PHYSICAL REVIEW B, VOLUME 65, 094431

Magnetic ordered phase in Lg ¢Srg ,MnO 5 ferromagnets
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The ferromagnetic phase of g5, /MnO; 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 {1l8<@e5 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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[. INTRODUCTION induced transition from a cluster-glass to a ferromagnetic
phase could not be taken as conclusive on this subject. It is
In recent years, manganite oxides have attracted a lot dfmportant to remark that irreversibilities between zero-field-
attention due to their potential application as magnetoresissooled and field-cooled magnetization curves have been ob-
tive sensors.A;_,B,MnO; (A=La, B=Sr,Ba,Ca) com- served in both ferromagnetic bdlkand film sample$,so
pounds exhibit a wide variety of magnetic and electric transthey cannot be only assigned to substrate influence on the
port properties, depending on the concentrationin the ~ magnetic properties.
region 0.2x<0.5 these compounds present ferromagnetic We believe that without performing a complete experi-
order and an insulator-metal transition near the Curie temmental study of the magnetism of the samples it is rather
perature, while the undoped parent compound LaMiscan  difficult to identify complex magnetic phases, like spin or
antiferromagnetic insulator. Zenfeproposed the existence cluster glasses. In this work, the field and temperature
of a double-exchange interaction between3Mmand Mt dependences of the magnetization of magnetoresistive
to explain both the ferromagnetic order and the metallid-a0.6Sf.4MnO; thin films have been studied for different
character of the doped compounds. Many questions hav@agnetic histories in order to understand the nature of the
been opened about the interplay of this ferromagnetic ternmagnetic order in these compounds. Bulk; LgB,MnO;
with the antiferromagnetic superexchange in manganite con{0.2<x<0.5; B:Sr,Ba,Ca) is a relatively soft mater(dt
pounds. de Gennggproposed the existence of a frustrated <10 Oe(Ref. 7)]. Due to the fact that “low-field” magnetic
phase in an intermediate-concentration range, based on tieeasurements are usually performed in fields larger than 10
competition between both interactions. The important magOe, small magnetohistory effects have been reported for bulk
netohistory effect observed in the ferromagnetic manganitesompounds. However, in thin films, the coercive field is
has given rise to a wide variety of interpretations for thelargef and a rich variety of behaviors is observed, depending
magnetic phases of these compoufildu and Sohn discuss on the applied field and temperature.
in Ref. 4 zero-field-cooled@ZFC) and field-cooledFC) mag-
petization curves and_ the thermal de_pgndence of cpercitivity Il. EXPERIMENTAL DETAILS
in terms of spin freezing and magnetic inhomogeneity. These
authors studied the variation of the magnetization curves The films were grown by dc magnetron sputtering from a
with oxygen content of different bulk and film samples of stoichiometric ceramic target of nominal composition
La-Ca-Mn-O and La-Ba-Mn-O, and interpreted their resultsLag ¢S1p ,MNO; (LSMO). Films with thicknesst, ranging
in the frame of a “spin-clustered” system. As these com-from 5 nm to 500 nm, were grown both ¢h00 MgO and
pounds are highly disordered, with MinMn** pairs dis- (100 SrTiO; single-crystalline substrates. The growth tem-
tributed randomly, the idea of clusters embedded in a nonperature was 660° C. After deposition the film was cooled
magnetic matrix has been introduced for the explanation oflown slowly to room temperature in a 100 Torp Qartial
some experimental results. However, the temperature depepressure.
dence of the coercive field does not follow the expected law The film composition was measured by energy dispersive
for blocked cluster systems. Moreover, the blocking temperax-ray analysiSEDAX). The results show that the composi-
ture deduced from the fit does not correspond to the maxition of the films is that of the target within 10% and that it is
mum in the ZFC curves. Li and coworkérmtroduced the homogeneous along the sample. The crystalline structure of
concept of a “cluster-glass” phase in §.881r sMny ££0y 0;5.  the samples was characterized by x-ray diffraction spectros-
In spite of the fact that for Co doping the interpretation of thecopy. X-ray diffraction patterns indicate that the films are
experimental data is complicated due to the coexistence aftrongly textured, with th€001) pseudocubic axis in the film
Co in different electronic states, the features observed imormal directior’. The lattice-parameter-thickness depen-
magnetization measurements and attributed to a fielddence shows evidence of strains, for SrFiGBTO) sub-
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. . FIG. 2. Coercitivity as a function of film thicknessfor (solid
FIG. 1 Temperatgre dependence of the co_erc(\open circles circles LSMO-MgO and (solid triangle$ LSMO-STO films, re-

