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Magnetotransport in perovskite series Lg _,,Ca;4+,xMn,03,, 1 ferromagnets
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The perovskite series La,yCa 4 nyMn, 03,41 (N=2, 3, andx) composed oh layers of MnQ is a colossal
magnetoresistand€MR) ferromagnet. Results on the transport properties of epitax#&dis thin-film samples
with a fixed carrier concentrationcE 0.3) have indicated that a reduction in the number of layers results in
systematic changes in the various features. These include an increase in resistivity, a decrease in the resistivity
peak temperatur€? corresponding to the metal-insulator transition, an enhancement of the maximum MR near
T#, and an increase in the low-temperature intrinsic MR. In order to explain the variation in these features with
the number of Mn@ layers, it is necessary to take batkaxis transfer interaction and two-dimensional spin
fluctuation into accoun{.S0163-1828)03302-5

The observation of the colossal magnetoresistd684R) and magnetostriction, existence of two-dimensional ferro-
effect™® in the mixed valence manganese perovskites hagiagnetic ordering at a certain temperature range, and the
revived interest in the physicaimagnetic and electrical characteristic low-temperature intrinsic MR effect. Very re-
properties of this class of compounds. The ferromagneti€ently, it has been reported that the: 3 compoundf exhib-
metallic state in these compounds has been explained by tt§ Some features that are similar to those observed for the
double exchange theory, which considers the transfer of aj =2 compound. However, the microscopic origin of several
electron between MA-O-Mn*t ions’® As a result of features remains unclear, and a unified interpretation ex-

strong Hund exchange coupling, the itinerzﬁét electrons ﬂigml% t:ri, i\aa'?haélogrlonvstlr(]i?effeaé:;[]lflreiss Vr\]'g? ?tea\?:i?;gg of
(holes interact with the localized3, electrons 6= $), and 2 ‘ay P y Y :

In this paper, we present a series of results on the trans-

thus ;nedls_te ferromle(l_gnetlc o'\r/ldel\;lmg Si/\ﬁr?;l sgjdlehs on thﬁort properties of La ,,,Ca s n,Mn,Osn+ thin films for n
pseudocubic perovskites £3MMnO; (M=Ca,Sr) have  _5 '3 andew together with a discussion of the variation in
shown that materials with an optimized carrier concentration, 5 ious features with different numbers of Mpfayers. The
x~0.3, which undergo a transition from the paramagnetiqeatures of present concemn include electrical resistivity,
insulator state to the ferromagnetic metal state upon coolingyetal-insulator transitio?, maximum MR nearT?, and
exhibit CMR in a narrow temperature range around the Curiggy-temperature tunneling MR. Based on a comparison of
temperature. There is strong evidence that distortion of thehe magnitude of these features among the compounds, we
Mn-O-Mn bond, which modifies the one-electron bandwidth,argue that the reducectaxis transfer interaction as well as

IS a CTUC@' parameter governing spin-charge cquphng, hencghe two-dimensional spin fluctuation, which result from the
the magnitude of the CMR. Moreover, theoretical and ex-anisotropic(doublg exchange interaction, play an important
perimental studié§~*? have pointed out the importance of role in enhanced CMR and other related properties.
electron-phonon interaction that relates to Jahn-Teller-type

lattice distortions of the Mn@octahedra. The above results ¢
suggest that there is considerable coupling among the charge,
spin, and lattice in this system. MnOg

Recent attention in this field has focused on layered per- Octaheda a
ovskite series of Ruddlesden-Popper compounds A atom
(La-M),,11Mn,O3,, 1, Since CMR was observed in the (La-Ca) g

n=2 compounds ¥ =Sr,Ca)**n contrast to pseudocu-

bic perovskites ff=«) with three-dimensional Mn-O net-

works, the layered versions of (U, 1Mn, Oz, 1, Of .
which layer sequences are shown schematically in Fig. 1, &£
consisting of perovskite blocks, MnOg octahedra thick, off-

