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We report measurements of magnetic ordering temperature, magnetic moment, and resistivity of
La0.7Ca0.3MnO3/LaNiO3 and La0.7Ca0.3MnO3/Er0.7Sr0.3MnO3, thin film superlattices. The ordered moment
per Mn ion of the ferromagnetic layers undergoes a giant quenching as the insulating spacer layer
sEr0.7Sr0.3MnO3d thickness is increased. We attribute the quenching to random pinning of thet2g spins of Mn
ions in a disordered interfacial zone of length scalelc. The nonzero quenching followed by full recovery seen
at largen in superlattices with the metallic spacersLaNiO3d, suggest a mobile-carrier-assisted depinning of the
t2g spins in the disordered zone.

DOI: 10.1103/PhysRevB.71.144415 PACS numberssd: 75.70.Cn, 75.47.Gk, 75.47.Lx

Thin film multilayers of 3d, 4d, and 4f series metals have
been a topic of active research for many decades. A variety
of fascinating phenomena have been observed in such syn-
thetic periodic structures.1–3 With the discovery of highTc
superconductivity and colossal magnetoresistance in doped
transition metal oxides, research is now focused on periodic
structures of the doped oxides.4–18Amongst these, the super-
lattices where thin layers of a ferromagneticsFMd manganite
are separated by a nonmagnetic oxide of metallic, supercon-
ducting or insulating character are of particular attention.
The fundamental interest here is to understand the long-
range magnetic ordering across nonmagnetic spacers, and the
coexistence of ferromagnetism and superconductivity. Tech-
nologically, spin polarized transport and large magnetoresis-
tance are potentially accessible at room temperature and low
magnetic fields in oxide-based systems.

As in the case of 3d transition metal superlattices,3,19 sig-
natures of oscillatory exchange coupling have been seen in
some multilayers of manganites.14,18 However, the magne-
totransport and magnetic coupling in these systems are sen-
sitive to the stereochemical distortions in the coordination of
magnetic ions at the interfaces. For example, Izumiet al.7

have observed a large quenching of the magnetic moment
per Mn site in La0.6Sr0.4MnO3/La0.6Sr0.4FeO3 multilayers
where the Fe-based perovskite is aG-type antiferromagnetic
sAFd insulator. These authors attribute the suppression of
the moment to frustration of Mn spins at the interfaces due
to their proximity to the G-type AF spin arrangement.
Measurements by the same group on
La0.6Sr0.4MnO3/La0.45Sr0.55MnO3, where the Sr-rich spacer
compound is anA-type metallic antiferromagnet, do not
show any suppression of the moment.11 While there is a large
difference in the electrical conductivity of the spacers
La0.45Sr0.55MnO3 and La0.6Sr0.4FeO3, Izumi et al.7,11 attribute
the drop in the moment only to theG-type spin arrangement.
However, a similar quenching of the moments is also ob-
served in superlattices where the ferromagnetic layers of
La0.6Sr0.4MnO3 or La0.7Ca0.3MnO3 are separated by an insu-
lator such as SrTiO3, which does not show any magnetic
ordering.6,8,15

In this paper we address the issue of suppression of

the ordered magnetic moment per Mn ion in manganite-
based superlattices through measurements on
La0.7Ca0.3MnO3/LaNiO3 sLCMO/LNOd and
La0.7Ca0.3MnO3/Er0.7Sr0.3MnO3 sLCMO/ErSMOd systems.
The choice of the spacer materials LNO and ErSMO, has
been made on the basis of their nonmagnetic character, mini-
mum lattice mismatch with LCMO and their diverse electri-
cal behavior. Earlier measurements have shown LaNiO3 to
be metallic20 and Er0.7Sr0.3MnO3 an insulator down to
4.2 K.21 In the LCMO/LNO system, we observe a,20%
drop in moment when the spacer is very thins,1 to 2 unit
cells, u.c.d. At this stage, the conductivity of the superlattices
is dominated by a strain-related interfacial disorder. The mo-
ment per Mn ion quickly recovers its bulk value on increas-
ing the spacer thickness. In the LCMO/ErSMO system, the
moment per Mn ion of the magnetic layersLCMOd shows a
rapid drop followed by saturation at larger ErSMO thick-
nesses. From the magnetization data, we have extracted a
critical distancelc from the interface over which the Mn-site
spins are pinned by the stereochemical disorder, which arises
presumably from distortions in the nearest neighbor environ-
ment of the Mn ions. While thelc attains saturation value in
the LCMO/ErSMO system, in LCMO/LNO it tends to di-
minish as the spacer layer thickness is increased. Since LNO
is metallic, this observation strongly suggests mobile-carrier-
assisted depinning of the Mn spins in the critical zone.