and the irreversible fiel¢bpen trianglel respectively, for a LSMO/ spectively. The solid lines are fits of E€) to the data

MgO film of t=240 nm. Inset: hysteresis loop of the same sample, P Y- '

measured at 50 K. The characteristic fieldlsandH;,, are identi- ) . ) o
fied by arrows. Dotted lines are guides to the eye. whereHy, is the extrapolated “bulk” coercivity andP, a

constant that depends on the film substrate and growth con-
ditions. ForT=5 K, the “bulk” coercivity is 240110) Oe for

The magnetic measurements were performed in a comt—heI MgO senets t?lndhmr?O) (t)he forththe STO one.dThess Ik
mercial superconducting quantum interference devicdd'Ues areé notably figher than those measured in bu

(SQUID) magnetometer. Hysteresis loops were measured ﬁmples, typically smaller than 10 Oe. This discrepancy can

different temperatures betwe® K and 300 K for fields up mainlly attributed to the important djf'ference of th? vql-
to 5 T. Zero-field-cooled and field-cooled magnetizationume anisotropy constants measured in bulk and thin film

. ) - , sample$.
curves were measured in applied magnetic fi¢ldsanging The P, constant is 650@00) Oe nm for the LSMO-MgO
from 10 Oe to 2.5 kOe. The procedure for these measureffI d 1300400 O for the LSMO-STO fil
ments was the following: for ZFC curves, a virgin sample is'" > _anl h O4h' )k enrg or de » h ims, re- Id
cooled down to 5 K. Once the temperature is stable, th pectively. The thickness dependence of the coercivity cou
attributed to the film surface and film/substré#és) in-

magnetic field is applied and the measurement started. The .
is always a time delay between two consecutive data pointgerface. It has been demonstrated theoretically and measured
needed to stabilize the temperature ih different system® that surface roughness introduces bar-

' riers for the domain-wall motion, increasing the coercivity of

the films. S/F interfacial coercivity arises from lateral varia-

strates, and decoupled growth for MgO substrates.

IIl. RESULTS AND DISCUSSION tions in the domain-wal(DW) energy, originated in local
) strains, variation of exchange stiffness, or anisotropy.tc.
A. Temperature dependence of the hysteresis loops Antiferromagnetic(AFM) measurements show that the sur-

Magnetization-vs-temperature curv®sshow that the face roughness is similar in all our sampleShe average
films order ferromagnetically around 240 K. The Curie tem-amplitude of the surface roughness is 2 nm with a mean
perature depends on the substrate and the thickness of ti@velength of 80 nm? Therefore, the difference between
films: it decreases with film thickness, notably far the Py constant of LSMO-MgO and LSMO-STO samples
<100 nm. The inset of Fig. 1 shows the field dependence ogannot be explained by surface irregularities. We attribute
the magnetization, measured below the Curie point, for ®ur results mainly to S/F effects. As was commented above,
LSMO/MgO film of t=240 nm. The substrate contribution the growth mode of the two series of samples is different:
has been subtracted from the raw ddt@he loops are elon- While the LSMO-MgO films accommodate the lattice mis-
gated and close dt;,, , a field that is considerably higher match in a transient layer ¢f<100 nm with structural def-
than the coercitivityH.. . fects (strains, dislocations, and point defectthe LSMO-

The coercive field is thickness and substrate dependenBTO films grow epitaxially in a strained lattice. The lattice
Lower coercitivities were systematically observed in filmsstrains relax along the sample but are still noticeable in the
grown on SrTiQ, in comparison to those measured in thethicker films?

