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Two-dimensional ferromagnetic ordering and magnetoresistance
in the layered perovskite La,_,,Ca; 4 ,,Mn,0,
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The resistivity and magnetization of layered perovskite_LaCa, , ,,Mn,O; have been studied systemati-
cally using bulk samples with a wide doping concentration rangx€0.5 and epitaxial thin film samples
with x=0.3. The system becomes a metallic ferromagnet for doping concentrationsx3<A25. In this
doping region, results for bulk samples as well as for thin films have clearly shown that there are two types of
ferromagnetic ordering, possibly originating from an anisotropic exchange interaction. Magnetoresistance is
observed over a wide temperature range below the ferromagnetic ordering temperatures. Based on these
results, a model of temperature-dependent spin ordering is presented for a double perovskite ferromagnet,
which suggests that there is a two-dimensional ferromagnetic alignment at temperatures between the two
ordering temperature§S0163-182607)03433-4

. INTRODUCTION pseudocubicperovskites, such as La,CaMnO;. In a sys-
tem with appropriate dopingk¢-0.3), a ferromagnetic metal
Since the discovery of high-temperature superconductiviFM) to paramagnetic insulat@Pl) transition takes place at
ity in perovskite copper oxides, there has been revived interthe magnetic transition temperatufg. The temperature and
est in mixed-valence manganese perovskites. The colossgérrier doping driven metal-insulator transition is associated
magnetoresistancé€CMR) effect in doped manganese per- with this magnetic transition temperature, around which
ovskites has attracted great attention with regard to scientificMR effects have been observed. Thus, the temperature for
study and technological applications. The cublor  the maximum magnetoresistance correlates well with the
pseudocubicperovskitesk; - M,MnO; (R being rare-earth  peak resistivity temperature and the magndtidn at least
ions andM divalent cations such as La ,CaMnO; and  the isotropic perovskite manganites. Moreover, various ex-
La; xSKMnOs;, with three-dimensional Mn-O networks perimental studies on these manganites have revealed that
(isotropic MnQ octahedrg are known to become conduct- the microstructure of the Mn-O networksInOg octahedra
ing ferromagnets at hole doping concentrationg®®.2 and  plays a crucial role in the spin-charge dynamics, which is
exhibit CMR effects.”® The magnetic and electronic proper- responsible for the magnetic and electrical properties of the
ties have been examined within the framework of the doublecompounds. Systematic analyses of the phase diagram of
exchange theory, which considers the transfer of an electrogmperature versus tolerance factgeometrical parameter
between neighboring Mii and Mrf” ions the Mn-O-Mn  have indicated that increasing distortion in the Mn-O-Mn
path’®~*?Under the circumstance of the octahedral symmehond anglegor bond lengthsis followed by increasing in-
try of the Mn sites, the electron configuration becon%eé sulating behavior, decreasing magnefic, and enhanced
for Mn®** andt3, for Mn**. Thee; electrons can be treated magnetoresistance effec8>** Alternatively, “charge-
as mobile charge carriers which interact, due to the strongrdering” (CO) distortions?2~2*in which the lattice is dis-
Hund exchange coupling, with the Iocalizﬂaﬁ{J electrons  torted near a localized hole, are often accompanied by insu-
(S=3). The electron transfer depends on the relative alignlating behavior and enhanced magnetoresistance effects.
ment of the local spins. Thus, the model, which is based ofrlowever, the exact role of the Mn-O microstructural net-
the effective exchange coupling induced by carrier transfeworks in the CMR perovskites remains unclear, and the goal
(hopping, can describe important aspects of both the magof understanding and controlling the CMR in the perovskites
netic and transport behavior in manganites. The negatives still challenging.
magnetoresistance in the perovskite manganites can be inter- Recently, the effect of the dimensionality of the Mn-O
preted in terms of increased carrier hopping induced by th@etworks on the magnetic and transport properties has been
spin alignment in an applied magnetic field. However, recenstudied with a use of layered perovskite compounds having
theoretical and experimental studigs®have suggested that, the general formuld\ ; 1B,03,,1. Apart from ABOs-type
in addition to the double-exchange thedispin-dependent (n=«) manganites,A,,1B,0z,.1-type compounds have
electron hopping mechanigmsome other effects, such as layered perovskite structures with two- or quasi-two-
those relating to static or dynamic lattice distortions of thedimensional Mn-O networks. Studies of manganese oxide
MnOg octahedra, are needed to enable us to understand théth n=1, La_,Sr ,MnO, with a layered perovskite
interplay between the carrier transport and spin arrangemestructure (K,NiF,-type) have indicated that the material
and the mechanism producing the CMR effect. is a two-dimensional antiferromagrfé® Studies on
Systematic studies have provided the phase diadrdins La, ,,Sh ,,Mn,0;  (x=0.4)  single  crystald’
of temperature versus doping concentration for the ctlnic La,_,,Ca ;»,Mn,O; (x=0.25)  polycrystalline  bulk
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sample<® and (x=0.3) thin films?® have shown that manga- Octahedra
nese oxide withn=2 is a two-dimensional ferromagnet of MnOg
which exhibits colossal magnetoresistance effects. These o Aatom
studies and successive studfed? have found that double
perovskite manganites exhibit intriguing features including
enhanced MR effects, anisotropic transport in charge carri-
ers, and the possibility of two types of ferromagnetic order-
ing. In this paper, we report systematic results on the
resistivity and magnetization of layered perovskite

