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Hole-doped manganese oxides (manganites) exhibit phase separation which allows for the manipulation of
phase transitions with the application of external stimuli. The three competing phases of the manganite
(La,_,Pr,);_.Ca,MnO; (LPCMO) are paramagnetic insulating (PMI), charge-ordered insulating (COI), and
ferromagnetic metallic (FMM). In LPCMO thin films, the substrate induced strain often makes it difficult
to distinguish between the two insulating phases (PMI and COI) using resistivity and/or magnetization
measurements. Here we report a method for determining the PMI-COI transition temperature of LPCMO thin
films by fitting resistance vs. temperature (R — T') data to the Arrhenius equation. This method also yields
the activation energy in the COI phase which agrees with direct measurements using scanning tunneling
microscopy. Analysis of the R — T data suggests that adiabatic polaron hopping is the transport mechanism in
both the PMI and COI phases while variable range hopping (VRH) is the dominant mechanism in the mixed

FMM/COI state.

1. Introduction

The competing magnetic and electronic phases of perovskite man-
ganese oxides or manganites hold promise for device applications such
as resistive random access memory (ReRAM) [1] as these phases can
be tuned using external stimuli such as, magnetic field [2], strain [3],
and electric field [4]. Manganites have also been the focus of fun-
damental research since they exhibit a host of exotic properties such
as colossal magnetoresistance (CMR) and metal-to-insulator transitions
(MIT) [2]. These phenomena are mainly caused by the competition
between phases with similar free energies which form due to the inter-
play between spin, orbital, and lattice interactions [5-8]. Manganites
can exist in three main thermodynamic phases viz. the ferromagnetic
metallic (FMM), charge ordered insulator (COI), and paramagnetic in-
sulator (PMI) phases [3]. The competition for thermodynamic stability
among these three phases can be tuned using parameters such as chem-
ical composition [9-12], temperature [3], and magnetic field [13],
which leads to the rich phase diagram of manganites and their sen-
sitivity to external perturbations. The PMI phase is stable at higher
temperatures [13,3]. As the temperature is lowered there is usually
a second order transition to FMM or COI depending on the specific
chemical composition of the material. For example, in Nd, 5Sry sMnOs,
there is a phase transition from PMI to FMM phase on cooling [14]
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while, in Prg 5Sry sMnOs, there is a transition from PMI to COI phase
on cooling [15]. The FMM or COI phase thus obtained may remain
thermodynamically stable down to the lowest temperatures [15] or
undergo a transition to a COI or FMM phase, respectively [14]. The
FMM-COI transition is first order in nature which can lead to coexis-
tence of these two phases in manganites such as (La;_,Pr,),_,Ca, MnOg
(LPCMO), which has been observed using various microscopy tech-
niques [16]. This phase separation has been studied extensively, both
in order to understand and manipulate the interplay between these
two phases [17,18]. At low temperatures, the phase competition leads
to a strain-glass [19] or spin-glass [12] behavior which gives way to
dynamic phase separation at higher temperatures [19,20].

The first order transition between the FMM and COI phases is easy
to detect using measurements such as resistivity or magnetization as
a function of temperature since the COI phase has high resistivity
and low magnetization while the FMM phase has low resistivity and
high magnetization [14]. The second order transition from PMI to
FMM is also easy to detect since the PMI phase has a low magnetiza-
tion and the associated insulator-to-metal transition can be observed
clearly using resistivity measurements [14]. However, in materials
which show a PMI to COI second order transition, the change in resis-
tivity and/or magnetization may be difficult to detect since both phases
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are insulating and have low magnetization. Such a scenario occurs
in compounds such as Pry,Cag3MnO; [21] and LPCMO [22]. The
problem with detecting the PMI-COI transition is exacerbated in thin
films due to substrate induced strain which suppresses the associated
structural transition [23]. Determining this phase transition in thin
film manganites requires sophisticated techniques since heat capacity
measurements are not possible. Many of these studies are based on
finding a slight change to the crystal lattice; for example, polarized
optical microscopy [24] and transmission electron microscopy [25]
have been utilized in these efforts. Here we report a method for
detecting the PMI to COI phase transition in LPCMO thin films grown
on (110) NdGaO; (NGO) substrates using resistivity measurements,
which takes advantage of the different origins of insulating behavior
in the two phases. The resistance vs. temperature (R — T) behavior
of the COI phase suggests that an energy gap in the density of states
leads to insulating behavior while the PMI phase is insulating due to
large Jahn-Teller polaronic fluctuations [26]. Both mechanisms lead
to activated resistivity behavior but with different activation energies.
We measured the activation energies for LPCMO thin films by fitting
the R—T curves to the Arrhenius equation. The temperature at which
the activation energy changes is then designated as the transition tem-
perature between the PMI and COI phases. The value of the activation
energy for the COI phase found using this method agrees with prior
measurements of charge ordering energy gaps using scanning tunneling
spectroscopy [27]. We also measure the effect of an external magnetic
field and a change in chemical composition on the activation energies
and phase transitions. This method is remarkably simpler to employ
than the microscopy techniques listed above for extracting the PMI-COI
phase transition temperature.

