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Low-temperature transport anomaly in the magnetoresistive compound (La, sPr(,)Bay;MnO;
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Electronic and magnetoresistive properties of (Lag sPrg,)BagsMnO3; (ABO5 type) compound, having a large
size-disorder at the A-site, have been studied in both polycrystalline bulk as well as in epitaxial thin-film forms.
Both these forms of the sample display a resistivity minimum at a temperature (7p;,) of ~45 K; Ty, shifts to
higher temperatures on application of magnetic fields. Considering various possibilities, such as a grain bound-
ary effect, Kondo scattering, and electron-electron (e-e) scattering for the cause of this resistivity minimum, we
conclude that the minimum occurs due to e-e scattering caused by enhanced Coulombic interactions. A large
size-disorder ~0.016 A2 in this compound is the major source of metallic disorder, resulting in the enhance-

ment of Coulombic interactions.
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For nearly the last decade, there has been extensive re-
search on ABOs;-type manganites of the general formula
R,_,AMnOj; (R= rare earth trivalent cation, A= divalent cat-
ion). In a certain critical range of divalent cation doping,
tolerance factor, and size-disorder at the A-site, these com-
pounds exhibit simultaneous insulator-metal (I-M) transition
at a temperature 7, and paramagnetic-ferromagnetic transi-
tion at a temperature 7, along with a colossal magnetoresis-
tance in the vicinity of Tp.l‘3 The electronic transport, above
and below the I-M transition temperature, has been studied
extensively and is well understood [for a review, see Refs. 1
and 2]. The low-temperature electronic transport in some
manganites presents a feature of weak insulating/
semiconducting behavior, which results in a resistivity mini-
mum in the metallic region, and the opinion of its cause is
divided.*” In LajsPbysMnO; compound, the resistivity
minimum is ascribed to grain boundary localization,* while
in Sr**- and Ca?*-doped compounds, the same has been at-
tributed to variable range hopping® and to electron-electron
(e-e) scattering®’ due to potential fluctuation in the cores of
trivalent and divalent cations. The e-e scattering arises from
enhanced Coulombic interactions (CI), which are present in
disordered metallic systems. Here, the source of disorder
may be defects, impurities, and other temperature-dependent
scattering phenomena.

The Ba?* (~1.47 A)-doped manganite compounds
present a large size-disorder at the A-site, resulting in various
local structural distortions, which cause electron localization
and grain boundary localization.® There are few reports on
Ba-based compounds exhibiting a low-temperature resistiv-
ity minimum either in polycrystalline or single-crystal forms,
and the cause of such a resistivity minimum in these com-
pounds has not been adequately explored.”!° In addition, in
manganites, comparison of transport properties of epitaxial
thin-film or single-crystal structural forms with polycrystal-
line forms is the most appropriate way to determine and dis-
tinguish the role of grain boundaries in electronic transport.
The epitaxial thin films display a much reduced grain bound-
ary effect on the transport properties as compared to bulk

1098-0121/2005/71(21)/212404(4)/$23.00

212404-1

PACS number(s): 75.47.Gk, 75.47.Lx

polycrystalline samples. Therefore, to elucidate whether the
low-temperature resistivity minimum is an intrinsic property
or arises from grain boundaries, we have synthesized the
compound (Lag sPry,)BaysMnO; (average A-site cationic
size ~1.285 A and a large 02~ 0.015 A?) in polycrystalline
bulk as well as epitaxial thin-film forms. Here, the epitaxial
thin films with varying thickness have been synthesized to
probe the low-temperature transport anomalies. In this ar-
ticle, we show the role of size-disorder at the A-site in the
occurrence of low-temperature resistivity minimum in such
compounds.

A bulk polycrystalline sample of (LagsPry,)Bay;MnO;
was synthesized by mixing the constituent oxides and car-
bonates in stoichiometric proportions and calcinating the
mixture at 950 °C for 24 h. The powder was then ground,
pelletized, and sintered several times in the temperature
range of 1100—-1350 °C. Thin films with thicknesses of 200,
100, and 50 nm were deposited on single-crystal LaAlO;
(100) substrate by pulsed-laser deposition technique using a
KrF excimer laser. The substrate-to-target distance was kept
at 4.2 cm with substrate heater temperature at 830 °C. The
O, partial pressure was maintained at 400 mTorr. Phase pu-
rity and the structure of the samples were studied using x-ray
diffraction (XRD). Electrical resistivity and magnetoresis-
tance were measured using dc four-probe method (PPMS,
Quantum Design) while the magnetization measurements
were performed on a superconducting quantum interference
device magnetometer (MPMS, Quantum Design).