A pulsed laser deposition system has been used for the
growth of LCMO/LNO and LCMO/ErSMO multilayers on
s001d oriented LaAlO3 substratesslattice parametera0
=3.792 Åd, which provides a low-lattice-mismatch surface
for epitaxial growth. However, the constituent films are ex-
pected to be under compressive stress because of the nega-
tive lattice mismatchDa h=sa0−afilmd /a0j, which for LCMO,
LNO, and ErSMO is −1.8%, −0.9%, and −0.7%, respec-
tively. The superlattices were synthesized by repeating 15
times the bilayers comprising of 20 u.c. LCMO andn u.c.
LNO or ErSMO, with n taking values from 1 to 10. The
periodicity of these structures was confirmed from the posi-
tions of superlattice reflections in x-rayu-2u scans.21,22Most
of the magnetization measurements were carried out at IIT-
Kanpur using a superconducting quantum interference de-
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vice based magnetometersQuantum Design—MPMS-5XLd,
with the magnetic field aligned alongs010d direction in the
plane of the superlattice. The resistivity of the samples was
measured in the current-in-plane geometry.

In Fig. 1 shows the zero-field resistivity of some LCMO/
LNO superlattices over the temperature window of 4.2 K to
300 K. As seen in the inset of the figure, a single layer film
of LaNiO3 is metallic with a temperature dependence of the
type rsTd=r0+aT+bT2, where the coefficientsr0, a, andb
are 1310−4 V cm, 4.18310−7 V cm K−1, and 1.648
310−9 V cm K−2, respectively. The resistivity of LCMO on
cooling reaches a peak value at,260 K, followed by a pre-
cipitous drop and then a monotonic decrease down to 4.2 K.
The low residual resistivitysr0d, and the sharp peak at the
Curie temperatureTc are indications of a good quality film.23

For the lower values ofn, the resistivity of the multilayers is
dominated by the LCMO layers and by a disordered interfa-
cial phase as discussed earlier22 for the case of multilayers
with 10 u.c. thick LCMO. These samples also show a large
magnetoresistance atT,Tc. For higher values ofn sù4d,
however, the current paths are shunted by the much more
conducting LNO. A large drop in MR18,22 and the disappear-
ance of the peak inrsTd at Tc are indicative of this shunting.

The temperature dependence of electrical resistivity of the
LCMO/ErSMO superlattices is shown in Fig. 2. Pure Er-
SMO is an insulator devoid of any FM or AF ordering down
to the lowest temperature, as evident from the susceptibility
vs temperature plot shown in the inset of Fig. 2 for a 2000 Å
film. The resistivity of the superlattices withn.7 remain
thermally activated down to the lowest temperature. How-
ever, the rise ofrsTd is truncated below a critical temperature
T* which is lower than the Curie temperatureTc inferred
from magnetization measurements. In fact, a quantification
of magnetic ordering temperature fromrsTd measurements

on these highly resistive samples is not free from ambiguity
due to the percolative nature of transport in the disordered
interfacial region of thickness,25 Å, as discussed in the
following section. Ther0 of these superlattices goes down
dramatically and theT* shifts up with the decreasingn. The
behavior of resistivity displayed in Fig. 2 is typical of a
manganite-based superlattice where the layers of a double-
exchange-ferromagnet are separated by an insulator.6–9,12,15

