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Magnetic relaxation in bulk and film manganite compounds
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We have investigated the time dependence of the magnetic and transport propertiggSgf AMnO; 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 temperatur€s:@0 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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[. INTRODUCTION netic field applied is changed, magnetic materials which ex-
hibit hysteresis present a characteristic time dependence of
Manganese oxides of the foriy, _,B,MnO; (A: La, B:  the magnetization, due to the multiplicity of available meta-
Sr, Ba, Cahave a very rich and complex phase diagram duestable states. At constant external field, internal random ther-
to the competence between antiferromagnetic and ferromadpal perturbations may cause an hysteretic system to explore
netic (FM) interactionsl_ Superexchange interaction between different metastable Staté%MagnetiC relaxation is a rather
Mn®* makes LaMnQ antiferromagnetic. An increase of the cOmMplex phenomenon and many models based both on phe-
Mn**/Mn3* concentration by doping the parent Compoundnomenologlcal .Stl.,ldles and flrs_t prmuples havg been pro-
with divalent cation®8 induces ferromagnetism and a metal- posed to explam_ it. In strongly interacting materials a slow
insulator transition in the 02x<0.5 range, due to Zenner's magnetic relaxation of the for.
double-exchandecoupling between Mf" and Mrf ™" ions.
A “colossal magnetoresistance” effect is observed close to
the Curie point. called stretched exponential function is usually found, in-
Even in the ferromagnetic phase manganite compoundstead of the conventional Debye exponential functigh (
present particular characteristics. Ibarra and Térelsaw by ~ =1).** The Debye function is only found in very simple
neutron-diffraction experiments that bulk compounds havesystems where the main relaxation mechanism can be as-
rather large short-range ferromagnetic ordered regions &fibed to the existence of a single-energy barrier opposed to
temperatures well above the Curie poifii]. In thin fims, —domain-wall movement and magnetic rotation. In many ma-
the lattice mismatch between the substrate and the mangani@/ials relaxation times are distributed in finite ranges, fol-
reduces ferromagnetic interaction by modifying the angldoWing particular distribution functiong(7).™ The time
and distance in the MA-O—Mn bonds? The Curie tem- change of the magnetization can be described by
perature of the films is strongly depressed in relation to that =g(7)
of the bulk compounds but mesoscopic ferromagnetic re- M(t):Mo(l—j _et/fd7>_ ©)
gions have been observed BY'™<T<T2"¥ by magnetic- o T
force microscopy.A high magnetic polarizability and small
hysteresis has also been measured in magnetization loo
aboveTH'™ 6

Several works discuss the existence of a clustered syste

M(t)=Mee UD*  o0<p<1 1)

S In the simplest case, a constant distribution function over
BStime interval[ 7,,7,], and zero outside this range is as-
sumed. This type of magnetic aftereffect is referred to as

in simil 4&9A in al lustered and f Richter type. The integral expression can be calculated for
In simifar compounds. ~As Spin giasses, ClUStered and 1er- yiga ant jimits, Fort< 71, the magnetization decreases lin-

romagnetic systems present cha_ract_en_stlc magnetic rela)é'arly with timet. For ry<t<r,, the magnetization is de-
ation effects their study may provide insights into the mag-_ _ .
. ! - ) scribed by

netic structure of ferromagnetic manganites. A detailed study
of the behavior of the magnetic aftereffect could provide M(t)=Mq+SIn(t), 3)
evidence to distinguish between a clustered and a ferromag- _ o _ _
netic system. Moreover, relaxation measurements may givehereSis the magnetic viscosity of the system, function of
information about the main mechanism of magnetizationr; andr,. Finally, the magnetization change tends to zero for
change in these samples. Magnetization changes in a ferr&> 7 in the form
magnetic compount. may occur by domain-wall move-
ment, magnetic moment rotation, or nucleation of reverse N 1

A A M(t)=M,—A—-e V7, (4
magnetization within large-volume elements. When a mag- t
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whereA is a constant that depends epand 7. 0.00F T T T

A more complicated behavior has been found in particular LSMO/MgO, th = 220 nm
spin glasses, where the magnetic relaxation follows a power:
law decay for short times and a logarithmic detapr
stretched exponential decaat long times.

Due to the close relation between the magnetic and trans &
port properties of these systems, magnetic relaxation shouh:a
also be measurable in magnetoresistivity measurements. | & -0.02
fact, Helmoltet al® reported a logarithmic relaxation of the 3.
resistivity in Lg,3Ca;,sMnO; thin films for different magne-
tohistory conditions and related it to the spin structure of the 4
samples.