set along thec axis and with an intervening layer ¢Eta-
M)O ions, possess a two-dimensional and anisotropic char-
acter whose magnitude depends on thealue. Apart from YV VN
then=1 member, which is an antiferromagnet at any doping N/ .& N,
concentration, the layered manganites with2,3 and x
~0.3-0.4 are found to be ferromagnets exhibiting CMR ef-
fects. Studie$ 1’ of the n=2 compound have shown that
they exhibit remarkable features including MR ratio en- FIG. 1. Schematic views of layer sequences of
hancement, anisotropy in charge transport, magnetizatiorjLa-Ca),,,;Mn,Os,., compounds.
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A single-target magnetron sputtering technique was 10 g s
used for preparing the thin-flm samples of 3
La,_ nxCa i+ nxMn, 03,41 (N=2, 3, andx). The preparation 10"

methods and conditions have been reported elsewRditee
targets for the thin films oh=2, 3, and~ compounds were
disks with nominal compositions of LaCa Mn,0O,,

La, :Ca Mnz0O,, and LagLaMnO,, respectively. The
film thickness was typically 150 nm, and the substrates were

MgO (001). Energy dispersive x-ray microanalysiEDX) 10-3M
indicated that the compositions of the films were nearly iden- 2

10!

AL IR B R

p (Qcm)

vovd gl s v 3 oed

tical to the nominal one within the accuracy-2%) of 10 “*H+HH R
EDX. X-ray-diffraction analysis showed that all the films 1.5 —oo

were single phase and had aaxis (100) normal orientation n= H=1T
to the substrate surface. Tkescan(in-plane rotation x-ray n=3

analysis on then=2,3 thin films indicated that tha-axis

films were ordered in the film plane and consisted of two n=2 \

1.0:" ——‘\ \\.‘

domains, rotated at 90° to each other, in the pléhe so-
called mosaic structuyeThe diffraction data including the
¢-scan mode gave us lattice parametersagf 0.3864 nm
for the n=« films, a;=0.3864 nm, c,=1.920 nm, and
Co/ag=4.970 for then=2 films, anday=0.3867 nm,c,
=2.680 nm, anaty/ay=6.930 for then=3 films. The three
types of samples exhibited full widths at half maximum in
the rocking curve for th€200 reflection in the 0.3-0.5°
range, indicating similar epitaxial quality.

The top panel in Fig. 2 shows the temperature dependence
of the resistivityp in a zero field for thin-film samples of
La,_ nxCa 1+ nxMn,O3,41 With Nn=2, 3, and . All three
samples display a maximum in tleT curve at a respective
temperature and exhibits a metallic behavior below and a
semiconducting behavior above the temperature. This resis-
tivity maximum is indicative of the occurrence of a metal- e o o M U R M A
insulator(MI) transition. The MI transition temperatur&$, 0 50 100 150 200 250 300
defined by the temperature of the resistivity maximum are Temperature  (K)
listed in Table I, together with other data including the resis-
tivity values at 4.2 K andl?. When comparing these thin- M, and inverse susceptibiity #/ for thin fims of
film data '(nfz,oo). with thosg of poncry§taIIine bulk La, 1, Car. M, Osrs 1 With n=2, 3, andw. The magnetization
samples with identicah and carrier concentration valu@®  4nq jnverse susceptibility £/are measured under an applied mag-