La,_»Ca ,2yMn,0; (0=<x=<0.5) obtained using the bulk n=0oo
and epitaxial thin film samples. We found that the system (Aye(BOsor)
becomes a metallic ferromagnet for the doping concentra- 17030
tions of 0.22<x=0.5. With bulk samples in this doping re- o A(LaCa)
gime, we observe metal-insulator transitions well below the e B(Mn)
magnetic transition temperature. Although we found the

magnetic behavior of thin films witk=0.3 to be somewhat
different from that of bulk samples with the same concentra-
tion, the two critical temperatures were also observed for thin
films and coincided well with those of the bulk samples.
These observations indicate that the existence of two transi-
tion temperatures for magnetic ordering is an intrinsic char-
acteristic of the compound. The magnetoresistance is ob- ;
served over a wide temperature range from low temperatures (@) ABO, () A;B,0, © A,BO,
to the ferromagnetic ordering temperatures. Based on these
results, we present a model of temperature-dependent spin FIG. 1. Schematic views of layer sequences and crystal struc-
configurations for a layered perovskite ferromagnet withtures ofA,,,B,03,,1 compounds(a) ABO; compound (=<°),
two-dimensional Mn-O networks. (b) A3B,0; compound =2) with a SgTi,O;-type structure, and

(c) A,BO, compound fi=1) with a K;NiF,-type structure.

Il. EXPERIMENT achieved in this study. Namely, the MR ratio here is defined

The bulk samples we used were prepared by a standa®s —Ap/po=—(p—po)/po (Wherep andp, are the resistiv-
ceramic process. Stoichiometric proportions of ,Qg ity in an applied magnetic field and the zero field resistivity,
CaCQ, and MnO; were mixed, ground, and calcined at respectively. Magnetization was measured on a vibrating
900 °C for 20 h in an @atmosphere. The samples were thensample magnetometer.
sintered in the 1400-1450 °C range for 20 h also in an O
atmosphere. For film preparation, we used a single-target Il. RESULTS AND DISCUSSION
magnetron sputtering technique. The sputtering technique
and conditions we employed were similar to those used Our X-ray diffraction study indicated that the<x<0.5
for the reproducible production of high-quality high- and x=1.0 samples were of single phase with a
superconducting oxide thin filniS. The targets were SfaTi,Os-type tetragonal perovskite structuré4mmmny.®
70 mm diameter disks with a nominal composition By contrast, thex=0.6 andx=0.8 samples were not of
(Lay_ »,Cay 1 ,xMn,0,, x=0.3); they were prepared by a ce- Single phase but a mixture with additional impurity phases.
ramic process under sintering conditions identical to thosé&igure 1 shows schematic views of the layer sequences and
used for the bulk samples. Thin films 100-300 nm thickcrystal structures of\,,;B,0z,.1 perovskite compounds.
were grown on substrates of Mg@01) and SrTiQ (001).  The figure compares views of compounds withk =, i.e.,
Deposition was carried out at a sputtering gas pressure of 78BOs;, n=2, i.e., A3B,0; (S3Ti;0; type), andn=1, i.e.,
mTorr Ar and with substrate temperatures in the range 700-A,BO, (K;NiF, type) structures. ThéABO; compound con-
750 °C. The films were then cooled to room temperaturesists of perovskite units with three-dimensiordO net-
under 10 Torr oxygen. No postdeposition annealing was unworks. In contrastA;B,0; and A,BO, structures exhibit
dertaken. Compositional analyses were performed by energyvo-dimensional B-O networks. The two-dimensional
dispersive x-ray microanalysi€DX), which indicated that AzB,0; system contains double perovskite layers interleaved
the obtained samples exhibited compositions nearly identicakith A-O layers, and the two-dimension&BO, system has
to the nominal one. The properties of the samples remained single perovskite layer interleaved wiO layers. The
stable during various heat treatme(dasnealing in oxygen at good agreement between the calculated and observed relative
900-1400 °Q. The crystal structure and the phase purity ofline intensities obtained for each value (0<x=<0.5) en-
the samples were examined by x-ray diffraction with ICa sures that the samples have a high degree of phase purity. In
radiation. The electrical resistance and magnetoresistan¢be Lg_,Ca ; ,,MNn,O; system with a SiTi,O;-type struc-
were measured as a function of temperatdt2—300 K and  ture, double perovskite layers are interleaved witliQa0O
magnetic field0—1.8 T) by a standard four-point technique. layers, and Mn-O-Mn bonds in theaxis direction are sepa-
Electrical contacts were made with silver paste. The MR wasated from one another by (@8O layers. In Fig. 2 and
normalized to the zero-field value, since no saturation wa3able |, we present the lattice parameter data for the
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FIG. 2. Lattice parameters of La,,Ca 1 ,,Mn,0; as a function
of x. Data for single phase samples witkc@=<0.5 andx=1.0 are
shown as filled circles. Data for samples with 0.6 andx=0.8,