The XRD pattern of the (LagysPry,)BagsMnO; bulk
sample revealed that this is a single-phase compound crys-
tallizing in a distorted orthorhombic structure (space group
Pnma, No. 62) with lattice parameters determined as
a=5.512(2) A, b=7.791(2) A, and ¢=5.548(2) A. The thin-
film samples were also indexed to be single phase and (101)
oriented, with nearly the same lattice parameters as the bulk
sample. The surface morphology of thin films was studied
using atomic force microscopy (AFM). A typical AFM pic-
ture for 200 nm thin film is shown in Fig. 1. It shows the
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FIG. 1. AFM micrograph of (Lag sPry,)Bay3MnO3; 200 nm thin
film.

surface roughness of ~2—3 nm and a particle size of ~6-7
nm, which is a very moderate morphology typical for epitax-
ial and homogeneous manganite thin films. Figures 2(a) and
2(b) show resistivity versus temperature plots of the
(Lag sPrg»)Bay sMnO5 bulk polycrystalline and thin film of
200 nm, respectively, in different applied magnetic fields (for
the sake of brevity, resistivity versus temperature of 100 and
50 nm thin films are not shown). In the bulk sample, the I-M
transition occurs around a temperature of 173 K and the re-
sistivity minimum around a temperature (T;,) of 50 K. The
resistivity minimum in the thin-film (200 nm) sample is not
clearly visible in the plot due to the large value of peak
resistivity. Therefore, to emphasize the minima, a magnified
part of the low-temperature resistivity is shown as an inset in
Fig. 2(b). In the absence of a magnetic field, the bulk and
thin-film samples of (Lag sPry,)BaysMnOsz show Ty, in the
vicinity of 45 K (Table I). This minimum shifts to higher
temperatures in applied magnetic fields. We notice that the
I-M transition temperature in thin films occur around a tem-
perature of 210 K, which is higher than the temperature for
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FIG. 2. Resistivity vs temperature plots for (a) bulk and (b) thin
film (thickness ~200 nm) of (Lay sPrj,)Bay sMnO; compound. In-
set in (b) shows the magnified part of the low-temperature
resistivity.

the same in bulk (173 K). This difference has been attributed
to factors such as the grain boundary effect, oxygen defi-
ciency, phase separation near 7, etc.

Various possible causes for the low-temperature resistivity
minimum in the presently studied (LaysPry,)Bay;MnO;
samples are considered. These include the grain boundary,
phase-separation, the Kondo effect, and electron-electron
localization.!-1? A resistivity minimum due to the Kondo ef-
fect arises due to scattering from a magnetic impurity in a
nonmagnetic lattice. The present sample is ferromagnetic at
205 K (Fig. 4), with no detectable impurity. In addition, the
resistivity minimum caused due to grain boundaries, phase
separation, and the Kondo effect should dissolve on the ap-
plication of magnetic fields.'""'> However, as seen in Fig. 2,
for both the bulk and the thin-film (200 nm) samples, appli-
cation of a magnetic field only suppresses the magnitude of
resistivity but causes no impact on the resistivity minimum.
A moderately smooth surface morphology of the thin films
indicates the homogeneous structure of the thin films. This is
striking evidence against the grain boundary and phase sepa-

TABLE I. Parameters obtained from fitting the resistivity data to the equation p={1/(oy+BT"?)}+p,T". For definition of parameters, see

text.

Thin-film Magnetic Tmin o) B Pn

samples (nm) field (T) (K) (Q'tem™) (Q cm K2)-! (1075 Q cm/K") n (107

200 0 45 1.69 1.02 0.41 2.25 1.7

1 48 1.75 1.07 0.20 2.24 1.9

5 53 2.12 1.52 0.69 1.95 0.2

9 61 2.85 1.73 0.82 1.82 0.07

100 0 40 4.73 0.46 0.09 2.48 0.3

1 42 4.67 0.50 0.17 2.35 0.2

5 46 4.87 0.62 0.35 2.11 0.08

50 0 40 3.83 0.64 0.23 2.38 0.8

5 49 3.93 0.86 0.93 1.93 0.08
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ration or the Kondo effect being a cause of such a resistivity
minimum.

The electron-electron scattering due to Coulombic inter-
actions between the charge carriers is the most likely cause
of the resistivity minimum.'"!? Such a kind of scattering is
possible when the low-temperature resistivity is more than
the Mott’s maximum limit of metallic resistivity of
~10 mQ cm.'!2 In our thin-film samples, the resistivity is
quite above this limit, and hence the e-e elastic scattering is
quite plausible. The resistivity in the metallic region is due to
various electron-phonon and electron-magnon inelastic scat-
tering processes. At low temperature, e-e¢ elastic scattering
dominates and, therefore, the resistivity may be defined by
summing the elastic and the inelastic scattering terms, as

P = Pelastic T Pinelastic- (1)

The low-temperature correction (e-e scattering) to the
resistivity, given by peasie i quantified'™™? as  peagic
=1/(0y+BT"?), where oy, is the residual conductivity and B
is a constant that depicts the depth of the resistivity mini-
mum. The inelastic scattering term is given by a power law,
Pinclastic=Pn1". With these definitions, Eq. (1) becomes

1
p= o0t BT? +p,T". (2)

The elastic term [first term in Eq. (2)] increases with de-
creasing temperature, while the inelastic scattering term [sec-
ond term in Eq. (2)] decreases with decreasing temperature.
Therefore, the temperature-dependent interplay of these two
scattering processes results in a resistivity minimum. As
shown in Fig. 3, the fits to low-temperature resistivity for all
the thin-film samples to Eq. (2) reveal an excellent agree-
ment between experimental data and theoretical assumptions.
This is evident from the very low x? (goodness of the fit)
values given in Table I. All the parameters obtained from the
fits are given in Table 1. The parameter n in the inelastic term
is ~2.5 for resistivity fits in the absence of a magnetic field
and decreases on the application of a magnetic field.