available data fon=3 bulk samplg the present thin films netic field of 1 T. Arrows in the top panel indicate the resistivity
exhibit T¢ values, which are in good agreement with the bulkpeak temperatureB?, and arrows in the middle panel indicate the
values[140 K (Ref. 14 for n=2, and 240 K(Ref. 4 for n  magnetic transition temperatur@y’ .
=o]. The slight reduction £ 10 K) in the T? values in the
thin films might be due to strain induced by the substrate ofxtrapolated from the Curie-Weiss plot, are about 250 K for
slight deviation of the carrier concentrations. The thin filmsall the samples. Although th® , value is close to thay
exhibited reasonably low-resistivity values at 4.2(&out value for then=c, the® , value is much higher than tﬁél"
two orders of magnitude lower than those of the bulkvalues for the layered compounds with- 2 and 3. The large
sampley indicating a film epitaxial quality free from granu- deviation between thé’ﬂ" and the®, values has been re-
larity. ported for single crystald and thin film$® of the layered
The middle panel in Fig. 2 shows the temperature depen¢n=2) compounds. This could be interpreted as being the
dence of the magnetizatiddl in a magnetic field b1 T for  result of the anisotropic electron transfer and exchange inter-
thin-film samples of La_,,Ca . n,Mn 03,1 With n=2, 3,  action, which is due to the different Mn-O bond configura-
and«. The ferromagnetic Curie temperatur'éﬁ are deter- tions in thea-axis andc-axis directions. Therefore, the upper
mined by the conventiona¥?>-T method. All the thin film  transition temperatur®, can be ascribed to the stronger
samples possessed tFﬁJ—é/I values that are correlated well a-axis interaction, and the lower onég", to the weaker
with the T values. However, the three samples exhibit dif-c-axis interaction.
ferent behavior in thé-T curves, especially at temperatures The data listed in Table | indicate that the transport and
higher than the™ . The inverse susceptibility /T curves — magnetic properties are sensitively dependent on the number
at the high temperatures for the three samples are shown #f MnO, layers,n. As then values decrease, tfi& and the
the bottom panel in Fig. 2. A linear temperature dependenc@ﬁ" values decrease and the resistivity values increase dra-
of 1/y is observed above 260 K, and the temperaturé,, matically. This systematic dependencerors also observed

0.5

M (10* emu/mol Mn)
=
&
>

FIE T N N N N T N N A R SN R

1/ (107 Tmol Mn/emu)

FIG. 2. Temperature dependence of resistiyitynagnetization
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TABLE I. Typical physical properties of thin films of l,.a,,,Ca ; nyMn,;03,,+1 With x=0.3.

(p(1T)=p(0))/p(0)  (p(1T)~p(0))/p(0)

pat42K patT’ T T 0, at~T# at4.2 K
n (Qcm) (Qcm) K K (K (%) (%)
2 3.1x10°%2 2.8x1d° 133 134 250 -93 -50
3 8.2x10°% 6.8x10°! 184 189 254 -61 -16
© 3.4x107% 9.2x1072 230 243 255 -50 0

for the MR behavior. The temperature dependence of thenagnetic transition is associated with the MI transition.
negative MR ratio —Ap/p(0) (H=1T) for the three Therefore, the Ml and ferromagnetic transition temperature
samples is shown in Fig. 3. The MR ratio is defined asis expected to be proportional to the effectiggbandwidth
Aplp(0)=[p(H)—p(0)]/p(0), wherep(H) and p(0) are  (W). From the transition temperature values in Table I, we
the resistivity in an applied magnetic field and the zero-fieldcan estimate the one-electron bandwidth of ¢geelectrons
resistivity, respectively. Itis clear that all the samples exhib<or the three compounds. Assuming thatis 1.5 eV for
ited maximum magnetoresistance négr. For then=o |5 g MnO; (T,=360K)2° the W values for
compound, the relatively large MR associated Wit is | 5,.,Cq ,MnO; (T,=233K), LaCa MO (T
restricted to a narrow temperature range, and the MR ratie- 184 K), and La,Ca gMn,O, (T.=133 K) are estimated
decreases with decreasing temperature and becomes negli-pe 0.98, 0.77, and 0.56 eV, respectively. The reduction in
gible in the low-temperature range. By contrast, for the layyy accompanied by a reductionimwas also demonstrated in
ered compound with=2,3, we can see a broad maximum in yhe magnitudes of the electrical resistivities. The increase in
the _MR'T curve and observe an appreciable MR effect over lectrical resistivityp with decreasing (see Table)lis at-
aPW|de tempgrature range from low temperature io aroun ibuted to a narrowing of the one-electron bandwidth. This
T¢. The maximum and low-temperatufé.2 K) MR values 5 oyected from the basic concept of the double exchange
for the samples are listed in the last two lines in Table I,qqe|: hothT, and p reflect real charge motion determined
showing that a reduction im resulted in remarkable en- p, yhe transfer interactioty via the one-electron bandwidth.
hancement of both the maximum and low-temperature MR "gp0,1d be noted that the reducsd corresponds to that
We now turn to the origin of the relationship between thealong thec axis rather than tha axis.
number of MnQ layers,n and the electrical transport in When discussing the dependence of the MR effect, we
Lan—nxCa+nxMnyOsn-1 . As a consequence of the structural o consider the effect of the bandwidi of the e, elec-
change from perovskiten(=<) down to n=2, which is " 4on The role of the bandwidth on the magnitude of MR
brought about by insertion of the insulatifiga,Ca,0; layer  have peen suggested from the previous results on three-
into the perovskite layers, a two-dimensional character is ingimensional compounds with the different average ionic ra-
troduced. This is expected to produce an anisotropic reduggiys of the La site. It is shown that increasing the bond
tion of the one-electroneg) bandwidth. Thesy bandwidth,  gistortion enhances the MR response and reduces the ferro-
as several experimental studié3have revealed, is the criti- magnetic transition temperatuf,. Several reports on the
cal parameter governing the CMR and related properties ifyeq_dimensional compounds have shown a general trend
perovskite manganites. Theoretically, it is predicted that thgy 5t the MR response is nearly inversely proportional to the
ey bandwidth determines the transfer interactionetween ferromagnetic transition temperatufe. Within the frame-
neighboring Mn sites. Within the framework of a simple ;4 of the recently developed Kondo lattice motfethe
double exchange theory, the exchange interaction is Propofya rowing of the bandwidth results in both the lowering of
tionally related to the transfer interactidn and the ferro- the T, and enhanced couplind{ /W) between itinerant car-
riers and localized spins. To investigate the rola\din the