which are denoted as open triangles, are presented only for refer- We
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FIG. 3. Temperature dependence of
La, ,5,Ca . »,MNn,0; samples with 8=x=<0.5.

resistivigy for

axis technigue showed that the thin films we used in this
study had ara-axis normal orientation with the-axis or-
dered in the plane and that they consisted of two domains,
rotated at 90° to each other in the platiee so-called mosaic
structure. The lattice parametes, for the x=0.3 films on
MgO was 0.3868 nm, which is close to the value for bulk
with the same concentration.
used single phase  bulk

samples  of

ence, because these samples are not single phase. The solid q_rgiz ».Cay s ,Mn,0, series (6sx<0.5) to examine the
—2X +2x =Y

dotted lines are provided only as a guide to the eyes.

doping dependence of the transport and magnetic properties.
In Fig. 3, we show the temperature dependence of the resis-

La, ,,Ca . »,Mn,0O; system. The general trend is that with tivity p for the Lg_,,Ca , ,,Mn,0O; series (6=x=<0.5). For

increasingx, the a value decreased and the value de-
creased. The resultamta value increased from 4.970 (
=0) to 5.001 &=0.5). Diffraction analysis using a four-

TABLE I. Summary of physical properties of ba,,Ca | ,,Mn,0-.

x=<0.2, thep-T curve is characteristic of semiconductors or
insulators for the whole temperature range we examined. For
x=0.22, thep-T curves exhibit a peak with semiconducting

Tmax

o s Te1s Teo, @andMg mean the

peak temperature in resistivity, the first magnetic ordering temperdse® text, the second magnetic
ordering temperaturésee texk, and the saturated magnetization, respectively.

) Lattice constant
Nominal

-I-max

Tcl TcZ M

S

Sample  compositionx a (nm) ¢ (nm) c/a (I%) (K) (K) (ug/Mn)

Bulk 0 0.3875 1.9261 4.970 160 3.12

Bulk 0.1 0.3872 1.9249 4971 177 3.20

Bulk 0.2 0.3872 1.9248 4971 215 3.39

Bulk 0.22 0.3872 1.9248 4971 88 215 3.58

Bulk 0.25 0.3872 1.9248 4971 96 85 215 3.59

Bulk 0.3 0.3864 1.9248 4.985 140 251 3.48

Bulk 0.4 0.3849 1.9250 5.001 185 255 2.10

Bulk 0.5 0.3840 1.9267 5.017 173 257 1.55

Bulk 0.6 0.3835 1.9360 5.048

Bulk 0.8 0.3754 1.9403 5.169

Bulk 1.0 0.3702 1.9430 5.249

Film 0.3 0.3868 133 134 250
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FIG. 4. Temperature variation of bulk magnetizatith for
samples with 8=x=<0.5. The magnetization was measured in the
warming run with a field 61 T after cooling down to 10 K in a zero
field using a vibrating sample magnetometer.

FIG. 5. Change in the magnitude of the magnetic moments as a
function ofx for La,_5,Ca; ; 5Mn50;.

doping concentrations. The large reduction in the magnetic

behavior above and metallic behavior below this tempera[’noment in the highex range could be ascribed to the con-

ture. Hereafter, the peak temperature in resistivity is desig’E”b.Utlon of the antiferromagnetic interaction between“in
nated asT"'®. For x=0.22, p once decreases beloW'* cations, .