LSMO-MgO series. In both cases, the coercivity decreases as Measurements of the temperature variation of the coerciv-

the thickness increases. We qualitatively describe this behaity are used to identify the mechanism responsible for it and
ior by a linear dependendsee Fig. 2 to obtain insight into the properties of the pinning centers. In

Fig. 1, the temperature dependence of the coercitivity and of
H;, for a LSMO-MgO film is shown. It can be seen that
bothH. andH;,, fall off rapidly with temperature, becoming
zero around room temperature. Previous domain imaging ex-

Po
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periments performed on epitaxial LSMO fillgeveal that the temperature dependence of the coercivity can be attrib-
magnetization changes occur by rotation and DW movemenited mainly to domain-wall movement or rotation.
over large areas. It is evident from Fig. 1 that the temperature dependence
Domain-wall pinning by inhomogeneities has been pro-of the coercivity does not follow a linear law. The existence
posed by many authors as a source of magnetic hardeningf continuous planar pinning sites or a “weak-domain-wall-
The usual assumption is that the walls bow out between inpinning regime” of random inhomogeneities is thus dis-
dividual pinning sites and escape when the applied magneticarded. The same functional dependence has been found for
field, aided by thermal activation, reaches a critical value. Irthe thermal variation of the coercivity in all the samples,
general, DW's interact with a great number of defects. Aindependently of their substrate and thickness. The best fit
statistical theory of the temperature dependence of the coewas obtained using the SDWP model in the temperature
civity has been proposed by Gadntased on the interaction range from 5 to 100 Ksee Fig. 3 The coercitivity varies
between DW’s and pin sites. A distinction between “strong” with temperature as
and “weak” DW pinning is made in the model. The strong-
and weak-pinning models differ significantly in the predic-
tion concerning the activation energy required to unpin a HY2=Hcl(1-CT%3), 2)
wall. In weak domain-wall pinning, the walls break away
cooperatively from many pinning sites in the coercive field.
Thermal excitation leads to a linear decrease of the coerciveith C=(75k,/4bf)?? where 4 is the wall width,f is the
field with temperature. On the other hand, in the limit of maximum restoring force a single pin can exert on a domain-
“strong-DW-pinning” (SDWP), the domain walls are wall segment, andt, is the Boltzmann constant.
strongly pinned by obstacles bowing out before breaking No significant change of with the substrate or the film
away from a pin, before interacting with another one. In thisthickness is found. Assuming a domain-wall width of 30 nm,
case, the coercivity varies with temperatureTa%. A work  estimated from exchange and anisotropy constants®dés,
performed by Gaunt and Mylvagan&hshowed that ther- restoring force of around:210°° Dy is calculated. The pin
mally activated escape of DW’s from continuous planar pindensities, deduced froriic,, vary from 1.5<10" cm™3
sites is also possible. These authors proved that the formatidestimated for the LSMO-STO films and thick LSMO-MgO
of blisters in the walls pinned along the planar defect allowsfilms) to 9x10*> cm™2 in the thinner MgO-based films.
the thermal activation of the DW's from these pinning sites. Our results show that the main domain-wall pinning
For this case, the authors derived an expression for the coemechanism present in manganite films can be modeled as a
civity, which depends linearly on temperature. random array of inhomogeneities. The manganite compound
We have studied our results within the framework of thesds intrinsically disordered, due to the random cation substitu-
models. The fits have been made in the low-temperature réion and consequent variation of Mn valence and localized
gion, where small changes of magnetization and anisotroplattice distortions. Together with probable “bulk” pinning
are observedless than 4%2° while a variation of around centers, we should point out that the existence of stresses,
60% is measured in the coercivity. For these characteristicglislocation planes, and point defects of the films may add
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up toH;,, the decay is slower. The ZFC and FC curves are
merged into a single one abo¥§,, . These results can be
understood in terms of the irreversibility of the magnetiza-
tion loop. In agreement with hysteresis loops, irreversibility
1 effects are only observed beldow,, , where domain move-

