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Effect of strain and tetragonal lattice distortions in doped perovskite manganites

Yafeng Lu,1,2 J. Klein,1 F. Herbstritt,1 J. B. Philipp,1 A. Marx,1 and R. Gross1

1Walther-Meißner-Institut, Bayerische Akademie der Wissenschaften, Walther-Meißner Strasse 8, D-85748 Garching, Germany
2Northwest Institute for Nonferrous Metal Research, P.O. Box 51, Xi’an, Shaanxi 710016, People’s Republic of China

�Received 31 August 2005; revised manuscript received 21 February 2006; published 5 May 2006�

A series of high-quality, coherently strained �La2/3�Ca or Ba�1/3MnO3/SrTiO3��N superlattices has been
prepared on �100� SrTiO3 and NdGaO3 substrates by laser molecular beam epitaxy. The manganite layers are
biaxially strained due to lattice mismatch. A quadratic decrease of the metal-to-insulator transition temperature
Tp with increasing biaxial distortion �bi

2 both for tensile and compressive in-plane strain is found. For T�Tp,
the resistivity versus temperature curves could be well described by the small polaron hopping model with the
polaron binding energy increasing with increasing �bi

2 . Furthermore, the magnetoresistance of the manganite
films was found to strongly increase with increasing �bi

2 or decreasing Tp, respectively, following a universal
behavior. An anomalous upturn of resistivity in the low-temperature regime �T�25 K� was detected, which
may be attributed to enhanced Coulomb interaction of the charge carriers resulting from disorder due to the
lattice distortion. Our analysis clearly demonstrates the importance of biaxial strain and Jahn-Teller-type lattice
distortions for the physics of the doped manganites. It is shown that epitaxial coherency strain can be used to
deliberately modify the materials properties.
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I. INTRODUCTION

Since the discovery of the colossal magnetoresistance
�CMR� in epitaxial thin films of the doped perovskite
manganites,1,2 the structural and magnetotransport properties
of the CMR materials have been studied intensively. In par-
ticular, much attention has been paid to the properties of thin
films due to their application in both the study of the mecha-
nism of CMR and potential magnetoelectronic devices. It
became evident that there is a pronounced difference in the
magnetotransport properties of thin films and bulk materials.
Besides sample imperfections these differences have been
attributed to substrate-induced biaxial strain in the thin-film
structures due to lattice mismatch. For the physics of the
CMR manganites, the strong electron lattice coupling3 is
known to play a key role as, e.g., demonstrated by the oxy-
gen isotope effect.4 One particular mechanism for this cou-
pling is the Jahn-Teller �JT� effect lifting the degeneracy of
the Mn eg levels in a cubic environment by a biaxial
distortion.3 Along this line, the effect of a biaxial distortion
induced by substrate strain is expected to be fundamentally
different from the effect of bulk �compressive� strain driving
the lattice towards cubic symmetry and to strongly affect the
subtle interplay between spin, charge, structural, and orbital
degrees of freedom. Therefore, the clarification of the de-
tailed role of biaxial strain is essential and has been recently
addressed in several experimental studies based on ultrathin
films5–26and artificial heterostructures.27–30 Beyond the influ-
ence of strain on the magnetotransport properties of the
doped manganites, strain also has been found to significantly
affect the noise properties. It was found that the low-
frequency 1/ f noise in strained films is drastically enhanced
compared to the noise in almost strain-free films.31–38

The commonly applied method for the experimental study
of biaxial strain effects is the growth of epitaxial thin films
on single-crystalline substrates with a certain lattice mis-

match, with the thickness of these films varying over a rela-
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tively large range. However, the coherently strained state can
be kept only up to a critical thickness hc, which can be esti-
mated from continuum theory based on the elastic constants
of the involved materials.39 Increasing the film thickness
above the critical thickness hc results in a �partial� strain
release accompanied by the formation of misfit dislocations
and structural disorder. Even for ultrathin films of the doped
manganites the strain distribution can be inhomogeneous
across growth islands.40,41 Therefore, in general it is difficult
to separate intrinsic strain effects from other extrinsic factors
for CMR single-layer films.

