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Insulator-metal transition induced by interlayer coupling
in La0.6Sr0.4MnO3ÕSrTiO3 superlattices
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The electronic and magnetic properties of perovskite superlattices composed of five unit-cell layers of
ferromagnetic metal La0.6Sr0.4MnO3 and nonmagnetic band insulator SrTiO3 with varying layer thickness have
been systematically investigated. The superlattices have well-defined periodic stacking with no sign of inter-
layer diffusion. The spin canting at the interfaces in La0.6Sr0.4MnO3 layers manifests itself as a suppressed
magnetization and huge magnetoresistance subsisting to low temperature. The transport properties show a clear
crossover from insulating to metallic perhaps by an increase in the interlayer electron hopping through SrTiO3

layers when the SrTiO3 layer thickness is reduced. This crossover is also discerned in the infrared optical
spectra as the filling of absorption in the low-energy region.
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I. INTRODUCTION

Perovskite manganese oxides have recently been att
ing great interest because of intriguing magnetoelectro
phenomena such as gigantic magnetoresistance, ch
orbital ordering, metal-insulator transitions, etc.1 The inter-
play among charge, spin, and orbital degrees of freed
plays a crucial role in realizing various ground states in s
a correlated electron system. Among them, La12xSrxMnO3

~LSMO!, having the highest Curie temperature (TC)
;370 K ~at x50.4) among the manganites, has been ext
sively studied.2 Since the density of states at the Fermi lev
(EF) in LSMO is occupied almost by the majority-spin ele
trons alone in the ferromagnetic~FM! and metallic states,3

attempts have been made to use this almost 100% spin
larization in the form of heterostructures such as tun
junctions.4 However, a far inferior performance to that e
pected implies the importance of interface issues. For
ample, the LSMO(x51/3)/SrTiO3 /LSMO(x51/3) tunnel
junction shows a fairly large tunneling magnetoresistanc
low temperatures as expected, but it disappears around
K.5 Since the magnetization is almost saturated at 200
(;TC/2), large magnetoresistance should be present at
temperature. The unexpected suppression of magnetor
tance well below TC has also been reported in oth
literature.6 We suspect that a sort of modulation of ferroma
netism such as spin canting takes place in LSMO adjacen
SrTiO3 ~STO!. By using superlattices containing many inte
faces of interest, such a spin canting effect can be quan
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tively studied by measurements of magnetization and tra
port properties,7 since the double-exchange mechanism
metallic conductance is sensitive to spin-state modificatio8

Until now, several groups have reported on LSMO/ST
or La12xCaxMnO3 /STO superlattices,9 in which the suppres-
sion both inTC and magnetization was observed as the thi
ness of Mn oxide layers decreases. This has been attrib
to the deformation of the crystal structure of Mn oxide laye
in the superlattices. In fact, lattice strain in these compou

FIG. 1. An HRTEM image of a@La0.6Sr0.4MnO3 5 u.c./SrTiO3 5
u.c.# superlattice along the@100# axis. Dark and bright areas indi
cate La0.6Sr0.4MnO3 and SrTiO3 layers, respectively.
©2001 The American Physical Society29-1
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can give a huge effect on the electronic properties thro
the orbital-lattice coupling channel.10,11 Therefore, quantita-
tive and careful studies are needed to investigate the s
structure modification inherent in the interface region. In t
study, the effects of spin canting in LSMO and possible el
tron hopping across STO layers on the electronic proper
of superlattices are clearly demonstrated by ruling out
strain effect through detailed structural characterization.

II. EXPERIMENT

LSMO(x50.4)/STO superlattices were grown by
pulsed laser deposition method as reported previously w
controlling the layer thickness by the intensity oscillation
reflection high-energy electron diffraction.7,12 Single crystals
of STO with an atomically flattened~001! surface (a5b
5c50.391 nm) were used as the substrates.13 An LSMO
100-nm single-layer film was also fabricated for comparis
X-ray diffraction ~XRD! measurements were performed wi
a four-circle goniometer. A sample for high-resolution tran
mission electron microscopy~HRTEM! was prepared by a
focused-ion-beam microsampling technique with use
30-kV accelerated Ga ions. The HRTEM observation w
operated at 400 kV. Magnetic measurements were carried
by a superconducting quantum interference device magn
meter. Resistivity with magnetic field up to 7 T applied alo
the film plane was measured by a conventional four-pr
method. In the optical measurements, transmittance@T(v)#
and reflectivity @R(v)# spectra were measured using
Fourier-transform-type spectrometer (0.2,\v,0.8 eV)