) ments take place. However and in spite of the fact that there
] are still irreversibilities between increasing and decreasing
field magnetization curves up td;,, , the larger effects are
noticed forH<H., as observed in the ZFC-FC curves. As
shown in the inset of Fig. 5, there is a direct equivalence of
T, data extracted from ZFC-FC curves measured at fixed

600

N
[—3
<

M (em u/cm3)
[\*]
[—=]
]

0 L . , , , . magnetic fieldH, and theH,,, data obtained from hysteresis
0 60 120 180 240 300 loops measured at fixed temperature.
T (K) Three different shapes of ZFC curves have been observed,

corresponding to different ranges of applied magnetic fields
(Fig. 4). For fieldsH<H. (zone ), a broad maximum is
observed close to the ordering temperature. The position of
this maximum is shifted to lower temperatures tdsin-
creases. A wide variety of systems, such as spin glasses,
single-domain particle assemblies, etc., present a maxima in
ZFC curves. This is why several authors have attributed this

other pinning sites of different characteristics and behaviof€ature to complex phasés.However, at fields much lower

from the bulk ones and proper to this family of nanostruc-than the coercivity, the initial susceptibility of a ferromagnet
tures. monotonically increases with temperature, passing through a

maximum belowT - . This behavior is due to the fact that the
permeability of ferromagnets is inversely proportional to
both the anisotropy and the magnetostriction constants which

Zero-field-cooled and field-cooled magnetizations, mea@Pproach zero arourif.*® S
sured at different fields, are shown in Fig. 4. The field de- For Hc<H<H;, (zone 1), the ZFC magnetization is
pendence of the ZFC curve as well as the irreversibility becharacterized by an abrupt increase at low temperature, fol-
tween ZFC and FC curves is strongly correlated with theowed by a smooth evolution to a plateau before joining the
hysteresis of the materials, as will be shown below. The irFC curve afT;,, . The magnetization change at low tempera-
reversibility between ZFC and FC curves disappears aboviIre is maximum for fields close tH.. This effect can be
Tirr . INFig 5, Mec—Mzec)/Mec andT;,, are plotted as a attributed to the maximum  viscosity of magnetization
function of magnetic field. The irreversibility a,, mono- ~ changes found at the coercive field in manganite fiffhis:
tonically decrease with an increasing field in the whole fieldfact, the field dependence of the magnetic viscosity for mul-
range. However, a rapid drop of both parameters is observeiflomain ferromagnets has been calculdteahd measured

for fields smaller than the coercive field. Above this field andin Several systems. It has been found that the field depen-
dence of the viscosity has a bell shape, centered at or close to

the coercivity. Due to the particular sequerisee Sec. )I

FIG. 4. ZFC(open symbolsand FC(solid symbol$ magneti-
zation curves, measured at different magnetic fieldp: triangle$
2.5 kOe,(circles 0.5 kOe,(down triangleg 0.25 kOe,(diamond$
57 Oe, andsquares 19 Oe for a LSMO/MgO film oft=240 nm
are shown. Solid lines are guides to the eye.