2. Methods

30 nm thick (La,_,Pr,),_,Ca,MnO;3 thin films with y = 0.5 (LP5)
and 0.6 (LP6) (both with x = 0.33) were grown on (110) NGO substrates
using pulsed laser deposition. The details of the synthesis and character-
ization of the samples can be found elsewhere [3,28]. Magnetotransport
properties were measured in a commercial cryostat with a reading
being taken every 2K from 20-300K. A two-probe method was used
for resistance measurements with a constant voltage source set to 10V
and a 1 MQ resistor in series with the sample. This method is outlined
in Ref. [9]. Four-probe measurements at higher temperatures matched
the two-probe measurements which confirmed the negligible effect of
contact resistance. However, four-probe measurements were not feasi-
ble at low temperatures due to the high samples resistances, which are
comparable to the input impedance of the voltmeters. Magnetization
measurements were taken using a Quantum Design MPMS.

3. Experimental results
3.1. Growth of FMM regions

Fig. 1a shows the R—T data for the LP6 thin film. The usual features
of MIT, CMR, and thermal hysteresis are observed. A sharp drop in
R is observed in the warming run at low temperatures for both the
0 and 1 T data. This drop in resistance is due to a low temperature
strain glass phase observed in phase separated and charge-ordered
manganites [19,12]. At zero applied magnetic field, a small “shoulder”
can be seen around 112K, which is suppressed as the external field is
increased. The inset shows this trend over a smaller temperature range
for more magnetic fields. The shoulder is marked with an arrow for
clarity. If this shoulder is due to the PMI to COI transition, the shoulder
should move to lower temperatures in an applied magnetic field. To
determine whether if this feature was indeed shifting in temperature
as a function of magnetic field, a numerical derivative of the In(R)
with respect to temperature was taken for the low field data (Fig. 1b).
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Fig. 1. (a). R-T data for LP6 at different magnetic fields. A “shoulder” feature (marked
with an arrow) is observed at 112K and a magnified view is shown in the inset. (b).
The numerical derivative of In(R) with respect to T for LP6.

To reduce noise, this derivative was obtained using a standard five-
point, unweighted smoothing process. As a higher field is applied,
the derivative gets flatter, indicating that the feature is going away.
This analysis shows that the shoulder’s temperature does not change
significantly (within the 2K separation between data points) before
being completely suppressed, which suggests that the shoulder feature
is not due to the PMI to COI transition. Low-field magnetization mea-
surements (100 Oe) on similar thin film LP6 samples show a clear rise in
the magnetization at roughly this temperature which was identified as
the Curie temperature (T-) (data from Ref. [3] shown in inset of Fig. 2),
leading to the conclusion that the shoulder in the magnetotransport
data is indicative of the initial formation of the FMM regions in the COI
background upon cooling leading to a slight suppression in resistance
and the shoulder feature. As the magnetic field is increased, the FMM
phase free energy is lowered and the COI phase breaks down causing
this phase transition to occur at a higher temperature as has been
shown earlier in single crystals of Pr,_,Ca,MnO; [29].

The FMM phase has a lower free energy in LP5 than in LP6 due
to the lower Pr content, leading to an MIT at a higher temperature as
shown in Fig. 2 [9]. However, magnetization data (with the background
of the paramagnetic substrate removed using Curie’s law) of LP5 sug-
gest that the nucleation of FMM regions at zero external magnetic field
occurs at roughly the same temperature as in LP6 (Fig. 2, inset). This
magnetization behavior implies that the FMM regions that grow in are
initially larger for LP5 than those in LP6, as has been observed using
spin-polarized neutron reflectometry [30,31]. The larger initial size
of the FMM regions in LP5 leads to a smaller temperature difference
between the initial formation of FMM regions and the MIT due to
percolation compared to LP6. Hence, there is no observable shoulder in
the R — T data as the large resistance change due to the MIT obscures
the relatively small resistance change caused by the initial nucleation
of the FMM regions. Therefore, for both LP5 and LP6, the R — T data
does not show a clear signature of the PMI-COI phase transition and
a more detailed analysis of the data is needed to extract the PMI-COI
transition temperature.