The dramatic increase in the low temperature resistivity with
the thickness of ErSMO layers is accompanied by quenching
of the magnetic moment of the LCMO layers. In Fig. 3 we
show the zero-field-cooledM-H curves of some LCMO/
LNO and LCMO/ErSMO superlattices taken at 10 K. The
field dependence of magnetization in LCMO/ErSMO multi-
layers is remarkably different from that in the LCMO/LNO
system. Here the remnant magnetizationsMrd drops consid-
erably even when the ErSMO layers are only 1 u.c. thick.
This drop in Mr continues with the increasingn. We have
also noticed that while the zero-field-cooledM-H loops of
the samples are symmetric about the origin, the field-cooled
loops show a shift towards the negativeH axis.21 This obser-
vation indicates exchange biasing9 of the moments in
LCMO. Interestingly, such effects are not seen in the case of
LCMO/LNO where the spacer is a metal. Unlike the case of
LCMO/LNO, theM-H loops of LCMO/ErSMO system also
do not reveal a distinct saturation fieldsHsd and saturation
momentsMsd. We have extracted theMs by extrapolating the
linear part of theM-H curve toH=0. Similarly, the satura-
tion field Hs has been identified as the field above which the
magnetic moment approaches a linear field dependence.

If we attribute theMs of the multilayers entirely to the Mn

FIG. 1. Zero-field electrical resistivity rsTd of some
sLa0.7Ca0.3MnO3dm/ sLaNiO3dn superlattices plotted as a function of
temperature. A log-log scale has been used to emphasize the low-
temperature behavior of the resistivity and the large changes inrsTd
as the thickness of the spacer layer is increased. Inset shows the
resistivity of LCMO and LNO films.

FIG. 2. Zero-field electrical resistivity rsTd of
sLa0.7Ca0.3MnO3dm/ sEr0.7Sr0.3MnO3dn superlattices plotted as a
function of temperature. Data for selected values ofn are shown for
the sake of clarity. Inset shows the resistivity and magnetic suscep-
tibility of a 2000 Å thick Er0.7Sr0.3MnO3 deposited ons001d
LaAlO3 substrate.
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ions present in the LCMO, then the variation of moment per
Mn ion with n is strikingly different for superlattices with the
insulating and metallic spacers. As evident in Fig. 4, theMs
drops precipitous withn in the case of the former, whereas in
the latter, the initial drop is followed by a quick recovery to

the bulk value for LCMOs,3.7 msd. Figure 4 also shows
the variation ofTc with n. A close resemblance is seen in the
variation ofTc andMs with n in both kinds of superlattices.
While they continue to drop with the increasingn in LCMO/
ErSMO, the initial drop is recovered in LCMO/LNO super-
lattices at the higher values ofn. The quenching of magne-
tization per Mn ion of LCMO can be viewed as random
pinning of thet2g spins of each Mn site in the vicinity of the
LCMO-spacer interfaces. The possible scenario is sketched
in the inset of Fig. 5. The critical length scaleslcd from the
interface over which the Mn spins are frozen, has been cal-
culated from the difference between the theoretical value of
saturation magnetization per Mn ion in LCMO, and the mea-
sured saturation moment. Figure 5 shows the variation oflc
with n in the two types of superlattices. The critical length in
the case of ErSMO spacer first increases rapidly withn, and
then reaches a saturation value of 25 Å atn,10. For the
LNO spacer,lc peaks to,7 Å at n=2 and then decays to
zero atn.7 within the uncertainty of these measurements.
Here it needs to be emphasized that our calculation assumes
an abrupt boundary between the pinned and free spins. The
boundary, however, can be diffused. The result shown in Fig.
5 thus puts a lower bound on the thickness of the disordered
region.