In this work a study of the magnetic aftereffect in manga-
nite bulk and thin-film samples is presented and discussed ir
terms of a simple phenomenological model. The temperature Magnetic Field (T)

f"‘”d fi_eld dependence of the. mggnetic relgxqtipn has been FIG. 1. Magnetoresistance curves of an LSMO/MgO filntpf
mvestlga_ted throug_h magnetization and resistivity measure- 5,4\, Te=250 K), measured at 280 K and at different sweep
ments. I_:lnally, th_e influence of the sample size in relaxation ye. ®) Rey=0.3 T/min and O) Rey=0.15 T/min.
mechanisms is discussed.

-1.2 -0.9 -0.6 -0.3

in films even at room temperature, well above their Curie
Il. EXPERIMENTAL SETUP AND SAMPLES point of the samplgcase shown in Fig.)1 These results
show the existence of magnetic relaxation at temperatures
We have measured the magnetic aftereffect in bulkyhere no or negligible magnetic coercitivity is observed, and
samples and sputtered films of dgrp ,MnO; (LSMO).  could be an indication of the presence of short-range ordered
Films of different thicknessets, varying from 10 nm to 500 regions or magnetic polarons aboWe in the films. The
nm were grown or{100 MgO and(100) SrTiO; substrates, existence of such states in similar systems has recently been
as described elsewhet€The bulk samples were prepared by reported by Sohet al® In their work Sohet al. present
nitrate liquid-mix reaction. magnetic-force microscopy images measured above the Cu-
Magnetic measurements were carried out in a commerciaie point in La, 5.Sr, 3gMnO; films where mesoscopic regions
super-conducting quantum interference devicgQUID) of ferromagnetic order are observed.
magnetometer. Magnetization-vs-time curves were measured |n order to show the relation between the time effects
at several temperatures (4.2<R <300 K) and magnetic observed in the transport measurements and the magnetism
fields up to 5 T. Measurements of dc resistivity were madesf the compounds, we have studied and compared the relax-
using a standard four-probe technique under magnetic fieldstion of the magnetization and the resistivity of the samples.
up to 9 T in the same temperature range. For both cases, the measurements were performed following
The time-dependence data were always acquired after pethe same procedure, described in detail in the preceeding
forming a common sequence: the magnetization of theection. The close relation between magnetic and transport
sample was first saturated with a 1 T field, applied parallel tgroperties is evident from Fig. 2, where the time dependence
the sample surface. After waiting for 5 min the field was of the magnetization and resistivity of a LSMO/SrEi@im
decreased to the desired value=0). The superconductor (t,=50 nm) measured at different temperatures is plotted.
magnets used in both magnetic and transport experimentghe decrease of the magnetization suggests an increase in

take around 1 min to lower the field from 1 T to zero. magnetic disorder. Consequently an increase of resistivity is
expected, as can be observed. A similar behavior is found in
IIl. RESULTS AND DISCUSSION both magnetization and resistivity measurements.

We find that the magnetic relaxation varies between two

The samples of LgsSry 4MnO; used in this study are fer- different regimes, depending on the temperature of the mea-
romagnetic. The Curie temperature of the bulk samples isurement. At low temperaturesIT €30 K) the change of
365 K while that of the films lays around 250€A metal-  magnetization with time in the intermediate time window
insulator transition is observed @k, nearT¢ for the bulk (100 s<t<3600 s) is well described by a logarithmic func-
samples and thick filmst{>100 nm). As the film thickness tion. For shorter or longer time scales the magnetization
is decreased below 100 nm a decoupling betwBeandT.  change is smaller than that predicted by a logarithmic law,
becomes noticeabfe.These materials present important implying that some other contribution to the magnetization
temperature-dependent magnetoresistive effects that aewolution must be considered. No saturation was observed in
maximum below and in close proximity fbp . the time scale of our measureme(fsy. 2). As the tempera-

Our first evidence for magnetic relaxation in manganitesure increases the logarithmic like behavior changes progres-
was obtained from magnetoresistance curves as a timeively towards an exponential decay character. For 100 K
dependent hysteresis between the magnetoresistance curve3 <0.8T. the magnetization is described by an exponential
for increasing and decreasing fieldsig. 1). This effect is law in the whole time scale.
more important for faster sweep times and has been observed As was commented in the Introduction, a Richter-type
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relaxation changes from a logarithmic to an exponentiavolves a distribution of energy barriers or time-dependent
function depending on the time-measuring window with re-activation energie&® In order to analyze the weight of both
spect to the relaxation times. We have tried to fit our meacontributions to the total magnetization change in the time
surements with the Richter relaxation expressions. As exwindow t:[50 s,10000 § AD/(AL+AD) and AL/(AL
pected, the pure logarithmic curves fit well with the model. + AD) ratios obtained from the fits have been plotted in Fig.
However, as the temperature increases and the curves follow The fit parameters of both magnetization and resistivity
an exponential decrease the relaxation-time parameter oyryes show the same behavior as a function of temperature.
tained from the fitjexpression4)] does not agree with the - a¢ o\ temperatures the relaxation is driven mainly by the
condition of long-time limit (> 7,). Thus, to describe the |o4arithmic term. At high temperatures, on the contrary, the
magnetization and transport results, it is necessary to intrG|4tive weight of the exponential component increases

