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Magnetic ordered phase in La0.6Sr0.4MnO3 ferromagnets

L. B. Steren,* M. Sirena, and J. Guimpel
Centro Atómico Bariloche and Instituto Balseiro, Comisio´n Nacional de Energı´a Atómica, 8400 S. C. de Bariloche, R. N., Argentina

~Received 8 July 2001; published 20 February 2002!

The ferromagnetic phase of La0.6Sr0.4MnO3 thin films has been investigated through measurements of
magnetization loops at different temperatures, zero-field-cooled and field-cooled magnetization curves obtained
under different magnetic fields. We have found that the main sources of the ‘‘bulk’’ coercivity in manganite
films are the film/substrate interface and film surface. The temperature dependence of the coercivity is de-
scribed by a ‘‘strong domain-wall pinning’’ model, independently of the thickness and substrate. The
magnetization-vs-temperature curves, measured under different magnetic fields (10 Oe,H,2.5 kOe), have
been explained in terms of the magnetic hysteresis of the films. We find no evidence of glass states or of the
existence of single-domain clusters, as suggested by other authors.
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I. INTRODUCTION

In recent years, manganite oxides have attracted a lo
attention due to their potential application as magnetore
tive sensors.A12xBxMnO3 (A5La, B5Sr,Ba,Ca) com-
pounds exhibit a wide variety of magnetic and electric tra
port properties, depending on the concentrationx.1 In the
region 0.2,x,0.5 these compounds present ferromagne
order and an insulator-metal transition near the Curie te
perature, while the undoped parent compound LaMnO3 is an
antiferromagnetic insulator. Zenner2 proposed the existenc
of a double-exchange interaction between Mn31 and Mn41

to explain both the ferromagnetic order and the meta
character of the doped compounds. Many questions h
been opened about the interplay of this ferromagnetic t
with the antiferromagnetic superexchange in manganite c
pounds. de Gennes3 proposed the existence of a frustrat
phase in an intermediate-concentration range, based on
competition between both interactions. The important m
netohistory effect observed in the ferromagnetic mangan
has given rise to a wide variety of interpretations for t
magnetic phases of these compounds.4,5 Ju and Sohn discus
in Ref. 4 zero-field-cooled~ZFC! and field-cooled~FC! mag-
netization curves and the thermal dependence of coercit
in terms of spin freezing and magnetic inhomogeneity. Th
authors studied the variation of the magnetization cur
with oxygen content of different bulk and film samples
La-Ca-Mn-O and La-Ba-Mn-O, and interpreted their resu
in the frame of a ‘‘spin-clustered’’ system. As these co
pounds are highly disordered, with Mn31-Mn41 pairs dis-
tributed randomly, the idea of clusters embedded in a n
magnetic matrix has been introduced for the explanation
some experimental results. However, the temperature de
dence of the coercive field does not follow the expected
for blocked cluster systems. Moreover, the blocking tempe
ture deduced from the fit does not correspond to the m
mum in the ZFC curves. Li and coworkers5 introduced the
concept of a ‘‘cluster-glass’’ phase in La0.7Sr0.3Mn0.7Co0.3O3.
In spite of the fact that for Co doping the interpretation of t
experimental data is complicated due to the coexistenc
Co in different electronic states, the features observed
magnetization measurements and attributed to a fi
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induced transition from a cluster-glass to a ferromagne
phase could not be taken as conclusive on this subject.
important to remark that irreversibilities between zero-fie
cooled and field-cooled magnetization curves have been
served in both ferromagnetic bulk5,6 and film samples,4 so
they cannot be only assigned to substrate influence on
magnetic properties.

We believe that without performing a complete expe
mental study of the magnetism of the samples it is rat
difficult to identify complex magnetic phases, like spin
cluster glasses. In this work, the field and temperat
dependences of the magnetization of magnetoresis
La0.6Sr0.4MnO3 thin films have been studied for differen
magnetic histories in order to understand the nature of
magnetic order in these compounds. Bulk La12xBxMnO3
(0.2,x,0.5; B:Sr,Ba,Ca) is a relatively soft material@Hc
<10 Oe~Ref. 7!#. Due to the fact that ‘‘low-field’’ magnetic
measurements are usually performed in fields larger than
Oe, small magnetohistory effects have been reported for b
compounds. However, in thin films, the coercive field
larger8 and a rich variety of behaviors is observed, depend
on the applied field and temperature.