In this paper we present a detailed study of epitaxial
La2/3Ba1/3MnO3 �LBMO� and La2/3Ca1/3MnO3 �LCMO� thin
films under tensile and compressive biaxial strain, respec-
tively. The strain and the resulting tetragonal lattice distor-
tion has been varied over a wide range by preparing a series
of �La2/3�Ca or Ba�1/3MnO3/SrTiO3��N superlattices with
different modulation periods on �100� SrTiO3 �STO� and
NdGaO3 �NGO� substrates using UHV-laser molecular beam
epitaxy �L-MBE�.42 We show that the insulator-to-metal tran-
sition temperature Tp decreases strongly with increasing bi-
axial distortion �bi both for tensile and compressive strain
with �=1/Tpd2Tp /d�bi

2 �note that dTp /d�bi=0 by symmetry
reasons� being similar for tensile and compressive strain. We
further show that the transport for T�Tp is by small polaron
hopping43–46 with the polaron trapping energy increasing
with increasing biaxial distortion. In general, our results
show that epitaxial coherency strain can be used to deliber-
ately modify the magnetotransport properties of the doped
manganites. This is similar to the strain modification of the
properties of various ferroelectric47–50 or superconduct-
ing51,52 transition metal oxide films.

II. EXPERIMENT

We have used an UHV-laser molecular beam epi-

taxy �L-MBE� system for the deposition of the
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�La2/3Ba1/3MnO3/SrTiO3�N and �La2/3Ca1/3MnO3/SrTiO3�N

multilayer structures on single-crystalline substrates of
SrTiO3�100� and NdGaO3�100�. The UHV L-MBE system
we developed for the molecular layer epitaxy of transition
metal oxides has been described in detail elsewhere.42 The
substrate holder can be heated well above 1000 °C and fur-
thermore can be rotated and tilt to allow for rocking
reflection high-energy electron diffraction �RHEED�. The
high-pressure RHEED system allowing for the monitoring of
the epitaxial growth operates up to an oxygen pressure of
about 50 Pa, as has been described in detail else-
where.53,54 The epitaxial �La2/3Ba1/3MnO3/SrTiO3�N and
�La2/3Ca1/3MnO3/SrTiO3�N heterostructures have been de-
posited on �100� NdGaO3 and �100� SrTiO3 substrates using
a laser energy density of 1.2 J /cm2 and a pulse repetition
rate of 2 to 5 Hz. The substrate was kept at 760 °C and the
oxygen pressure at 200 mTorr for La2/3Ba1/3MnO3 and
150 mTorr for SrTiO3, respectively, during the deposition.
After the deposition, the samples were annealed in situ at
600 °C in 500 Torr pure oxygen for 2 h in order to obtain
optimum oxygen stoichiometry. For the multilayer films the
number of laser pulses used for ablation from each target
was adjusted to deposit alternating layers of thickness d1
�SrTiO3� and d2 �La2/3Ca1/3MnO3 or La2/3Ba1/3MnO3�. The
process was repeated for N cycles, starting with SrTiO3
and ending with La2/3Ca1/3MnO3 or La2/3Ba1/3MnO3
to get multilayer structures of �SrTiO3�d1nm� /
La2/3Ca1/3MnO3 or La2/3Ba1/3MnO3�d2nm��N. The layer
thickness d1 and d2 as well as the number N of stacked
double layers �number of modulation periods� are listed in
Table I. The total thickness of multilayers is less than
140 nm.

For the structural analysis of the La2/3�Ca or
Ba�1/3MnO3/SrTiO3 heterostructures, both high-resolution
transmission electron microscopy �HRTEM� and x-ray
diffraction have been used. High-angle x-ray diffraction
�HAXRD�, low-angle x-ray reflectivity �LAXRR�, and rock-
ing curve measurements have been performed to get infor-
mation on the structural coherency of interfaces in these su-
perlattices.

A standard four-probe method was used to measure the
electrical transport properties of the multilayer films. The
preparation process of microbridges using optical lithogra-
phy and Ar ion beam etching has been reported elsewhere.27

The transport properties were measured in an Oxford
variable-temperature cryostat system equipped with a 10 T
superconducting solenoid.

III. RESULTS AND DISCUSSION

The thickness d1 and d2 of the constituent STO and
LBMO/LCMO layers, respectively, as well as the number N
of modulation periods of the investigated superlattices are
listed in Table I. The fabrication and structural characteriza-
tion of the superlattices have been reported in detail
recently27,29,42 and are therefore discussed only briefly here.
We have used HAXRD, LAXRR, and rocking curve mea-
surements for structural characterization of the superlattices.