3.2. PMI to COI phase transition

Previous analyses of the transport properties of the insulating states
in manganites have been carried out using various fitting functions [32]
and we found that an Arrhenius equation of the form

Ep

R = RyeksT €Y

(where E, is an activation energy for a particular insulating phase)
provided good fits at each field strength for our magnetotransport
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Fig. 2. R—T data for LP5 at different magnetic fields. Inset: Magnetic moment as a
function of temperature for LP5 (filled squares) and LP6 (open squares, data for LP6
taken from Ref. [3]). The magnetic contributions of the paramagnetic substrates were
removed using Curie’s law.
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Fig. 3. An example of the two linear fits to the R — T data for LP6 with no applied
magnetic field. The quality of fit here is typical of that achieved using our methodology.
Inset: Residuals of the fits. Note that the residuals are relatively small in the range in
which the fits are valid. The gray shaded area shows the estimated PMI-COI transition
region.

data at temperatures above the MIT. Using Eq. (1) we will now show
that there are two distinct regions in the R — T data with different
fitting parameters and that these two regions correspond to the PMI
(at higher temperature) and COI (at lower temperature) phases. In
order to determine where to switch from the high temperature to low
temperature fit, the following steps were taken: (1) a linear fit was
performed on the In R vs. 1/T data from the highest temperature of 300
K down to temperatures where a visual inspection showed the residuals
deviating from zero, (2) then points were removed one-by-one from
the low temperature side of the fit until a point was found that was
local minimum in |1 — R?|. The same steps were taken with the low
temperature fit, except that the highest temperature for this fit was the
one 2K below the lowest temperature of the higher temperature fit. The
fits obtained using this method are shown in Fig. 3 for R — T data in
zero magnetic field. The residuals of these fits are shown in the inset of
the figure. The residuals are relatively small in the range these fits have
been determined to be valid. The gray shaded area shows the estimated
PMI-COI transition region. Hence, using this method we find that the
PMI to COI transition occurs at 185 + 3 K during cooling.
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Fig. 4. The PMI-COI transition temperature as a function of applied field for LP6 and
LP5.
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Fig. 5. The activation energy E, as a function of field for LP6 (a) and LP5 (b). The
high temperature fit refers to the PMI phase, and the low temperature fit refers to
either a purely COI phase or a mixed COI/FMM phase depending on the applied field
(see main text).

In addition to the PMI to COI transition temperatures (Fig. 4,
red), fits of the LP6 data also yield activation energy (E,) values as
shown in Fig. 5a. The E,s obtained for the COI phase agree with the
charge ordering gap values obtained from previous scanning tunneling
spectroscopy measurements [27]. Fig. 4 also shows that the PMI to COI
transition temperature is lowered when a magnetic field is applied, an
effect which has been observed before in manganite single crystals with
a PMI-COI phase transition [33]. However, the transition temperatures
start rising above 1.5T which is likely due to the encroachment of the
FMM phase. The free energy of the FMM phase drops as higher external
fields are applied leading to the formation of FMM regions at higher
temperatures and a collapse of the COI phase [29]. The E, values
obtained from the low temperature fits agree with this assessment
showing a rapid decrease until ~ 1.5 T and a subsequent slower decrease
as shown in Fig. 5. The activation energy of the high temperature fit
(PMI phase) is relatively unchanged with an increasing magnetic field.
Hence, we conclude that for H > 1.5T, the transition temperatures
obtained from our fitting method reveal a PMI to a mixed FMM and
COI phase transition (instead of a PMI to pure-COI transition), which
indeed occurs at higher temperatures for increasing magnetic fields.
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Fig. 6. Fits to the variable range hopping ((a), (c), and (e)) and adiabatic polaron hopping ((b), (d), and (f)) for temperatures ranges corresponding to the PMI, COI, and mixed
phase states. The COI phase and the mixed phase state are shown only for the LP6 sample. The adjusted R? values for each fit are shown in Table 1.

The fits of the LP5 data yield PMI transition temperatures (Fig. 4,
black squares) and activation energies (Fig. 5b) which need a different
explanation from the LP6 data due to the increased metallicity of LP5.
The change in the PMI to COI transition temperature is small, essen-
tially within the error bar of our method. The activation energy values
are also smaller compared to LP6 and, while the trend with an applied
magnetic field is similar to LP6, the overall change is smaller. Hence,
our method gives values for the PMI to COI transition temperature and
their activation energies in LP5 which are similar to LP6 (186 + 2 K and
0.11 eV, respectively) at zero magnetic field. However, the lower free
energy of the FMM phase in LP5 prevents us from using this method to
determine the variation of the transition temperature and energy gap
as a function of magnetic field.