FIG. 2. An x-ray diffraction contour mapping in the reciproc
space around the perovskite~114! peak for a@La0.6Sr0.4MnO3 5 u.c./
SrTiO3 4 u.c.# superlattice. The abscissa and the ordinate indic
the position of reciprocal lattice along the@110# and @001# direc-
tions, respectively. The superlattice satellite peaks are denoted
21 and11.
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and grating monochrometer (0.6,\v,3.0 eV). The ab-
sorption coefficient@a(v)# was calculated by the relatio
a(v)52 ln$T(v)/@12R(v)#%/d, d being the total thickness o
LSMO layers.

III. RESULTS AND DISCUSSION

The LSMO layer thickness was fixed at 5 unit cells~u.c.!
throughout this study and the STO layer thickness (tSTO) was
varied from 1 to 5 u.c. Superlattices are represented
@LSMO 5 u.c./STOtSTO# in this paper. We denote the cryst
indices in the tetragonal unit cell setting thec axis perpen-
dicular to the film plane. The HRTEM image in Fig. 1 show
a clear contrast between LSMO and STO due to comp
tional modulation along the stacking direction. The interfac
are flat and aligned evenly as we expected. Detailed anal
of the interface structure based on chemical lattice imag
indicated no or minimal, if any, interlayer atomic diffusion.14

Figure 2 shows a typical contour mapping in the recipro
space obtained by an XRD measurement for@LSMO 5 u.c./

te

as

FIG. 3. ~a! Temperature dependence of magnetization
@LSMO 5 u.c./STOtSTO] superlattices. Magnetization was me
sured during warming in a magnetic field of 500 Oe applied alo
@100# in the film plane. Magnetization is normalized by th
La0.6Sr0.4MnO3 layer thickness. ~b! Magnetization of the
@La0.6Sr0.4MnO3 5 u.c./SrTiO3 2 u.c.# superlattice as a function o
magnetic field. EachM -H curve is measured after zero-field coo
ing at 7 T. There is no difference between the magnetization a
field cooling and zero-field cooling. Magnetization is not satura
even at a temperature far lower thanTC (5170 K).
9-2
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INSULATOR-METAL TRANSITION INDUCED BY . . . PHYSICAL REVIEW B64 064429
STO 4 u.c.#. The peaks arising from the superlattice~denoted
as 0,61) have identicalQ110 values to that of the substrat
peak, indicating that the crystal symmetry is deformed int
tetragonal symmetry witha5b50.391 nm to match the in
plane lattice constant of the substrate. Such a lattice de
mation was observed for all samples investigated here, b
consistent with the fact that there can scarcely be see
misfit dislocation in the HRTEM picture. Thus, we can ru
out a change in the crystal structure as a source of
change in the electronic and magnetic properties of supe
tices having various layer thickness because all the films
equally subject to the biaxial tensile strain.

Figure 3 shows the magnetization of superlattices w
varioustSTO as a function of temperature and magnetic fie
The magnetization is normalized by the volume of t
LSMO layer. In Fig. 3~a!, a significant reduction can be see
both in the magnitude of magnetization andTC compared
with the single-layer film. TheTC of 140 K and the sponta
neous magnetization of 0.86mB /Mn for @LSMO 5 u.c./STO 5
u.c.# are significantly reduced from those for the single-lay

FIG. 4. ~a! Resistivity for a@LSMO 5 u.c./STO 2 u.c.# superlat-
tice as a function of magnetization observed in theM -H curve. To
avoid the domain rotation component in the magnetoresistance
small magnetic field, data in the range of 0.05 T,H,7 T are
used. ~b! Schematic illustration of the relationship between t
magnetization and resistivity. BelowTC , spins show long-range
order, with some canting configuration. The local (t2g) spins are
further aligned toward the collinear spin configuration by apply
an external magnetic field, resulting in an enhanced mobility
conduction electrons.
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film, 338 K and 3.42mB /Mn, respectively. Figure 3~b! shows
the M -H curves of@LSMO 5 u.c./STO 2 u.c.# at the various
temperatures. The magnetization increases gradually with
creasing magnetic field even above 53104 Oe, indicating
the presence of spin canting.