P ' P The temperature dependence of the MR ratid p/p, (at
then slightly increases around 60 K, due to some localization H=1.8T of La C Mn-O. for concentrations of
effects, and finally decreases from 40 K down to low tem-*0 ' 2-2x A+ VN7

peratures. With increments in the nominal hole concentratior?( Z?ézza;rroo.zil 'r?(.j:'a(,:a(i:,th?an;jeg.sst' I'St SZO\éVI’I tnglgr.a?[.l In the
x from 0.22 up to 0.4T ™ increased from 88 Kx=0.22) to ;?]Lé tr’1e mawnét'd'l determ'nedl bIVI 3’1& ungt' at'cF))n megaés o
185 K (x=0.4) and the resistivity decreased. ket 0.5, we gnetid . ! y magnetizatl u
observed a slightly reduced™ of 170 K and a high resis- ment. It can be_seen that the MR effect of these samplgs
L P . exhibits a complicated temperature dependence over a wide
tivity. These metal-nonmetal phenomena, which depend o

tbmperature range. As regards the MR effect, three tempera-
the doping concentrations, are similar to those of the conve P 9 g ! P

. Nure regions can be identified; a region around a region
tional double-exchange ferromagnets such as max ; I belo™. The fi I
La, ,CaMnOs. aroundT ", and a region well below ;*". The first sma

Figure 4 displays the temperature dependence of magng-eak for all the samples_ can be observed at temp(_aratures
tization M for bulk samples with &x=<0.5. The magneti- i’iround the _tt)utljk r.nagnetlﬂ'i L ir;]d a s.econd E[r)eaxk _\Il_vrl]th a
zation was measured in the warming run with a field of 1 T arger magnitude Is present in the .reg|on aro |ﬁ8 | _|s
after cooling down to 10 K in a zero field. The bulk magnetic {€Mperature-dependent MR behavior near and ab’ﬁ\?é_ls
transition temperature$, were determined from the/-T suggestive of the occurrence of such a type of transition that
curves by the conventionall2-T method. Asx increases the double-exchange model would predict. Moreover, it is
the bulk T, values increase from 160 K& 0) and 215 K’ noteworthy that a large MR is also observed in the region
(x=0.22) ?[0 257 K k=0.5). When comparing tHE, values well below T and the temperature variation is different for
with the T values for corresponding doping concentra-ach sample. For=0.22, a positive MR is observed in the
tions, theT, values were about 100 K higher than t-ﬁgax 50-70 K range, which is close to the resistivity minimum

values. Namely, for the La ,Ca ; ,Mn,O, bulk samples, seen in Fig. 3. In Fig. 7, Wemglxot thedependence of the MR
no coincidence can be seen between the metal-insulator trafftio ~Ap/po (1.8 T) at~T " and the Iowmgxamperature for
sition and the magnetic transition, as commonly observed fof€ bulk samples. Here, the MR ratio-afT ™" and the low
ABOs-type ferromagnets with three dimensional Mn-O-Mn témperature is taken from the local maximum of the MR
networks. Figure 5 plots the change in the magnitude of théatio nearT** and the low temperature in Fig. 6, respec-
magnetic moments, which is determined from the saturateively. It is evident that thex dependence is quite different
magnetization at low temperatures, as a functiom.ofs x  for the MR ratio at the low temperature ardr ', possibly
increases fronx=0, theM first increases from 3.12;/Mn  implying that the mechanism of the MR effects is not the
(x=0) to 3.5&g/Mn (x=0.22), reaching a maximum same. The MRpeak value nearT,**is rather high in the
value of 3.5Q5/Mn (x=0.25), and then decreases steeplyvicinity (x=0.22—0.25) of the compositional boundary of
to 1.55u5/Mn (x=0.5). TheM, value of 3.5%5/Mn (x  the metal-insulator transition, and decreases steeply with in-
=0.25) is in good agreement with the expected value oftreasingx. The observed doping dependence of the MR
3.75¢5/Mn for the average oxidation state of 3.25 for Mn value atT"™ is similar to that of a conventional double-
cations, indicating that th&=0.25 compound possesses aexchange ferromagrétsuch as La ,CaMnO;, which is
fully ordered spin alignment. A slightly reduced magneticinterpreted in terms of the doping-dependent effective cou-
moment in the lowex range may suggest the canted ferro-pling strength,J/W, between the mobile carriers and the
magnetic spin arrangement, as is the case with canted ferrtecalized spins, wheré is the on-site Hund coupling, arg
magnetic insulators in the La _,Sr,MnO; system with low is the electronic bandwidtff. The origin of the low-
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FIG. 6. The temperature dependences of the MR ratio
—Aplpg of Lay_5,Ca»,Mn,0; for x=0.22 (a), x=0.25 (b), x
=0.3(c), x=0.4(d), andx= 0.5 (e). Arrows indicate the cusp tem-

peratures in resistivityl

max

p

, and the magnetic transition tempera-

turesT.. The MR ratio is measured at an applied field of 1.8 T.

temperature MR of the bulk samples is discussed later.
The observed systematic change in the electrical an¢b), and MR ratio —Ap/py (¢) for bulk and a-axis film

magnetic properties of bulk samples with various dopingsamples of La_,,Ca ., »,Mn,0; (x=0.3). There is a cusp in

concentrations is, as a whole, similar to those of cubiche p-T curves both for samples with metallic behavior be-
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FIG. 7. Thex dependence of MR ratie- Ap/py at ~T,“ and
low temperature for the bulk samples. Here, the MR ratio at
~T,® (shown in open circlgsand the low temperaturgshown in
closed circlesis taken from the local maximum of MR ratign
Fig. 6) nearT;** and the low temperature, respectively. The arrow
indicates the compositional boundary of the metal-insulator transi-
tion. The solid lines are eye guides.