Figure 1 shows typical LAXRR data. Clearly, superlattice
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Bragg peaks up to very high order and finite-size peaks are
observed. From the LAXRR measurements a small interface
roughness of only a few angstrom was derived.27,29 Rocking
curve measurements yield a small mosaic spread of 0.02° to
0.04° limited by the substrate quality.27,29 Off-specular XRR
measurements indicate that the interface roughness detected

TABLE I. Relevant parameters of the investigated
�La2/3�Ca or Ba�1/3MnO3/SrTiO3��N superlattices fabricated on
SrTiO3 and NdGaO3 substrates. Also shown are data for single-
layer films and bulk material.

d2 �LCMO�
�nm�

d1 �STO�
�nm�

d2 �LBMO�
�nm� N

Tp

�K�
c

�Å�

on SrTiO3 substrate

Bulk 340 3.910

100 327 3.916

4.7 9.5 5 318 3.923

9.5 6.3 5 317 3.924

7.03 11.35 7 102 3.796

10.45 10.72 6 121 3.811

14.33 11.35 5 136 3.801

17.39 10.57 3 152 3.795

on NdGaO3 substrate

9.5 3.2 7 273 3.930

11.3 6.0 5 304 3.936

9.5 9.5 5 300 3.947

9.5 6.3 5 294 3.934

4.7 6.3 7 264 3.952

4.7 9.5 6 204 3.975

16 207 3.974

7.64 11.65 7 194 3.822

11.96 11.42 6 208 3.833

16.62 11.47 5 218 3.838

18.08 9.64 3 262 3.86�7�

FIG. 1. �Color online� Low-angle XRR data for a
�LCMO�3.80 nm� /STO�11.21 nm��8 superlattice on NGO. The up-
per line represents the specular XRR, the dotted line the fit to the
data. The displaced, lower line is off-specular XRR data obtained
for an offset angle of 0.05°. The inset shows the rocking curve for

second-order superlattice Bragg peak.
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by specular XRR is to a large extent correlated in the growth
direction.29 This point is confirmed by the observation of a
significant diffuse background in the rocking curves due to
vertically correlated roughness �see the inset of Fig. 1�. The
structural analysis shows that the superlattices have excellent
epitaxial quality27,29,42 and are coherently strained, allowing
for the continuous variation of the biaxial strain.

By HAXRD the out-of-plane or c-axis lattice parameter is
determined from the position of the �002� peaks of the
La2/3�Ca or Ba�1/3MnO3 layers �see Table I�. The derived
values depend on the thickness ratio d2 /d1. In general, the
c-axis lattice parameter approaches the bulk value on in-
creasing d2 /d1 except for the LCMO/STO superlattices
grown on STO substrates, where c depends only weakly on
d2 /d1 due to the large lattice mismatch to the substrate. The
deviation of the c-axis lattice parameter from the bulk value
reflects the effect of the biaxial strain within the ab plane.
The tensile �or compressive� strain within the ab plane re-
sults in a compression �expansion� of the c axis. Note that
this results in a tetragonal or JT-type distortion that is ex-
pected to strongly affect the magnetic and electronic proper-
ties of the manganite layers. Assuming a Poisson ratio of �
=0.5, a biaxial or tetragonal distortion �bi can be derived,27

�bi =
1

4
�2�zz − �xx − �yy� . �1�

Here, �xx=�yy and �zz are the in-plane and out-of-plane stress
components obtained from the measured lattice parameters,
respectively.

In Fig. 2 we have plotted �bi vs the temperature Tp corre-
sponding to the peak in the resistivity vs temperature curves.
It is evident that there is a similar dependence of Tp on �bi
both for LBMO �tensile strain: �bi�0� and LCMO �com-
pressive strain: �bi�0�. From the experimental data the
quantity

� =
1

Tp

d2Tp

d�bi
2 �2�

can be determined as ��1.4�103 and 2.0�103 for LBMO
and LCMO, respectively. In a theoretical analysis by Millis