It may be seen from Table I that 7, shifts to higher
values as the applied magnetic field increases. For instance,
in 200 nm thin film, T, increases from 45 Kin 0 T to 61 K
in 9 T. This is consistent with the theoretical predictions of
an increase in T,,;, with increasing magnetic field. This may
be understood in terms of magnetic field induced suppression
of inelastic scattering, whereas the elastic term is hardly af-
fected by the magnetic field. This is also evident from the
fact the value of inelastic scattering exponent (n) decreases
with applied field. Among other terms, B increases as the
field increases and it signifies the depth of the minima. The
importance of B may be understood as the contribution to CI,
resulting in scattering of electrons. The variation of T, with
applied field, as predicted theoretically, is a point in support
of CI being the cause of the resistivity minimum.

Below the resistivity minimum, the decreased electron
mobility with increasing e-e scattering may result in a glassy
state. To study this, the zero-field-cooled (ZFC) and field-
cooled (FC) magnetization measurements on
(Lag 5Prg»)Bay sMnOs5 thin film (200 nm) were carried out in
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FIG. 3. Low-temperature resistivity fits to electron-electron
scattering law for (LagsPrg,)BaysMnO; thin-film samples with
thicknesses of ~200, 100, and 50 nm. The symbols are the experi-
mental data and the solid curves are the theoretical fits.

the field of 200 Oe in the temperature range of 250—5 K, and
the results are shown in Fig. 4. The T¢ of the thin films is
found to be ~205 K, which agrees well with the 7), of thin
films, thus indicating the homogeneous structure of thin
films. An important point to note is the bifurcation of the
ZFC and FC curves. This bifurcation is small above 40 K,
whereas it suddenly increases below this temperature. The
increased bifurcation of Myp- and Mg points towards a
glassy state below T, which is consistent with the en-
hanced resistivity below T,;,.

Figure 5 shows the typical magnetoresistance (MR %) ver-
sus magnetic field (H) isotherms at various temperatures for
(Lag sPry,)Bay sMnO5 bulk and thin-film (200 nm) samples.
For comparison of low-temperature MR behavior of bulk
and all the thin-film samples, the MR isotherms, at 5 K, are
plotted separately in Fig. 6. It is seen that, near the I-M
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FIG. 4. ZFC and FC magnetization vs temperature plots for
(Lag 5Prg»)Bag 3MnOs thin film in a field of 200 Oe.
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FIG. 5. MR% vs magnetic field isotherms for

(Lag 5Pr»)Bag sMnO5 bulk and thin film (200 nm).

transition, the MR is ~75% for the bulk sample and ~90%
for the thin-film samples. In the bulk sample, at 5 K, the total
MR% decreases to ~60%, but the low-field (<1 T) MR of
about 25% may be attributed to the intergranular spin-
polarized tunneling (SPT) of carriers.!* On the other hand,
the thin films exhibit a MR of <30% at 5 K, signifying the
absence of intergrain SPT. However, the high-field MR be-
havior is almost the same for both the samples. Thus, it is
noted that, at low temperatures, the grain boundary has a
significant contribution to the electrical resistivity of the bulk
sample but not to that of the thin films.'* Hence, the disparity
in low-temperature MR behavior of the bulk and thin-film
samples strongly supports our finding that the low-
temperature minimum does not have its origin in grain
boundaries.

From the above discussion, the e-e scattering seems to be
cause of the resistivity minimum in (Lag sPry,)Bag;MnOs.
The e-e scattering arises from some metallic disorder.!’!?
One source of such a disorder is the potential difference due
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FIG. 6. MR% vs magnetic field isotherms for
(Lay sPry»)Bag 3MnO5 bulk and all the thin films at a temperature of
5 K.

to cores of trivalent and divalent cations and the other is the
structural distortion caused by large size-disorder at the
A-site. The present sample has a large size-disorder, resulting
in local structural distortion via random displacement of oxy-
gen ion from its actual crystallographic position. These dis-
tortions are of both the Jahn-Teller and the non-Jahn-Teller
type and are a major source of disorder in this system.

In summary, we have studied the low-temperature trans-
port anomalies in (La, sPry,)Bay;MnOj; polycrystalline bulk
and thin-film samples. The intent of this study is to elucidate
whether the low-temperature resistivity minimum in this Ba-
based sample is an intrinsic crystal structure property or is a
grain boundary property. After appropriate modeling of low-
temperature resistivity data of the thin-film samples, we con-
clude that the low-temperature resistivity minimum in Ba-
based compounds is an intrinsic property. The application of
magnetic field shifts 7,,;, to higher temperatures. The e-e
scattering, as a result of Coulombic interactions, is respon-
sible for the resistivity minimum. The origin of such a be-
havior lies in the large size-disorder at the A-site, which
causes the local structural distortions and is a major source of
disorder in this low-temperature metallic regime.
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