(or pseudocubic perovskite manganites with isotropic
Mn-O networks. This suggests that the fundamental mecha-
nism of the metallic ferromagnetism in double-perovskite
La,_»,Ca . 2,MNn,0O; can be interpreted primarily within the
framework of the double-exchange theory. Then, the most
striking observation in the bulk samples of double-perovskite
manganites is the large deviation between the metal-insulator
transition and the magnetic transition, while a good correla-
tion has been commonly observed betweenTfi& and the
T, for the cubic perovskite manganites. Here, it is important
to mention an extrinsic effect, which could result in a large
deviation inT/'® and T, such as the grain size effétt®
reported for bulk samples of cubic perovskite. It was found
that samples with a small grain size less tha@.5 um ex-
hibited aT;"™* far (100 K) below T., whereas for samples
with a grain size larger thatr 1 um there is good agreement
betweenTpmax andT.. Examination with a scanning electron
microscope indicated that the 1&,Ca , ,,Mn,O,; samples
had an average grain size of larger thaar2. Therefore, this
grain size effect can be ruled out as the origin of the present
observation. This observation can be interpreted in terms of
the existence of two types of ferromagnetic ordering caused
by the anisotropic carrier transport and exchange interaction
in the compound. We assume that, at around the cusp tem-
perature, the electrical properties of the bulk samples are
dominated by less conductive transport along the out-of-
plane direction, which is due to a weaker exchange interac-
tion. By contrast, the magnetic transition of the bulk materi-
als would be governed by the strong in-plane exchange
interaction. ThusT "™ is observed far below th&: of the
bulk samples. To verify the existence of two types of ferro-
magnetic ordering in the compounds, we examined the re-
lated properties of the epitaxial film samples and compared
them with those of the bulk samples.

Figure 8 compares the temperature dependence of resis-
tivity p (a), magnetizatiorM and inverse susceptibility {/
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N — for bulk samples in a low magnetic field mT), a feature
E [T 140K (@) ] was observed at around thdif ™. Thus, theM-T behavior

1015_ i depending on the sample form would reflect an anisotropic
E Bulk 3 .
A 3 T ™72133 3 nature of the double perovskite ferromagnet. The tempera-
S qo°L 4 ture dependence of the MR ratioAp/py (H=1T) for thin
- i

film and bulk samples is compared in FigcB There are

N clear differences between the temperature-dependent MR be-
E havior of the thin film and that of the bulk. These differences
can be summarized in three typical aspects, that is, MR at
T7®, MR at temperatures above200 K, and MR at tem-
peratures below-100 K. With the thin film, the largest MR
effect was observed at arould™ (133 K) and the maxi-
mum MR ratio was 93%. In the MR-curve for the bulk, at
aroundT "™ (140 K) we observed a second maximum with a
—Aplpy of 30%. With regard to the MR effect at tempera-
tures above~200 K, the bulk sample exhibited a small but
significant MR effect up to room temperature. In contrast,
the thin film showed no MR effect in this temperature range.
This temperature-dependent MR behavior of the thin film
and bulk samples is closely associated with their respective
S 6oL / 1 la Ca . MnoO ] M-T behavior. The present bulk data as well as the thin film
= F Y SO data provide strong evidence that the existence of two tran-
g :
<

1/ (10*Tmol/emu)

- ) y . sition temperatures for magnetic ordering is behavior which
i \\___/\V\ ] is intrinsic to the compound.
203' N ] To understand the spin-charge coupling phenomena in

e,
(Y S A S o] perovskites with two-dimensional Mn-O networks, it is es-
0 50 100 150 200 250 300 sential to adopt the double-exchange model by taking ac-
Temperature (K) count of their anisotropic nature. In this model, the transfer