3

FIG. 2. �Color online� Metal-to-insulator transition temperature
Tp vs biaxial distortion �bi.
et al., � was related to the dimensionless electron-phonon
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coupling �=g2 / �	t�, where g is the electron-phonon cou-
pling, 	 the phonon stiffness, and t the mean hopping ampli-
tude. We note that the value of � determined in our experi-
ments agrees well with that derived for La0.83Sr0.17MnO3
using a resonant ultrasound method.55 However, the experi-
mental values are significantly smaller than the theoretical
prediction.3 The fact that � is larger for LCMO than for
LBMO may be related to the smaller ionic radius of Ca re-
sulting in a smaller tolerance factor. The high sensitivity of
Tp on �bi implies that JT-type lattice distortions are strongly
affecting the magnetotransport properties of doped mangan-
ites. We note that, in contrast to biaxial strain, compressive
bulk strain �e.g., in hydrostatic pressure experiments� in-
creases Tp.56 This is due to the fact that uniform compression
results in an increase of the electron hopping amplitude and
thereby reduces the relative importance of the electron-lattice
coupling. In contrast, the biaxial distortion increases the JT
splitting of the eg levels, thereby increasing the tendency of
the electrons to become localized,3 i.e., Tp is expected to
decrease with increasing �bi in agreement with our data. Our
systematic study on the effect of biaxial strain �both tensile
and compressive� clearly demonstrates the importance of the
electron-lattice coupling in the doped manganites as theoreti-
cally predicted by Millis et al.3

We also would like to address the influence of interface
effects on the observed variation of Tp with biaxial strain 
bi,
since localization effects have been suggested to occur at
manganite/insulator interfaces. For example, in some experi-
ments a strong suppression of Tp accompanied by a decrease
of the magnetic moment and an increase of resistance at low
temperature was found for ultrathin films below about
20 nm. This has been usually interpreted as due to the pres-
ence of a magnetic dead layer with a thickness of the order of
a few nanometers located at the film/substrate interface.8,14

Recently, an interface-induced phase separation due to the
breakup of the Mn-O chains and a modification in Mn4+/
Mn3+ ratio at manganite/insulator interfaces has been pro-
posed,26 where the disorder arising from the coexistence of
different atomic terminations at the interfaces may play an
important role. In our superlattices all individual manganite
layers are thinner than 20 nm. The variations of Tp are domi-
nated by variations of the biaxial strain, whereas interface
effects seem to play a minor role. This is seen from the data
listed in Table I. For example, the superlattices �LBMO�9.5
nm� /STO�4.7 nm��5 and �LBMO�6.3 nm� /STO�9.5 nm��5

as well as a 100 nm thick single LBMO film all fabricated on
STO substrates have almost the same Tp of about 320 K. We
attribute this to the same strain state in the LBMO layers in
these samples. If interface effects played an important role,
we would expect a considerably reduced Tp for the superlat-
tice with only 6.3 nm thick layers. The same argument holds
comparing the superlattices �LBMO�3.2 nm� /STO�9.5
nm��7 and �LBMO�9.5 nm� /STO�4.7 nm��6 fabricated on
NGO substrates. The superlattice with the larger LBMO
layer has the smaller Tp due to the larger biaxial strain
�204 K compared to 273 K�. Again, if interface effects
played a dominant role, we would expect a strongly reduced
Tp for the 3.2 nm thin LBMO layers. In contrast, even for

this very thin LBMO layer a Tp value is observed which is
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only slightly reduced below that expected according to the
detected strain state. This slight reduction for the thinnest
layer actually is most likely related to interface effects. The
fact that interface effects play only a minor role in the inves-
tigated superlattices may be related to their high structural
and interface quality, which has been confirmed both by
high-resolution transmission electron microscopy and x-ray
diffraction.13,27,29 In concluding the discussion of interface
effects, we can state that in the investigated superlattices
biaxial strain is the dominant effect in determining Tp. In
order to definitely determine the minor influence of interface
effects the study of transport properties of superlattices with
varying manganite layer thickness, however with the same
strain state, would be required.