II. EXPERIMENTAL DETAILS

The films were grown by dc magnetron sputtering from
stoichiometric ceramic target of nominal compositio
La0.6Sr0.4MnO3 ~LSMO!. Films with thicknesst, ranging
from 5 nm to 500 nm, were grown both on~100! MgO and
~100! SrTiO3 single-crystalline substrates. The growth tem
perature was 660° C. After deposition the film was coo
down slowly to room temperature in a 100 Torr O2 partial
pressure.

The film composition was measured by energy dispers
x-ray analysis~EDAX!. The results show that the compos
tion of the films is that of the target within 10% and that it
homogeneous along the sample. The crystalline structur
the samples was characterized by x-ray diffraction spect
copy. X-ray diffraction patterns indicate that the films a
strongly textured, with the~001! pseudocubic axis in the film
normal direction.9 The lattice-parameter-thickness depe
dence shows evidence of strains, for SrTiO3 ~STO! sub-
©2002 The American Physical Society31-1
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strates, and decoupled growth for MgO substrates.
The magnetic measurements were performed in a c

mercial superconducting quantum interference dev
~SQUID! magnetometer. Hysteresis loops were measure
different temperatures between 5 K and 300 K for fields up
to 5 T. Zero-field-cooled and field-cooled magnetizati
curves were measured in applied magnetic fieldsH, ranging
from 10 Oe to 2.5 kOe. The procedure for these meas
ments was the following: for ZFC curves, a virgin sample
cooled down to 5 K. Once the temperature is stable,
magnetic field is applied and the measurement started. T
is always a time delay between two consecutive data po
needed to stabilize the temperature.

III. RESULTS AND DISCUSSION

A. Temperature dependence of the hysteresis loops

Magnetization-vs-temperature curves10 show that the
films order ferromagnetically around 240 K. The Curie te
perature depends on the substrate and the thickness o
films: it decreases with film thickness, notably fort
,100 nm. The inset of Fig. 1 shows the field dependenc
the magnetization, measured below the Curie point, fo
LSMO/MgO film of t5240 nm. The substrate contributio
has been subtracted from the raw data.11 The loops are elon-
gated and close atHirr , a field that is considerably highe
than the coercitivity,Hc .

The coercive field is thickness and substrate depend
Lower coercitivities were systematically observed in film
grown on SrTiO3, in comparison to those measured in t
LSMO-MgO series. In both cases, the coercivity decrease
the thickness increases. We qualitatively describe this be
ior by a linear dependence~see Fig. 2!:

Hc05Hcb01
P0

t
, ~1!

FIG. 1. Temperature dependence of the coercivity~open circles!
and the irreversible field~open triangles!, respectively, for a LSMO/
MgO film of t5240 nm. Inset: hysteresis loop of the same sam
measured at 50 K. The characteristic fieldsHc andHirr are identi-
fied by arrows. Dotted lines are guides to the eye.
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whereHcb0 is the extrapolated ‘‘bulk’’ coercivity andP0 a
constant that depends on the film substrate and growth
ditions. ForT55 K, the ‘‘bulk’’ coercivity is 240~10! Oe for
the MgO series and 180~10! Oe for the STO one. Thes
values are notably higher than those measured in b
samples, typically smaller than 10 Oe. This discrepancy
be mainly attributed to the important difference of the vo
ume anisotropy constants measured in bulk and thin fi
samples.8

TheP0 constant is 6500~200! Oe nm for the LSMO-MgO
films and 1300~400! Oe nm for the LSMO-STO films, re-
spectively. The thickness dependence of the coercivity co
be attributed to the film surface and film/substrate~F/S! in-
terface. It has been demonstrated theoretically and meas
in different systems12 that surface roughness introduces b
riers for the domain-wall motion, increasing the coercivity
the films. S/F interfacial coercivity arises from lateral vari
tions in the domain-wall~DW! energy, originated in loca
strains, variation of exchange stiffness, or anisotropy, et12