FIG. 8. Resistivityp (a), magnetizatiorM and inverse suscep- integral t;; between nelghporlng Mn sites is (_axpressed as
tibility 1/ (b), and MR ratio of~ Ap/pq (C) for bulk and thin film 1 =0ijC08@;/2), whereby; is the transfer matrix element,
samples of L ,,Cay ; ,,Mn,0; (x=0.3) as a function of tempera- Which describes electron hopping between Mn sites, &nd
ture. The MR ratio— Ap/p, and the magnetization are measured IS the relative angle of the local spins. The matrix elenfignt
under an applied field of 1 T. Arrows indicate the cusp temperature¥vould govern the coupling between the mobile electrons and
in resistivity T0">, and the magnetic transition temperatufgs the localized electrons, hence the ferromagnetic transition
temperature and the electronic conductivity. It is plausible
that, in the layered perovskite, the motion of doped holes and
max RN %hence the exchange interaction would be anisotropic in the
The T,™ value of 133 K of the thin film is in good agree- 5_p ais (in-plang andc-axis (out-of-plang directions. The
ment with that(140 K) of the bulk sample, which ensures 4nisqiropic exchange interaction could be the reason for the
stoichiometry, that is, an appropriate doping concentrationyyq transition temperatures for magnetic ordering, since the
The thin film resistivities) were much smallefby one order  agnetic critical temperature is usually proportional to the
of magnitude at room temperature and arodif* and by  strength of the exchange interaction. The Mn-Mn interaction
two orders of magnitude at 4.2)khan those of the bulk gye to the series of Mn-O-Mn bonds in the in-plane direction
sample. This is attributable to the great reduction in grainis stronger than the Mn-Mn interaction resulting from the
boundary scattering in the epitaxial films. As mentionedseries of alternating Mn-O-Mn and Mn-O-O-Mn bonds in
above, theT, of the bulk samples of the compound was the out-of-plane direction, when we consider that the Mn-Mn
always much higher than thelf)™, and forx=0.3 theT, interaction due to the Mn-O-O-Mn bonds is an antiferromag-
and T'™ were 251 and 140 K, respectively. In contrast, thenetic exchange interaction, as suggested by the results for
thin film exhibited aT, of 134 K, derived fromM2-T plot-  La;_,Sr,,Mn0,.22% So, we believe that the in-plane ex-
ting, which is in fairly good agreement with théliffax of 133  change interaction is stronger than the out-of-plane exchange
K. However, at temperatures much higher tian(134 K),  interaction, and that the probability of electron hoppihgle
there is still definite magnetization, possibly reflecting two-transfey in the in-plane direction is much higher than that in
dimensional spin ordering, as shown in Figb From the the out-of-plane direction. Different parametdrs can be
1/x-T curve for thin film withx=0.3, shown in Fig. &), it  assumed for the electron hopping in the in-plane and out-of
is evident that 1y exhibits a linear temperature dependenceplane directionsb,, and b, respectively, withb,,>b,.
above ~ 260 K, and the temperature extrapolated from theTherefore, the lower critical temperature we observed results
higher-temperature Curie-Weiss plot, as shown by the dottetfom the out-of-plane exchange interaction, and the higher
line in Fig. 8b), is 250 K, and this is very close to tig of  critical temperature results from the in-plane exchange inter-
the bulk samplg251 K) with the same doping concentration. action. Table | lists data on these critical temperatt@T%?X,

It should also be mentioned that in thé-T measurements T, andT;) for the bulk and thin film samples. For the
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bulk samples, the lower ordering temperatures, designated by 350 ——
T.1, are determined from thiel-T curve in a magnetic field - '
of 1 mT, and the higher ordering temperatures, designated by 300 Lay.xCaxMnO3

Lag_3xCay42xMm07

T.o, are obtained from th&1-T curve in a magnetic field of

1 T. For the thin film,T.; is determined from th&1-T curve

in a magnetic field of 1 T, and, is obtained from the
high-temperature Curie-Weiss plot in a magnetic field of 1 T.
It should be noted that for both bulk and thin filfig'® is
very close toT;. At aroundT¢; (~T,®) and T,, the
behavior of carrier motion and spin ordering is considered to 100
be as follows. At around; (~T,), two-dimensional spin
fluctuation occurs in the out-of plane direction, while spin
ordering is still preserved in the in-plane direction. Thus, the