We next discuss the transport properties of the strained
manganites films for T�Tp. Along the line of discussion
given above, strong polaronic effects are expected. Emin and
Holstein calculated the resistivity due to small polaron hop-
ping in the adiabatic limit to57

FIG. 3. �Color online� ln�� /T� vs 1/T for different superlattices:
�i� �LCMO�18.08 nm� /STO�9.64 nm��3 on NGO �Ea=0.077 eV,
�bi�0�; �ii� �LCMO�11.96 nm� /STO�11.42 nm��6 on NGO
�Ea=0.127 eV, �bi=−0.76%�; and �iii� �LCMO�17.39 nm� /
STO�10.57 nm��3 on STO �Ea=0.164 eV,�bi=−1.82% �. The de-
pendence of the polaron binding energy E0�2Ea on �bi is shown in
the inset.
184406
� = AT exp� Ea

kBT
�, where A =

2kB

3ne2a2�
. �3�

Here, n is the concentration of polarons, a the site-to-site
hopping distance, � the attempt frequency �frequency of the
longitudinal optical phonon�, and Ea is the activation energy,
i.e., the potential barrier for polaron hopping. The activation
energy consists of two terms, Ea=E0 /2− t, where E0 denotes
the polaron binding energy and t the overlap integral of wave
functions on two lattice sites. In most cases t is negligible
and Ea�E0 /2.58

In Fig. 3 we have plotted ln�� /T� vs 1/T for three repre-
sentative samples with different amount of the biaxial strain.
It can be seen that the measured ��T� curves can be well
fitted by the small polaron model above Tp. A linear fit of the
data for T�Tp gives Ea. Figure 3 shows that Ea increases
from 0.077 eV for an almost strain-free film to 0.127 eV for
�bi=−0.76% and further on to 0.164 eV for �bi=−1.82%.
Here, the Ea value for the strain-free film is very close to
Ea=0.073 eV found for single crystals.59 That is, Ea in-
creases with increasing biaxial distortion. This implies that
the increasing JT-type lattice distortion is primarily respon-
sible for the increasing E0 in the strained manganite layers.
The strong JT electron-phonon coupling increases the ten-
dency of the electrons to become localized, thereby increas-
ing the resistivity and decreasing Tp as predicted by theory.3

We next address the temperature dependence of the resis-
tivity well below Tp, that is, in the metallic phase. It has been
shown59,60 that the measured ��T� curves of manganite thin
films and bulk material can be well explained by a depen-
dence following �=�0+�2T2+�4.5T

4.5, where �0 is due to im-
purity, defect, or grain boundary scattering, the T2 term due
to electron-electron and the T4.5 term due to electron-magnon
scattering.61 However, the ��T� curves of the strained films
could not be fitted to the above expression due to the exis-
tence of an upturn in the ��T� curves or an almost
T-independent resistivity below about 20 K �see Fig. 4�. In
order to fit the data we have to add a T1/2 term, giving

� = �0 + �2T2 + �4.5T
4.5 + aT1/2. �4�

Here, the appearance of the unusual T1/2 term can be attrib-
uted to Coulomb interaction between the carriers strongly

FIG. 4. �Color online� Resistivity vs tempera-
ture at H=0 and 5 T for �a� 100 nm thick
LBMO film on STO ��bi=0.17% �; �b�
�LBMO�9.5 nm� /STO�4.7 nm��5on STO ��bi

=0.36% �; �c� the 16 nm thick LBMO film on
NGO ��bi=−1.77% �; �d� �LCMO�17.39 nm� /
STO�10.57 nm��3 on STO ��bi=−1.82% �; �e�
�LCMO�18.08 nm� /STO�9.64 nm��3 on NGO
��bi�0�; and �f� the 40 nm thick LCMO film on
NGO ��bi�0�. The solid lines are the fits to �
=�0+�2T2+�4.5T4.5+aT1/2.
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enhanced by disorder.62 Such a term has been observed in
disordered metallic systems, where its coefficient was found
to change sign as a function of disorder.62 We suggest that
the JT-type lattice distortion is responsible for this term in
the highly strained films.