Antiferromagnetic~AFM! measurements show that the su
face roughness is similar in all our samples.9 The average
amplitude of the surface roughness is 2 nm with a me
wavelength of 80 nm.13 Therefore, the difference betwee
the P0 constant of LSMO-MgO and LSMO-STO sample
cannot be explained by surface irregularities. We attrib
our results mainly to S/F effects. As was commented abo
the growth mode of the two series of samples is differe
While the LSMO-MgO films accommodate the lattice mi
match in a transient layer oft l,100 nm with structural def-
fects ~strains, dislocations, and point defects!, the LSMO-
STO films grow epitaxially in a strained lattice. The lattic
strains relax along the sample but are still noticeable in
thicker films.9

Measurements of the temperature variation of the coer
ity are used to identify the mechanism responsible for it a
to obtain insight into the properties of the pinning centers.
Fig. 1, the temperature dependence of the coercitivity an
Hirr for a LSMO-MgO film is shown. It can be seen th
bothHc andHirr fall off rapidly with temperature, becoming
zero around room temperature. Previous domain imaging

,

FIG. 2. Coercitivity as a function of film thicknesst for ~solid
circles! LSMO-MgO and ~solid triangles! LSMO-STO films, re-
spectively. The solid lines are fits of Eq.~1! to the data.
1-2
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FIG. 3. Temperature depen
dence of the coercive field for dif-
ferent LSMO films. Solid lines are
the best fits of the data using th
SDWP model.
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periments performed on epitaxial LSMO films14 reveal that
magnetization changes occur by rotation and DW movem
over large areas.

Domain-wall pinning by inhomogeneities has been p
posed by many authors as a source of magnetic harden
The usual assumption is that the walls bow out between
dividual pinning sites and escape when the applied magn
field, aided by thermal activation, reaches a critical value
general, DW’s interact with a great number of defects.
statistical theory of the temperature dependence of the c
civity has been proposed by Gaunt,15 based on the interactio
between DW’s and pin sites. A distinction between ‘‘stron
and ‘‘weak’’ DW pinning is made in the model. The stron
and weak-pinning models differ significantly in the pred
tion concerning the activation energy required to unpin
wall. In weak domain-wall pinning, the walls break awa
cooperatively from many pinning sites in the coercive fie
Thermal excitation leads to a linear decrease of the coer
field with temperature. On the other hand, in the limit
‘‘strong-DW-pinning’’ ~SDWP!, the domain walls are
strongly pinned by obstacles bowing out before break
away from a pin, before interacting with another one. In t
case, the coercivity varies with temperature asT3/2. A work
performed by Gaunt and Mylvaganam16 showed that ther-
mally activated escape of DW’s from continuous planar
sites is also possible. These authors proved that the forma
of blisters in the walls pinned along the planar defect allo
the thermal activation of the DW’s from these pinning site
For this case, the authors derived an expression for the c
civity, which depends linearly on temperature.

We have studied our results within the framework of the
models. The fits have been made in the low-temperature
gion, where small changes of magnetization and anisotr
are observed~less than 4%!,8,10 while a variation of around
60% is measured in the coercivity. For these characteris
09443
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the temperature dependence of the coercivity can be at
uted mainly to domain-wall movement or rotation.

It is evident from Fig. 1 that the temperature depende
of the coercivity does not follow a linear law. The existen
of continuous planar pinning sites or a ‘‘weak-domain-wa
pinning regime’’ of random inhomogeneities is thus d
carded. The same functional dependence has been foun
the thermal variation of the coercivity in all the sample
independently of their substrate and thickness. The bes
was obtained using the SDWP model in the temperat
range from 5 to 100 K~see Fig. 3!. The coercitivity varies
with temperature as

Hc
1/25Hc0

1/2~12CT2/3!, ~2!

with C5(75kb/4b f)2/3, where 4b is the wall width,f is the
maximum restoring force a single pin can exert on a doma
wall segment, andkb is the Boltzmann constant.