r.esultant resistiviFy m.axi.mum i; observable for polycrygtal- FIG. 9. Magnetic phase diagram of 18, Cay . ,Mn,0,, based
line bulk anda-axis thin fllms, since the electrical prppertle§ on the present bulk data. The abbreviations mean paramagnetic in-
of both samples are dominated by the less mobile carrieg,|ator (p), ferromagnetic insulatofFl), and ferromagnetic metal
transport in the out-of-plane direction. An applied magnetic(Fwm). The triangles denote the peak temperature in resistjy.
field can easily restore the two-dimensional spin order andhe circles denote the magnetic transition temperafiyre The
reduce the spin scattering of the conduction electrons, thusolid lines through the data for La,,Ca , ,,Mn,O; are eye guides.
giving rise to large MR effects at aroufid, . By contrast, at For comparison, previously reported dater the L _,CaMnO;
aroundT,, the in-plane exchange interaction contributes toSystem are shown by dotted lines.
the magnetic and electrical properties, and there is also a
large spin fluctuation in the in-plane direction. Two- pears between the ferromagnetic metal and paramagnetic in-
dimensional spin ordering still remains in the compoundsulator phases in the 0.2X<0.5 range. Another important
aboveT,; up to T,. Small anomalies in the electrical prop- finding is that the doping dependence at, in the
erties at around the higher critical temperature, namelyl-a,—2«Ca ;,,Mn,O; system is very close to that df; (and
smaller MR effects and the negligible structure in the resisthereforeT)"®) in the La ,CaMnO; system, which con-
tivity data, can possibly be attributed to the contribution oftains only one type of Mn-Mn interaction. This agreement
thermally activated conduction with significantly reduced re-also provides strong evidence that the, value of
sistivity in the out-of-plane direction. La, ,,Ca . 2,Mn,0; is determined by the in-plane exchange
We could deduce the magnetic phase diagram based anteraction.
the bulk data for the double-octahedral perovskite On the basis of the above discussion, we propose the
La,_5Ca ; 2yMn,0; and this is shown in Fig. 9. The low model of temperature-dependent spin alignment for the
temperature state is (@anted ferromagnetic insulator for 0 double-layer perovskite manganite shown in Fig. 10. This
<x<0.2, and a ferromagnetic metal appears fe¢0.22.  figure also shows, for convenience, the magnetic phase dia-
For a low doping region witlx<<0.2, we observed only the gram and the schematic views of layer sequences for the
transition between a ferromagnetic insulafel) and a para- compound. This model is primarily considered to describe
magnetic insulatofPI). It is seen that for 0.22x=<0.5 the the behavior of a metallic ferromagnet of double perovskite
bulk materials behave such that they undergo two transitiongianganite with a doping concentration»of 0.3. We adopt
from a paramagnetic insulatgPI) to a ferromagnetic insu- four temperature rangesi(a) T<T.y, (b) T<T¢, (€) Ty
lator (FI) and finally to a ferromagnetic met&FM) with <T<Te, and(d) T>T.,. At T<T.,, there is ferromag-
decreasing temperature. It must be noted that the FI state imetic spin ordering within a double MnQ@ayer and between
Fig. 9 should exhibit a two-dimensional ferromagnetic ar-neighboring double Mn®layers. At T<T.,, there is in-
rangement and an anisotropic carrier motion with intrinsi-creased spin fluctuation in the out-of plane direction between
cally insulatorlike transport in the out-of-plane direction andneighboring double Mn@layers, whereas spin ordering in
metallic transport in the in-plane direction. The phase diathe in-plane direction is still preserved. At <T<T,,,
gram for a broad range of temperatures and concentrations tiere is an appreciable amount of two-dimensional spin fluc-
the La_,CaMnO; system has been reported by Schiffertuation in the out-of-plane direction between neighboring
etal® A comparison of the phase diagrams of thedouble MnQ layers. Finally, aff>T,,, spin ordering com-
La, ,,Ca . »,Mn,0O; and Lg ,CaMnO; systems may pro- pletely disappears. The most notable feature in double-layer
vide useful information about the characteristics of doubleperovskite manganite is the behavior in thig;<T<T,,
perovskite and isotropic-perovskite ferromagnetic manganrange, where there is two-dimensional ferromagnetic align-
ites. The most distinct difference between the two systems iment. In this temperature range, the observed transport and
the regime under which a ferromagnetic insulating state exmagnetic properties are highly dependent on the sample form
ists. In the La_,CaMnQO; system, this state exists only for a (e.g., polycrystals or single crystalsbecause of the two-
low (nomina) hole-concentration range. By contrast, in thedimensional ferromagnetic arrangement and the anisotropic
La,_»Ca , 2xMn,0; system, the regime of the ferromag- carrier motion with intrinsically insulatorlike transport in the
netic insulating state extends over the wide range of holeut-of-plane direction and metallic transport in the in-plane
concentrations (&x<0.5) and temperatures examined in direction. This model can reasonably explain a recent
this study. Moreover, the ferromagnetic insulating phase apebservatiof® in single crystal La_ ,,Sr . 2Mn,0; (x
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% ' change interaction due to the series of Mn-O-Mn bonds in
¢ Ay 5‘ the in-plane-direction. Near the lower critical temperature
L X 3 z corresponding to the cusp temperatdig™; there is two-
a A X dimensional spin fluctuation in the out-of-plane direction,
[ while ferromagnetic spin ordering is preserved in the in-
Octahedra @ T>Tg, plane-direction. An external magnetic field could easily re-
of MnOg store the two-dimensional spin order and therefore enhance
T e, %2 the transfer of the conduction electrons, thus giving rise to
$_:'_:' large MR effects with a relatively lower magnetic field in
"\_’\.’* this temperature range. The enhanced MR effect in the lay-
-~ %X ered perovskite manganese ferromagnet is most consistent