ool | TTTTTTTTTTTTITITTITT relationship between the MR response ahdand related
L Y H=1T _| issues in the present compounds, we plot in Fig. 4 the rela-
g 80 n=2 / k _ tionship between magnitude qf the _maximum NHR 0.1 and
- 4 1 T) and theT% values obtained in the present study (
= 60 4 =2,3 andx) and the previous studiesi€ «).238t is clear
= - . that the MR magnitude in the=2 compounds increases
AL . - more rapidly with a decrease i, and no(inversg linear
' LT . relationship can be seen between them. The deviation from
20 ,‘ \\ - the linear relationship is more evident in a low magnetic field
o L3 e \ L (0.1 1. This indicat'es tha}t we cannot attribute the enhanced
0 50 100 150 200 250 300 MR of these two-dimensional compounds solely to the nar-

rower bandwidth. An additional factor affecting the MR re-

sponse is the spin correlation inherent to two-dimensional
FIG. 3. Temperature dependence of MR rdtieA p/p(0)] for ~ compounds. This is because spin-correlated fluctuation scat-

thin films of La,_ 1,Cay s neMN,Osn. 1 With n=2, 3, and. These  tering has a dominant effect on the MR n@dr. To obtain

data are measured under an applied magnetic field of 1 T. an insight into these issues, we examined the field depen-

Temperature (K)



57 MAGNETOTRANSPORT IN PEROVSKITE SERIE. . . 1055

1-1 T T L l T T T T I T T T T I T T T T
100 : L] Ll L] T I T 1 T T I T T T T I T T T T ] 1 L n=w 4.2K m
80 [ -:
g ' : 0.9
~ 60 [ ] s
S ' 1 =
3 40 . Z 0.7
< [ ] %
20 ] 0.6
0 : 1 1 1 ] I 1 1 1 1 I 1 1 1 1 I 1 1 Q 1 ] 0.5
50 100 150 200 250 0.4
TP (K) | 1.5

FIG. 4. MR ratio[—Ap/p(0)] in H=0.1T, and 1 T plotted 1.0

against theT? values for thin films of La_,xC& 4 nxMN,Ozp+1 iN

the present studgn=2, 3, and=) and previous studiedRefs. 2, 3,
and 6§ (n=w=). The closed symbols denote dateHr=1 T, and the
open symbols denote data iH=0.1T. The (open and closed
circles(indicated by arrowsdenote present data far=, and the
other circles denote reported ddRefs. 2, 3, and 6for n=«. The
squares denote data far=3, and the triangles denote data for
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dence of normalized resistivigy(H)/p(0) for the three thin- -1 -0.5 0 0.5 1
film samples aff? and the results are shown in Fig. 5. In the H (T)