duce two relaxation terms. Both results can be described bygbruptly to 1 while the logarithmic component tends rapidly

single phef?omef.‘o'og'ca' madel consisting of a simple De'to zero. Our phenomenological model fits the magnetic and
bye relaxation with a slower logarithmic one,

transport results in the whole time scale and for temperatures

M(t)=Mo+ae "= ayn(t), (5) below 0.8 ¢. In spite of this satisfactory result, we also
analyzed the data in terms of a stretched exponential law. We
p(1)=po—boe U+ b,In(t), (6) observe that the curves are also well fitted to this complex

law. It is important to outline that at low temperatures the
whereMg and pq are constants. The two terms of the mag-exponent of the stretched exponenfiatends to zero, lead-
netic relaxation may indicate the existence of two relaxatioring to a pseudologarithmic function, while at high tempera-
mechanisms that act in series. The first term is a Debye exures 83— 1, emulating a pure Debye function. In general, a
ponential function,D=a,(b,)e """, arisen from a single- stretched exponential law has been observed in the magnetic
barrier activation mechanism. The logarithmic terin, relaxation of strongly interacting materials and complex sys-
=ay(b,)In(t), results from a relaxation mechanism that in-tems. The determination of the existence of one or two
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FIG. 3. Temperature dependence of thé)( logarithmic  of the Debye relaxation time for the same film.
AL/AD+AL and (@) exponentiaAD/AD + AL contributions to

magnetic relaxation. These data are obtained from resistivity medises above 100 K. In this temperature range not only ther-
surements. mally activated magnetization changes are measured, but

also intrinsic temperature effects, due to the increasing num-

mechanisms of magnetic relaxation cannot be ruled out oniper of magnons and changes of thg. magnetic anisotropy as
by these results. Direct observation of domain relaxation by€ System approaches the Curie pdint. .
magneto-optical techniques or studies of the dynamics of e shift of the viscosity maximum to shorter times as the
magnetic-force microscopy images could contribute to solvdemperature increases indicates a reduction of the relaxation

- : - . 7 falls following an exponential decay function.
the origin of domain movement in these compounds. In gime. 7 : . g
pioneering work in this area, Guptt al2® found that the The field dependence of the viscosity, plotted in Fig. 5 for

change of magnetization with a magnetic field in2 LSMO/MgO ¢,=39 nm) film, was measured at 35 K.

Lag ¢St 5MNOs; films is due mainly to rotation and domain- The viscosity presents a maximum close to the coercive field

wall displacement. The existence of two relaxation mechap.f the film (H.CNZS mT), as can be seen In the figure. Pre-
vigus theoretical and experimental studted showed that

nisms cannot be disregarded since there are several sour% tereti i terial hibit lassical“bell
of domain-wall pinning in films, like strains, dislocations, KS ergulc. magtne Ic ma erlafs et)'( IbI ff;] cassil_cz f'eld-
and point defects, ett® that could lead to these results. S aied nVIS:’;?ﬁl y cu:vi(?/ aﬁ {Ijld uSntcc|ici>n 0 rferripg Ien 1€ m
The contribution of the logarithmic and exponential termsgﬁa e p fef: me %0% Cnen N .rti Iu efs pned 0 ver %iﬁasrsﬁt )
can also be analyzed in the magnetic viscosityf the €s 0 .e omagnetic hanoparticies found a very difiere
behavior: the relaxation rate in these systems increases
samples, : i _—
monotonically with the magnetic fiefd. Moreover, Coey
~A(MIMy) _a(plpo) et al. showed that in ytrium-iron spin glasses the viscosity