It is striking that the ��T� curves of samples with different
amount of strain could be fitted well by Eq. �4� both for zero
and high magnetic field as shown by Fig. 4. We note that in
the high-quality epitaxial films the conductivity anomaly
cannot be ascribed to extrinsic effects such as grain
boundaries.63–65 Figure 4 shows that the almost strain-free
sample �Fig. 4�a�, �bi=0.17%� shows a very flat ��T� curve
below 20 K at H=0 and 5 T. For a weakly �Fig. 4�b�, �bi
=0.36%� and highly strained LBMO film �Fig. 4�c�, �bi
=1.77%� the resistivity upturn below 20 K is pronounced at
H=0. However, for H=5 T the resistivity upturn of the
former is significantly suppressed, whereas it is almost un-
changed for the latter. For a further strained sample �Fig.
4�d�, �bi=−1.82%� the zero-field ��T� is found to be very
flat, whereas for H=5 T a clear resistivity upturn is obtained.
Finally, for the almost strain-free samples �Figs. 4�e� and
4�f��, both for H=0 and 5 T a flat ��T� curve is found. The
different behavior of the samples with different amount of
biaxial strain most likely is caused by the competition of the
field-independent ��0, T1/2, and T2 term� and field-dependent
�T4.5 term� contributions to the resistivity. Our data suggest
that the strain-induced lattice distortion causes enhanced
Coulomb interaction �a�0� and, in turn, in the observed
minimum in the ��T� curves. We note that tunneling between
antiferromagnetically coupled grains as a possible origin of
the resistivity upturn can be excluded, since in this case the
resistivity minimum should be suppressed by anapplied mag-
netic field.66

Fitting low-temperature resistivity data by Eq. �4�, we
could study the variation of the parameters �2 and �4.5 as a
function of the applied magnetic field. The parameter �4.5
was found to decrease by more than 25% in a field of 5 T,
whereas �2 stayed about the same in most cases. Such be-
havior could be expected if electron-magnon scattering is
suppressed by the applied magnetic field. Moreover, the ratio
�4.5 /�0 was found to show a clear decay with increasing Tp
in zero magnetic field. Within the theory of low-temperature
resistivity of half-metallic ferromagnets,67 the coefficient �4.5
is predicted to be inversely proportional to the square of the
spin stiffness. The observed change of �4.5 /�0 with Tp might
suggest that there exists an about-linear relationship between
the spin stiffness and Tp in doped manganites. However, this
qualitative finding has to be confirmed by more detailed ex-
periments. We would like to point out that our data could not
be reasonably fitted by ��T�=�0+bT�+aT1/2 with �=2, 3,
4.5, or 5. Only a combination of electron-electron scattering
and electron-magnon scattering together with the T1/2 depen-
dence from the disorder-induced Coulomb interaction can
explain our low-temperature resistivity data.

We finally discuss the magnetoresistance MR=−�R�H�
−R�0�� /R�H�� of the strained manganite films around Tp. In
Fig. 5 we have plotted MR vs Tp of the strained films to-
gether with the data of various perovskite manganites of
184406
composition R1−xDxMnO3− compiled by Khazeni et al.68

Obviously, the MR vs Tp plot follows a universal line, i.e.,
there is a similar dependence of MR on Tp for the biaxially
strained films and samples, where Tp is changed by internal
pressure due to elemental substitution. The generic decrease
of MR with increasing Tp has a straightforward explanation:
The difference in resistivities between the metallic and insu-
lating regime decreases with increasing temperature. If one
assumes that ��T��T exp�Ea /kBT� above Tp and ��T��T2

below Tp one expects MR�
1
Tp

exp�Ea /kBTp��dotted line in
Fig. 5�. Indeed, the experimental data are close to this rough
estimate. However, deviations from this estimate are also
obvious, since the activation energy Ea is not constant as
discussed above.

IV. CONCLUSION

In summary, we have grown high-quality �La2/3�Ca or
Ba�1/3MnO3/SrTiO3��N superlattices with different modu-
lation periods using L-MBE. The biaxial strain �tensile and
compressive� and, in turn, the tetragonal lattice distortion
could be varied over a wide range by varying the thickness
ratio of the constituent layers. Our analysis shows that Tp
decreases strongly with increasing biaxial distortion as
Tp /Tp�0�=1− 1

2��bi
2 both for tensile and compressive strain,

with � of the order of 1500. The MR is found to increase
with decreasing Tp following a universal dependence. We
also show that the JT-type lattice distortions affect the mag-
netotransport properties in the doped manganites. An in-
creasing distortion results in an increasing activation energy
for small polaron hopping above Tp. Our results give clear
evidence for the central role of JT-type lattice distortions on
the physics of the CMR manganites.
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FIG. 5. �Color online� Magnetoresistance vs temperature Tp for
the investigated superlattices �filled triangles�. Also shown are
the values of bulk samples compiled in Ref. 68 �open circles�.
The dotted line is a fit to MR� �1/Tp� exp�Ea /kBTp� with Ea

=145 meV.
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