] T <Te<T
1 (c) ¢l < 2

with an anisotropic exchange interaction in combination with
a very narrow one-electron bandwidth. Moreover, it should

“
g : >3 be noted that, in the low temperature range well beTdi#,
§ ] +33 there is an appreciable MR effect for both the bulk and thin
E ] - > film samples. The resistivity versus applied magnetic field
= R :‘T‘ curve dat&’ on polycrystalline bulk and thin films show that
1 & TS Ta the origin of the low-temperature MR effect in the double-
3 233 layer perovskite manganite is different for polycrystalline
L2 N bulk and thin films. The low-temperature MR for polycrys-
o, talline bulk is mainly due to the magnetic-domain-based
> > mechanism coupled with either spin scattering at grain
@ T< Ty boundarie$ or spin-polarized intergrain tunnelir‘i‘&.The

low-temperature MR fom-axis thin films is possibly due to
FIG. 10. Proposed model of temperature-dependent spin aligrthe spin-polarized tunneling effett$?in the stacked layers

ment for the double-perovskite ferromagnet La Ca, | 5,Mn,05, between a metallic (Mng, layer and an insulating
together with the magnetic phase diagram, and schematic views ¢fa(Ca),O, layer, which is reminiscent of the intrinsic Jo-
the layer sequences for the compound. The arrows denote the spiephson tunneling effeétsin high-T, copper oxide perovs-
directions of Mn cations. The solid lines are eye guides. kites. Although it is reasonable to assume a domain-based

mechanism to account for the spin-polarized tunneling ef-

fects, the contribution of the exact configuration of the two-

=0.3) that theT™™ values themselves depend on the Crystapimensional spin orde'ring in thg douple perovskite mangan-
directions Usinpg the present simple model of spin align-'tes should be taken into consideration. Further studies are

ment, we are also able to explain at least qualitatively th@eedEd to clarify the role of two-dimensional spin ordering

magnetoresistance effect observed over the wide temperatu?é regards the possible formation of Jahn-Teller polarons and

range, except for the low-temperature MR in tesT,, the CMR phenomena in manganese perovskite ferromagnet.
range. However, the doping concentrations of the charge car-
riers are also likely to affect the detailed spin arrangement, as
is well known for isotropiclike perovskite manganites. Even
the degree of the dimensionality in layered perovskite man- We have used bulk and thin film samples of the double
ganites is also likely to affect the detailed spin arrangementperovskite La_,,Ca, , ,,MNn,O; series with various doping
Further investigations are necessary to elucidate these issuesncentrationsx to investigate the transport and magnetic

The magnitude of the MR effect in La,,Ca ,,,Mn,O;  properties associated with metal-insulator and magnetic tran-
has been enhanced for almost the whole temperature regiaitions. The results provide clear evidence for the existence
by comparison with the CMR perovskites with three- of two distinct types of ferromagnetic ordering, which pos-
dimensional Mn-O networks. The origin of the enhanced MRsibly results from an anisotropic exchange interaction, in the
properties in this compound can be ascribed to anisotropif.22<x<0.5 dopant regime. It can be seen that bulk mate-
Mn-O networks with reduced dimensions. The simple expla+ials with these doping concentrations behave such that they
nation is that the two dimensionality of the Mn-O networks undergo two transitions from a paramagnetic insulator to a
causes a reduction in the effective transfer interaction of théerromagnetic insulator and finally to a ferromagnetic metal
gy carriers, which gives rise to enhanced effective couplingwith decreasing temperature. Magnetoresistance was ob-
between the local spin and the charge carrier via strong intraserved over a wide temperature range from low temperatures
atomic ferromagneti¢dHund) coupling. However, an addi- to the ferromagnetic ordering temperatures. Based on these
tional and more important factor, we suggest, is the anisoresults, we presented a model of the temperature-dependent
tropic exchange interaction in this compound. The overallspin configurations for a layered perovskite ferromagnet with
Mn-Mn exchange interaction in the out-of-plane direction,two-dimensional Mn-O networks, suggesting that there is
which is due to the series of alternating Mn-O-Mn and Mn-two-dimensional ferromagnetic alignment at temperatures
O-O-Mn bonds, is essentially weaker than the double exbetween the two ordering temperatures.

IV. SUMMARY
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