In the scheme of a double-exchange interaction,8 the re-
sistivity can be related to the magnitude of magnetization
this model, the electron hopping interaction between nei
boring Mn sites is proportional to cos(uij /2), u i j being the
angle between the neighboring Mn local (t2g electron! spins.
To elucidate the transport and spin structure quantitativ
we plot in Fig. 4 the relationship between the resistivity a
magnetization of@LSMO 5 u.c./STO 2 u.c.#. As clearly seen,
the resistivity is decreased with the magnetization indu
by an external magnetic field. BelowTC5170 K, where
long-range magnetic correlation develops, finite spontane
magnetization arises, and correspondingly the resistivity
ready decreases. However, application of a magnetic fiel
7 T further increases the magnetization from 0.55mB /Mn to
1.4mB /Mn at 50 K, shown as the hatched area in Fig 4~a!. In
accordance with increasing the magnetization~reducing the
u i j ) by applying 7 T, the resistivity is monotonically de
creased to about 1/5. Thus, we can conclude that the m
netic field changes the canted spin alignment, which perh
arises from the interface with STO layers, toward the F
collinear spin one, and as a result, the electron hopping
tween the adjacent Mn sites is largely enhanced.

Since the counter STO layer bears almost no spins
can destabilize the ferromagnetism of LSMO, a mechan
other than spin frustration at the interface7,15 must be consid-
ered as the origin of spin canting. The most plausible ori

t a

f

FIG. 5. Temperature dependence of resistivity for@LSMO 5
u.c./STO tSTO# superlattices at various magnetic fields. Only t
total thickness of La0.6Sr0.4MnO3 layers was used to calculater for
the superlattices. The resistivity was measured during warming a
field cooling. The data for the La0.6Sr0.4MnO3 single-layer film are
also shown for comparison.
9-3
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is a gradual change from an FM to a layer-type antiferrom
netic ~AF! state at the vicinity of the interface. The AF pha
is often observed in heavily doped Mn oxide perovskites16

In the case of LSMO, a layer-type AF state appears fox
.0.5 in bulk samples,17 and in thin films tensile lattice strain
from the substrate expands the layer-type AF region t
lower-doping region.11 This is because a smallc/a value
splits the degenerateeg energy level into lower-lyingx2-y2

and higher-lying 3z2-r 2 levels, and the increase of occu
pancy in thex2-y2 orbital induces the layer-type AF spi
ordering.16 In this context, the LSMOx50.4 film with ten-
sile strain is positioned near the boundary between
double-exchange FM and superexchange AF phasess. T
fore, if even a small amount of charge transfer occurs
tween LSMO and STO through the interface, the margi
FM ordering in LSMO may be easily destabilized. For i
stance, hole injection from STO to LSMO is likely caused
interruption of the periodic sequence of the La0.6Sr0.4O sheet
in LSMO by the SrO sheet in SrTiO3 at the interface. Some
other mechanisms might also affect the magnetism of LS
cooperatively or competitively.

Figure 5 shows the in-plane resistivity as a function
temperature. The superlattices show a clear insulato
metal transition astSTO is reduced from 3 to 2 u.c. The en
hancement of the resistivity (r) with an increase oftSTO as
well as the large magnetoresistance subsisting down to
lowest temperature for superlattices withtSTO<2 can be

FIG. 6. ~a! Ferromagnetic transition temperatureTC , ~b! spon-
taneous magnetization at 5 K, and~c! conductivity on a logarithmic
scale at 100 K~solid symbols, belowTC! and 350 K~open symbols,
aboveTC) as a function of SrTiO3 layer thickness (tSTO). The con-
ductivity changes significantly in the hatched area with chang
SrTiO3 layer thickness in spite of the almost constant values ofTC

and magnetic moment.
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-

a

e
re-
-
l

O

f
o-

he

partly explained by the double-exchange model taking
count of spin canting.8 It is known that FM ordering within
the ab plane and AF coupling along thec direction are real-
ized in the metallic layer-type AF phase of
Nd0.45Sr0.55MnO3.18 Therefore, metallic conductivity is stil
expected in the present superlattices as well because of
tron conduction within the FM plane. Actually, even thoug
the magnetization is as small as about 17–33 % of the f
FM LSMO thick film, reflecting the almost layer-type AF
state, metallic conduction appears for@LSMO 5 u.c./STO 1
u.c.# and @LSMO 5 u.c./STO 2 u.c.#. In this sense, the mag
netoresistance of@LSMO 5 u.c./STO 2 u.c.# shown in Fig. 4
is partly ascribed to the field-driven FM alignment betwe
neighboring MnO2 sheets.18 However, we need an additiona
carrier-localization mechanism in the superlattices to acco
for such a large change inr or the metal-insulator transition
as a function oftSTO. The spin canting near the interfac
induces the confinement of the double-exchange carriers
the narrowed width of the LSMO layer. Such an effecti
reduction in the electronic dimension may cause another
stability, leading to carrier localization, such as charge ord
ing.