No significant change ofC with the substrate or the film
thickness is found. Assuming a domain-wall width of 30 n
estimated from exchange and anisotropy constants data,8,17 a
restoring force of around 231026 Dy is calculated. The pin
densities, deduced fromHc0, vary from 1.531015 cm23

~estimated for the LSMO-STO films and thick LSMO-Mg
films! to 931015 cm23 in the thinner MgO-based films.

Our results show that the main domain-wall pinnin
mechanism present in manganite films can be modeled
random array of inhomogeneities. The manganite compo
is intrinsically disordered, due to the random cation subst
tion and consequent variation of Mn valence and localiz
lattice distortions. Together with probable ‘‘bulk’’ pinning
centers, we should point out that the existence of stres
dislocation planes, and point defects of the films may a
1-3
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other pinning sites of different characteristics and behav
from the bulk ones and proper to this family of nanostru
tures.

B. Zero-field-cooled and field-cooled magnetization

Zero-field-cooled and field-cooled magnetizations, m
sured at different fields, are shown in Fig. 4. The field d
pendence of the ZFC curve as well as the irreversibility
tween ZFC and FC curves is strongly correlated with
hysteresis of the materials, as will be shown below. The
reversibility between ZFC and FC curves disappears ab
Tirr . In Fig 5, (MFC2MZFC)/MFC andTirr are plotted as a
function of magnetic field. The irreversibility andTirr mono-
tonically decrease with an increasing field in the whole fi
range. However, a rapid drop of both parameters is obse
for fields smaller than the coercive field. Above this field a

FIG. 4. ZFC~open symbols! and FC~solid symbols! magneti-
zation curves, measured at different magnetic fields:~up triangles!
2.5 kOe,~circles! 0.5 kOe,~down triangles! 0.25 kOe,~diamonds!
57 Oe, and~squares! 19 Oe for a LSMO/MgO film oft5240 nm
are shown. Solid lines are guides to the eye.

FIG. 5. Field dependence of~solid circles! DM5(MFC

2MZFC)/MFC , measured at 50 K and~open squares! Tirr for a
LSMO/MgO film of t5240 nm. The dashed and the dotted lin
are guides to the eye. Inset:~stars! applied magnetic fieldH vs Tirr

and ~open triangles! Hirr vs T for the same sample.
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up to Hirr the decay is slower. The ZFC and FC curves a
merged into a single one aboveHirr . These results can b
understood in terms of the irreversibility of the magnetiz
tion loop. In agreement with hysteresis loops, irreversibil
effects are only observed belowHirr , where domain move-
ments take place. However and in spite of the fact that th
are still irreversibilities between increasing and decreas
field magnetization curves up toHirr , the larger effects are
noticed forH,Hc , as observed in the ZFC-FC curves. A
shown in the inset of Fig. 5, there is a direct equivalence
Tirr data extracted from ZFC-FC curves measured at fi
magnetic fieldH, and theHirr data obtained from hysteres
loops measured at fixed temperature.

Three different shapes of ZFC curves have been obser
corresponding to different ranges of applied magnetic fie
~Fig. 4!. For fields H,Hc ~zone I!, a broad maximum is
observed close to the ordering temperature. The positio
this maximum is shifted to lower temperatures asH in-
creases. A wide variety of systems, such as spin glas
single-domain particle assemblies, etc., present a maxim
ZFC curves. This is why several authors have attributed
feature to complex phases.4,5 However, at fields much lowe
than the coercivity, the initial susceptibility of a ferromagn
monotonically increases with temperature, passing throug
maximum belowTC . This behavior is due to the fact that th
permeability of ferromagnets is inversely proportional
both the anisotropy and the magnetostriction constants w
approach zero aroundTC .18

For Hc,H,Hirr ~zone II!, the ZFC magnetization is
characterized by an abrupt increase at low temperature,
lowed by a smooth evolution to a plateau before joining
FC curve atTirr . The magnetization change at low temper
ture is maximum for fields close toHc . This effect can be
attributed to the maximum viscosity of magnetizatio
changes found at the coercive field in manganite films.19 In
fact, the field dependence of the magnetic viscosity for m
tidomain ferromagnets has been calculated20 and measured
in several systems.21 It has been found that the field depe
dence of the viscosity has a bell shape, centered at or clo
the coercivity. Due to the particular sequence~see Sec. II!
used in ourM -vs-T measurements, the abrupt change
magnetization expected when measuring at fields close toHc
is expanded in a rather large temperature range.