- = 7 increases rapidly at low fields, tending to saturation above 1
M ) O 2T ain) ™ T2 iy g

depending on the time-dependent magnitude studied. It fol- T T T T T T T
lows from the definition that a logarithmiclike relaxation 25} LSMO/MgO .
would lead to a constant magnetic viscosity while an expo- th= 40 nm L
nential one would result in a time-dependent one. t<er 20} J
andt>r a Debye law evolves more slowly than a logarith- R
mic one. The derivative of the exponential law with respect € 45| J
to the Inf) actually vanishes for short and long times and g 2 B
presents a maximum fdr= 7. As a consequence, the relax-
ation time 7 of the exponential contribution can be obtained
from the plot of the magnetic viscosity. In Fig. 4 we show the
time dependence of the viscosity for a LSMO/Mg®, ( .
=220 nm) film at different temperatures. A characteristic ".
peak is observed in all the curves. However, it can be alsc
nqticed that _the logarithmic constant contributioq ingreases o o 20 @0 a0 0 0
with decreasing temperature, indicating progressive increas
ing of its predominance.

A noticeable narrowing of the viscosity peak together FIG. 5. Magnetic viscosity vs applied field, measured for an
with an increase in intensity is observed as the temperatunreSMO/MgO (t,=40 nm) thin film.

nits)

S (arb

Magnetic field (mT)
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th (om). the magnetiza'gion change, .aads the activati_on vqlume. In

. 22Mg0 the frame of this model, an increase of the viscosity at a fixed
i temperature andig leads to a decrease of the activation
volume in the sample. Our results suggest that there is a
] progressive decrease of the activation volume in relation to
4 the decrease in the scattering mean-free path as the film

e thickness is reduced.
Q 1E3
=% ik 55-5:TiO, | IV. CONCLUSIONS
- W 55.Mg0 - . . .
o =] We have studied the magnetic relaxation of
L 4 Lag ¢Sty 4MNO; samples by performing magnetization and
X 220-Mg0 resistivity relaxation measurements. Due to the close relation
L 4 =0 P BULK between transport properties and the magnetization in man-
';':)0 — ;';), ';'(')2 ";';, . 1;,, . 1;5 . ganite compounds, resistivity measurements provide an ex-

cellent indirect method to characterize the magnetic relax-

time (Sec) ation of these systems. An important magnetic aftereffect has

FIG. 6. Resistivity as a function of time for bulk samples and beer_1 _observed n all the §amples. Eve_n Tor Te @ non- ;

, e ) ; S - negligible magnetic relaxation observed in the magnetoresis-

film of different thicknesses. The inset shows the magnetic Viscosity, oo curves in a large time window. These results may in-

as a function of the low-temperature resistivity for the same ﬁlms'dicate the existence of important short-range ordered regions
) , i ) .above the Curie temperature.

The increase of structural disorder as the film thickness is Magnetic relaxation presents different regimes as a func-
decreased affects the resistivity of these saniplesnd en-  tion of time and temperature. At low temperature (
hances their magnetic hardnéssvieasurements performed <30 K) the magnetic relaxation is described by a logarith-
on sputtered films show that both thi- and the resistivity mijc decrease and is attributed mainly to domain-wall move-
increase as the film thickness decreases. The density of dgvent and domain rotation. As the temperature rises a Debye
fects in a solid reduces the mean-free path of the currerdontribution must be added to the logarithmic one in order to
carriers, leading to an increase in resistivity. Guptaal.  describe the measured results. Above 100 K the relaxation is
found a linear relation between the resistivity of purely Debye-like. The high temperature regime is assigned
Lag g.Ca 39MO5 and Lg 7g9MINO;5 films and the inverse of the not only to thermal-activated mechanisms of domain move-
grain size™® In Fig. 6 the resistivity relaxation of films and ments but also to intrinsic temperature variations of the mag-
bulk samples is graphed for comparison. A large resistivitynetization. We have found that the field dependence of the
relaxation with high magnetic-viscosity ratios is measurednagnetic viscosity has a bell shape, characteristic of ferro-
for the thinner films. As the film thickness is increased thesénagnetic systems. _ _
effects are strongly reduced reaching the bulk values asymp- The dependence of the magnetic aftereffect as a function
totically for t,>300 nm. These results can be attributed to©f the film thickness reveals the influence of structural de-
the relatively more disordered structure of the thinner films/€CtS and strains on the magnetic relaxation. When the num-
due to lattice mismatch. Dislocation planes, point defects anger of structural defects risée., increase of sample resis-

strains contribute to the domain-wall pinning, reducing vity) the relaxation becomes more important and the

domain-wall movements. In the inset of Fig. 6, the magnetictTO?lgcgltl'JCmVéscosIty increaséise., decrease of domain activa-

viscosity of different films has been plotted as a function of
it_s Iovv_-temp_eratgre resi'stivity. A systematic increase of the ACKNOWLEDGMENTS
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