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

1.0 & 300 used in ourM-vs-T measurements, the abrupt change of
i magnetization expected when measuring at fields closg. to
08 [ g . 2% is expanded in a rather large temperature range.
< : T A 200 For H>H;,, (zone lll) the ZFC and the FC curves are
8 0.6l N 0 BOKy e - superimposed, saturating at low temperatureMa(0). As
~ . 0 100 200 300 c has been shown in the previous section, the magnetization
% 0.4 . . T 2 loops close aH;,, and thus no magnetohistory effects are
4 AN 100 expected at fields higher thadh;,, .
02k ‘\\_, The FC curves saturate at low temperatureMp(0).
’ o O~ The shape of these curves does not change with the applied
0.0 ~—, ,,,,,,,,,,,,,, e _ “.\-‘\ 0 field butMgc(0) increases withH, saturating aMs(0) for
0.0 0.5 1.0 1.5 2.0 25 H>H;, , with Ms(0)=gugS, whereg is the gyromagnetic
H (kOe) value, ug the Bohr magneton, an8the average spin of the

manganite compound. This behavior is that of an ordinary
ferromagnet: a spin glass would not show a saturation of the

FIG. 5. Field dependence ofsolid circle3 AM=(Mgc ghet. a A !
~Mgzrc)/Mec, measured at 50 K antbpen squargsT,, for a  Magnetization in the frozen state for such low fields and right

LSMO/MgO film of t=240 nm. The dashed and the dotted lines aboveH;,, .%?
are guides to the eye. Ins¢stars applied magnetic fielt vs T, The three regimes discussed above for the ZFC-FC curves
and (open trianglesH;,, vs T for the same sample. can be also identified if we define a characteristic tempera-
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— r - - 7 responsible for domain-wall movement has been identified.
200 . A model of strong domain-wall pinning describes well the
temperature dependence of the coercivity found in manganite
I II 11 films
150; T The temperature dependence of the ZFC and FC magne-
f tization curves has been explained in terms of the hysteresis
wol : i of these ferromagnetic materials. The irreversibility between
ZFC and FC curves has been related to the hysteresis of the
e ferromagnet and thus to the domain structure of the samples.
s0F o .. . The variation of the shape of the ZFC curves has been asso-
A °. ciated with different stages of the magnetization of the
~~~~~~~~~~~ sample. At very low fields, far from the coercivity, the mag-
0.0 0.5 1.0 L5 2.0 2.5 netization presents a maximum below thg Curie point related
to the decrease to zero of the crystal anisotropy and magne-
tostriction nearT.. As the measuring field approaches the
coercive field, a rapid increase of the magnetization is ob-
served at low temperature, which has been asociated with the
maximum of viscosity associated with magnetization
ture Tec in the ZFC curves a8M/dT|y._ =0. In Fig. 6 the changes ngaHC. When the measuring field is higher than
. ZFC the coercivity, the difference between ZFC and FC curves
field dependence ¢ for a I.‘SMO film (t:.240 nm) has becomes much smaller and decreases to zero for measuring
been_ plotted. Due to th? origin of the_ maximum Of_ ZFC forfields H>H;, . At high fields and low temperatures, both
low fields (H§H.C)’ no important variation off zec IS €x- o, es saturate at the expected value. We have shown that
pec_ted for this field range. Al approachesHC(T=O), & the ZFC and FC curves can be interpreted in terms of the
rapid change of z¢ to lower temperature is observezbne  o,se relationship existent between hysteresis loops and mag-
l). Afterwards, Tz¢c decreases s.moot.hly petvyeé’rb and  petic history of the samples. It has been shown that the rela-
Hir, due to the decrease of the viscosity with field abeie  yjon petween the measuring field and the characteristic fields
(zone 1), approaching zero abové;,, as the system satu- qf the hysteresis loop defines the shape of the ZFC curves.
rates(zone I1l). o _ However, a quantitative analysis of the problem would be
The behavior described is similar for all samples indepen;, ,ch more complicated due to the temperature dependence

dently of the film thickness or substrate. However, the chary these characteristic fields and the consequent effect on the
acteristic fieldH. andH,,, and temperaturé,r. do depend magnetization of the system.

on thickness and substrate material.

T (K)
e

FIG. 6. Field dependence df,c for a LSMO/MgO film oft
=240 nm H:~250 Oe). The dotted lines are guides to the eye.
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