For H.Hirr ~zone III! the ZFC and the FC curves ar
superimposed, saturating at low temperature atMs(0). As
has been shown in the previous section, the magnetiza
loops close atHirr and thus no magnetohistory effects a
expected at fields higher thanHirr .

The FC curves saturate at low temperature toMFC(0).
The shape of these curves does not change with the ap
field but MFC(0) increases withH, saturating atMs(0) for
H.Hirr , with Ms(0)5gmBS, whereg is the gyromagnetic
value,mB the Bohr magneton, andS the average spin of the
manganite compound. This behavior is that of an ordin
ferromagnet: a spin glass would not show a saturation of
magnetization in the frozen state for such low fields and ri
aboveHirr .22

The three regimes discussed above for the ZFC-FC cu
can be also identified if we define a characteristic tempe
1-4
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tureTZFC in the ZFC curves as]M /]TuTZFC
50. In Fig. 6 the

field dependence ofTZFC for a LSMO film (t5240 nm) has
been plotted. Due to the origin of the maximum of ZFC f
low fields (H!HC), no important variation ofTZFC is ex-
pected for this field range. AsH approachesHc(T50), a
rapid change ofTZFC to lower temperature is observed~zone
I!. Afterwards,TZFC decreases smoothly betweenHC and
Hirr due to the decrease of the viscosity with field aboveHc
~zone II!, approaching zero aboveHirr as the system satu
rates~zone III!.

The behavior described is similar for all samples indep
dently of the film thickness or substrate. However, the ch
acteristic fieldsHc andHirr and temperatureTZFC do depend
on thickness and substrate material.

IV. CONCLUSIONS

A detailed study of the magnetic properties of mangan
films was performed in order to elucidate the nature of
magnetic ordered phase of these systems. A careful ana
of the experimental data was carried out, relating the fi
and temperature dependence of the magnetization of
samples, for different cooling conditions. Through the stu
of the thermal dependence of the coercivity the mechan

FIG. 6. Field dependence ofTZFC for a LSMO/MgO film of t
5240 nm (HC;250 Oe). The dotted lines are guides to the e
es

d

.A
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responsible for domain-wall movement has been identifi
A model of strong domain-wall pinning describes well th
temperature dependence of the coercivity found in manga
films.

The temperature dependence of the ZFC and FC ma
tization curves has been explained in terms of the hyster
of these ferromagnetic materials. The irreversibility betwe
ZFC and FC curves has been related to the hysteresis o
ferromagnet and thus to the domain structure of the samp
The variation of the shape of the ZFC curves has been a
ciated with different stages of the magnetization of t
sample. At very low fields, far from the coercivity, the ma
netization presents a maximum below the Curie point rela
to the decrease to zero of the crystal anisotropy and ma
tostriction nearTc . As the measuring field approaches t
coercive field, a rapid increase of the magnetization is
served at low temperature, which has been asociated with
maximum of viscosity associated with magnetizati
changes nearHc . When the measuring field is higher tha
the coercivity, the difference between ZFC and FC curv
becomes much smaller and decreases to zero for meas
fields H.Hirr . At high fields and low temperatures, bo
curves saturate at the expected value. We have shown
the ZFC and FC curves can be interpreted in terms of
close relationship existent between hysteresis loops and m
netic history of the samples. It has been shown that the r
tion between the measuring field and the characteristic fie
of the hysteresis loop defines the shape of the ZFC cur
However, a quantitative analysis of the problem would
much more complicated due to the temperature depend
of these characteristic fields and the consequent effect on
magnetization of the system.
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