p(H)/p(0)—H curves, a steep(H)/p(0) decrease is ob-

served in the low magnetic field range below 0.5 T, particu- FIG. 6. Field dependence of normalized resistivityH)/p(0)

larly for then=2 compound. The observed field dependenceand magnetizatioM at low temperatures for the thin films of
of the MR response shows that in the two-dimensional maka—nxCéy+nxMn,Osn. 1 With =2, 3, andw. The normalized re-
terials the spin-correlated fluctuation can be easily supSistivity p(H)/p(0) was measured at 4.2 K, and the magnetization
pressed by a low external field. Recent studies suggest ¥ Was measured at 13_K..These data were ob;alr}ed after the initial
two-dimensional and/or short-range spin correlation abov&PPlication of a magnetic field of 1.8 T. The solid lines in the top

T for then=2 compound>%?Below T#, the spin correla- panel are drawn only as a guide to the eyes.

tion becomes long range. The two-dimensional spin orderingimensional spin-correlated fluctuations survive down to
in the layered compound possibly originates from the anisof,er temperatures. The existence of two-dimensional spin-
tropic exchange interactions in tteeb axis (in-plane and  corejated fluctuations even in the ferromagnetic state may
the c-axis (out-of-plang directions. Larger anisotropy ex- pe associated with the observation of enhanced Jahn-Teller
pected for a smallen compound might lead to more en- gisiortion upon charge delocalization for the double layer
hanced two-dimensional fluctuation. The broad MR pea'?nanganite§?
with an asymmetric shape seen in the MFReurve only for The most distinctive difference between the features of
the n=2,3 compounds(Fig. 3 may suggest that two- the three- and twdtayered dimensional compounds is in

A their low-temperature MR behavior. The field dependence of
T B e o e e normalized resistivityp(H)/p(0) and magnetizatiomM for

1.0 0 _ the three thin-film samples at low temperatures are shown in
0.8 n Sl Fig. 6, and indicative of apparent hysteresis behavior for the
- 1 n=2,3 compounds. We found that the magnetic fields lead-
§ 0.6 E ing to the resist_ivity peak !n thp(H)/p(O)—_H curve cor-
= r : respond to the fields at which zero magnetization is obtained
T 04 h in the M-H curve. The observed MR with hysteresis behav-
Q C ] ior for the n=2,3 compounds can be understood by the in-
02 [ h tragrain(intrinsic) spin-polarized tunneling through the insu-
C ] lating (La,C3,0, layer. Moreover, it is found that the
0.0 B v v v 1y L magnitude of the tunneling MR depends critically on the
0 0.5 1 1.5 2 number(2 or 3 of MnO, layers, as listed in Table I. This
H (T) means that the magnitude of the tunneling MR is not solely

determined by the spin polarization, since nearly complete

FIG. 5. Field dependence of normalized resistiviH)/p(0) spin polarization is also expected for the perovskite manga-

at nearT? for the thin films of Lg_,,Ca;,,Mn,O3,,1 With n nites at low temperatures. On the basis of the tunneling con-
=2, 3, and>. The solid lines are drawn only as a guide to the eyesductance network modéf, we might explain such a large
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difference by taking account of the additional magnetic enteduction in the number of MnQlayers in the unit cell re-
ergy in the tunneling process. When the magnetic momentsulted in systematic changes in various features. These
of neighboring (MnQ), layers separated by @a,Ca3,0, changes include an increase in resistivity, a decrease in re-
layer are not parallel and electron spin is conserved in thgistivity peak temperatur@? corresponding to the metal-
tunneling, additional magnetic exchange energy related tinsulator transition, an enhancement in the maximum MR
the c-axis transfer interaction is required. Further study isnear T2, and an increase in the low-temperature intrinsic
necessary to clarify the role of the transfer interaction and théunneling MR. A comparison of the magnitude of these fea-
spin configuration in the behavior of the tunneling MR. tures among these compounds suggested that both the re-

In conclusion, we have reported results on the magneeduced c-axis transfer interaction and the two-dimensional
totransport properties of La,,Ca . Mn,03,:1 (n=2,3,  spin fluctuation play an important role in determining the
and «, x=0.3) thin films. Our results demonstrate that a CMR and related properties in layered manganites.
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