To clarify the relation between the magnetic and transp
properties, we plotTC , spontaneous magnetization, and co
ductivity (s[1/r) as a function oftSTO in Fig. 6. With an
increase oftSTO, s decreases drastically at both 350 K
(.TC) and 100 K (,TC) as seen in Fig. 6~c!. There is a
crossover region~hatched area! where onlys decreases with
the magnetization andTC being kept nearly constant. In thi

g

FIG. 7. Variation of the absorption spectra for th
La0.6Sr0.4MnO3/SrTiO3 superlattices at various temperatures bel
TC . The SrTiO3 layer thickness (tSTO) is varied from one to three
unit cells.
9-4
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INSULATOR-METAL TRANSITION INDUCED BY . . . PHYSICAL REVIEW B64 064429
region, s at 100 K decreases by more than two orders
magnitude with an increase of the STO layer only by 1 u
Since the magnetization of the superlattice changes little
this region, this abrupt change ins should be attributed no
to the change in spin canting, but to that of the charge
namics affected by the electronic coupling between adjac
LSMO layers separated by STO.

To probe the variation of electronic structure withtSTO,
we measured the optical spectra in an infrared-to-visible
gion (0.2–3.0 eV). Figure 7 shows the absorption spec
@a(v)# of the superlattices withtSTO51,2, and 3 u.c. The
a(v) steeply decreases toward\v50 eV regardless of the
temperature for@LSMO 5 u.c./STO 3 u.c.#, indicating the
presence of a charge gap (D) of 0.2–0.3 eV, which is com-
parable to a typical value of the charge-ordered manga
Pr0.6Ca0.4MnO3 (D50.18 eV).19 On the other hand, the
a(v) for @LSMO 5 u.c./STO 1 u.c.# develops in the low-
energy region with decreasing temperature, which is con
tent with the metallic temperature dependence ofr. At the
intermediatetSTO of 2 u.c., a small but finitea(v) is dis-
cerned in a low-energy region belowTC (;150 K). The
observed systematic change of optical spectra suggests
the electronic structure of the superlattice is modified ove
fairly large energy region~0–1 eV! by change oftSTO from 1
to 3 u.c. The interlayer electron hopping such as carrier t
neling through STO barrier layers appears to suppressD,
which would be otherwise developed in the 5-u.c.-thi
LSMO single layer. WhentSTO>3 u.c., the interlayer elec
tron hopping is so small that the carriers are confined wit
ultrathin ~5 u.c.! LSMO layers with considerable spin can
ing.

On the basis of these spectral features, we speculate
some kind of charge ordering within the thin LSMO layer
Te
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induced to develop such a largeD. In particular, the
checkerboard-type charge ordering accompanying breath
type Mn- O bond distortion is likely present in the insulatin
x50.4 layer of the superlattice, where the nearly-layer-ty
AF state is realized withdx22y2 orbital ordering. In fact, the
possibility of such a charge ordering has been extensiv
argued theoretically20,21 and experimentally22 for the layer-
type AF phase ofx;0.5 doped manganites. AstSTO is re-
duced to less than 2 u.c., the electron hopping or hybrid
tion effect through STO layers contributes to the recovery
conductivity perhaps via the melting of charge ordering
though the spin-canted region is still preserved.

IV. CONCLUSION

The presence of spin canting in LSMO at the interfa
was evidenced by the transport and magnetic propertie
LSMO ~5 u.c.!/STO superlattices. Since the in-plane latti
constant of the films is identical to that of the SrTiO3 sub-
strate, the strain effect can be ruled out as a source of
modification in physical properties with a change of SrTiO3
layer thickness. A crossover from an insulating to a meta
state occurs when the STO layer thickness is reduced fro
to 2 u.c. Optical spectra of the superlattices show the p
ence of a fairly large charge gap, being reminiscent of
charge ordering instability inherent to two-dimensiona
confined electron systems. The charge gap is observed
closed in the course of the dimensional crossover wit
decrease of the STO layer thickness.
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