisotrop
the system approaches the Curie point.6

The shift of the viscosity maximum to shorter times as t
temperature increases indicates a reduction of the relaxa
time. t falls following an exponential decay function.

The field dependence of the viscosity, plotted in Fig. 5
a LSMO/MgO (th539 nm) film, was measured at 35 K
The viscosity presents a maximum close to the coercive fi
of the film (HC;25 mT), as can be seen in the figure. P
vious theoretical and experimental studies11,20 showed that
hysteretic magnetic materials exhibit a classical‘‘be
shaped’’ viscosity curve as a function of the applied fie
peaked near the coercive field. Studies performed on ass
blies of ferromagnetic nanoparticles found a very differe
behavior: the relaxation rate in these systems increa
monotonically with the magnetic field.21 Moreover, Coey
et al. showed that in ytrium-iron spin glasses the viscos
increases rapidly at low fields, tending to saturation abov
T.22

a-

FIG. 4. Time dependence of the magnetic viscosityScalculated
from resistivity-vs-time measurements at different temperature
an LSMO/MgO (th5220 nm) film. Inset: Temperature dependen
of the Debye relaxation time for the same film.

FIG. 5. Magnetic viscosity vs applied field, measured for
LSMO/MgO (th540 nm) thin film.
9-4
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MAGNETIC RELAXATION IN BULK AND FILM . . . PHYSICAL REVIEW B 64 104409
The increase of structural disorder as the film thicknes
decreased affects the resistivity of these samples4,17 and en-
hances their magnetic hardness.23 Measurements performe
on sputtered films show that both theHC and the resistivity
increase as the film thickness decreases. The density o
fects in a solid reduces the mean-free path of the cur
carriers, leading to an increase in resistivity. Guptaet al.
found a linear relation between the resistivity
La0.67Ca0.33MO3 and La0.75MnO3 films and the inverse of the
grain size.18 In Fig. 6 the resistivity relaxation of films an
bulk samples is graphed for comparison. A large resistiv
relaxation with high magnetic-viscosity ratios is measur
for the thinner films. As the film thickness is increased the
effects are strongly reduced reaching the bulk values asy
totically for th.300 nm. These results can be attributed
the relatively more disordered structure of the thinner fil
due to lattice mismatch. Dislocation planes, point defects
strains contribute to the domain-wall pinning, reduci
domain-wall movements. In the inset of Fig. 6, the magne
viscosity of different films has been plotted as a function
its low-temperature resistivity. A systematic increase of
viscosity with increasing resistivity is observed. Th
magnetic viscosity for ferromagnetic materials has be
shown to be24

S5
kbT

avMS
, ~8!

whereMS is the spontaneous magnetization,a is a constant
that depends on the thermal activation process involved

FIG. 6. Resistivity as a function of time for bulk samples a
film of different thicknesses. The inset shows the magnetic visco
as a function of the low-temperature resistivity for the same film
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the magnetization change, andv is the activation volume. In
the frame of this model, an increase of the viscosity at a fi
temperature andMS leads to a decrease of the activati
volume in the sample. Our results suggest that there
progressive decrease of the activation volume in relation
the decrease in the scattering mean-free path as the
thickness is reduced.

IV. CONCLUSIONS

We have studied the magnetic relaxation
La0.6Sr0.4MnO3 samples by performing magnetization a
resistivity relaxation measurements. Due to the close rela
between transport properties and the magnetization in m
ganite compounds, resistivity measurements provide an
cellent indirect method to characterize the magnetic re
ation of these systems. An important magnetic aftereffect
been observed in all the samples. Even forT.TC a non-
negligible magnetic relaxation observed in the magnetore
tance curves in a large time window. These results may
dicate the existence of important short-range ordered reg
above the Curie temperature.

Magnetic relaxation presents different regimes as a fu
tion of time and temperature. At low temperaturesT
,30 K) the magnetic relaxation is described by a logari
mic decrease and is attributed mainly to domain-wall mo
ment and domain rotation. As the temperature rises a De
contribution must be added to the logarithmic one in orde
describe the measured results. Above 100 K the relaxatio
purely Debye-like. The high temperature regime is assig
not only to thermal-activated mechanisms of domain mo
ments but also to intrinsic temperature variations of the m
netization. We have found that the field dependence of
magnetic viscosity has a bell shape, characteristic of fe
magnetic systems.

The dependence of the magnetic aftereffect as a func
of the film thickness reveals the influence of structural
fects and strains on the magnetic relaxation. When the n
ber of structural defects rises~i.e., increase of sample resis
tivity ! the relaxation becomes more important and
magnetic viscosity increases~i.e., decrease of domain activa
tion volume!.
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