The most likely source oflc and its n dependence in
LCMO/ErSMO superlattices is the interfacial disorder at
various interfaces. Two possible mechanisms for such disor-
der can be identified. One is of a metallurgical origin where
intermixing of the constituent elements of LCMO and the
spacer takes place at the interfaces. However, x-ray diffrac-
tion and high-resolution transmission electron microscopy
studies11,14,15,24–27on manganite and highTc based superlat-
tices reveal relatively sharp interfaces. While we have not
undertaken a detailed study of the interfacial mixing, it is

FIG. 3. Zero-field-cooledM vs H plots of the superlattices mea-
sured at 10 K. Only a small part of the negative branch of the loops
is shown for the sake of clarity. They axis is in units of Bohr
magnetronsmBd per Mn ions of the LCMO.

FIG. 4. Panelssad andscd, respectively show the variation ofTc

as a function of the spacer layer thickness. The critical temperature
sTcd has been deduced from magnetization as well as resistivity
measurementssthe critical temperature deduced from resistivity
measurements has been defined asT* in the textd. The variation of
saturation moment per Mn ion for samples with ErSMO and LNO
spacers is shown in panelssbd and sdd, respectively.

FIG. 5. Thicknessslcd of the disordered interfacial zone is plot-
ted as a function of the spacer layer thickness for the two types of
superlattices. Inset shows a sketch of the disordered zone.
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expected to be negligible as our deposition conditions were
similar to those used in studies where the interfaces have
been analyzed in detail.11,15However, even an ideal termina-
tion can lead to four different kinds of interfaces between the
films of two perovskites ABO3 and A8B8O3 grown along the
s001d direction. For the case of LCMO-ErSMO system, these
terminations aresid MnO2-La0.7Ca0.3O-Mn8O2-Er0.7Sr0.3O,
sii d MnO2-La0.7Ca0.3O-Er0.7Sr0.3O-Mn8O2, siii d
La0.7Ca0.3O-MnO2-Mn8O2-Er0.7Sr0.3O, and sivd,
La0.7Ca0.3O-MnO2-Er0.7Sr0.3O-Mn8O2, where Mn8 repre-
sents the manganese ions of the ErSMO. While in configu-
rationssid andsii d the Mn ions get their natural coordination,
configurationssiii d and sivd are far from being ideal. These
changes in the nearest neighbor environment of the magnetic
ions at interfaces, and modifications in bond angles and bond
distances due to interfacial strain would lead to a disorder,
which can be christened as stereochemical disorder. In me-
tallic systems, such strain related disorder, which affects
magnetic properties, has been identified as magnetic
roughness.28,29 The rapid increase followed by saturation of
lc at n.7 in LCMO/ErSMO superlattices is consistent with
this picture. Since the lattice parameters of ErSMO and LNO
are very closesDa,0.1%d, a similar behavior oflc should
be expected in the case of LCMO/LNO superlattices. How-
ever, unlike ErSMO, LNO becomes highly metallic once its
thickness increases beyond a few unit cells.22 The presence
of mobile carriers in the spacer and their motion across the
interfaces is expected to enhance the coupling of Mn-site

spins in the disordered zone. Such carrier-assisted ordering
of moments abounds in dilute metallic and semiconducting
alloys with magnetic impurities.30,31 This scenario also
explains why a large quenching of the moment is seen
in La0.6Sr0.4MnO3/La0.6Sr0.4FeO3 sRef. 7d and
La0.6Sr0.4MnO3/SrTiO3 sRef. 15d superlattices where the
spacer is poorly conducting, and the moment retains the bulk
value of La0.6Sr0.4MnO3 in superlattices where the spacer
sLa0.45Sr0.55MnO3d is an antiferromagnetic metal.11

In summary, we have compared the changes inrsTd, mag-
netic ordering temperature and saturation moment of two
La0.7Ca0.3MnO3-based multilayers where the nonmagnetic
spacer is a metal in one case and insulator in the other. The
ordered moment per Mn ion of the ferromagnetic layers un-
dergoes a giant quenching as the insulating spacer layer
thickness is increased. Experiments suggest that the quench-
ing is caused by pinning of thet2g spins of Mn ions in the
stereochemically disordered interfacial region of a critical
thicknesslc. We note that the quenching effects are not sig-
nificant when the spacer layer is a metal, suggesting mobile
carrier assisted depinning of the Mn-site spins in the disor-
dered zone.
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