3.3. Transport models for the insulating phases

We further assessed the validity of our method by checking if the
PMI to COI transition temperatures, determined using fits to Eq. (1),
were compatible with other widely used transport models for the PMI
and COI phases. First, we fit the PMI R—T data for LP5 and LP6 at zero
applied field to a variable range hopping (VRH) model of the form

-2
In|==|=(2
R, T
where R, depends on the phonon density and T;, depends on the local-
ization length of the electrons and the density of states [32]. As opposed
to a nearest neighbor hopping model, the VRH model takes into account

the fact that a hopping electron will try to find the lowest activation
energy of hopping and the shortest possible hopping distance [34].

(2)

Generically these conditions are not simultaneously satisfied by the
nearest neighbor, and instead the electron hops an optimum distance
to fit these criteria as best as possible. As the temperature of the system
changes, this optimum distance also changes, bringing about the name
of the model. The fits to our data are shown in Fig. 6(a), and the
adjusted R? for LP6 and LP5 are 0.99738 and 0.99822 respectively (see
Table 1). The deviation of the best fit line from the data is clear and
consistent in both compounds: the high and low temperature regions
of the PMI phase are underpredicted and the middle temperatures are
overpredicted. Alternatively, the adiabatic polaron hopping model [35]
of the form shown in Eq. (3)

Eq

R = BTeksT 3

has had success in the modeling of similar materials, including the
PMI phase of Lag ¢;Cag 33MnO3 [36]. This model produces better fits
to our data as shown in Fig. 6(b). The adjusted R? for LP6 and LP5
are 0.99993 and 0.99970, respectively (Table 1) and the residuals do
not have a distinct shape. Hence, the polaron hopping model is the
likely mechanism for insulating behavior in the paramagnetic phase of
LPCMO. We also fitted the LP6 R — T data for temperatures below the
PMI to COI transition temperature (extracted using our method) but
above the shoulder feature seen in Fig. 1(a). In this temperature range
the LP6 sample is expected to be in a pure COI state. Fits to the VRH
and polaron hopping models for this temperature range are shown in
Fig. 6(c) and (d), respectively. The polaron hopping model provides
a slightly better fit for this temperature range with an adjusted R?
value of 0.99984 while the VRH model gives an adjusted R* of 0.99930
(Table 1).
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Table 1

Adjusted R? values for the fits shown in Fig. 6. The
bold values denote the prevalent transport mechanism
(adiabatic polaron (AP) or variable range hopping
(VRH)) for the corresponding phase.

Transport mechanism

Phase VRH AP

LP5 (PMI) 0.99822 0.99970
LP6 (PMI) 0.99738 0.99993
LP6 (COI) 0.99930 0.99984

LP6 (mixed) 0.99932 0.99618

At temperatures below the shoulder feature of LP6 shown in
Fig. 1(a), there is a mixed phase state due to the coexistence of the FMM
and COI phases. We fitted the data for temperatures between T),; and
the shoulder feature of LP6 to the VRH and adiabatic polaron models as
shown in Fig. 6(e) and (f). For this temperature range, the adjusted R?
for the adiabatic polaron model is 0.99618 but it is the VRH model that
produces a better fit with an adjusted R? of 0.99932. The corresponding
value of T;, obtained from the VRH fit is 5.5 x 107 K which is similar to
the values obtained for La,,Caj 3sMnO5 [32]. The good fit to the VRH
model in this temperature range may be due to coexistence of the FMM
and COI phases as suggested in Ref. [37].

4. Conclusions

We have shown that the PMI to COI phase transition can be detected
using the R — T data for LPCMO thin films grown on NGO by fitting
the data to the Arrhenius equation. The fits also provide the activation
energies for the two phases. The value of the activation energy for the
COI phase agrees with direct measurements using scanning tunneling
microscopy. The application of a magnetic field lowers the PMI to COI
transition temperature. A further increase in the magnetic field causes
the growth of FMM regions at higher temperatures, allowing for direct
competition between the FMM and PMI phases at high magnetic fields.
Fits of the R—T data to the VRH and adiabatic polaron hopping models
suggest that adiabatic polaron hopping is at play in both the PMI
and COI phases while VRH is the dominant mechanism in the mixed
FMM/COI state. Future work could be done with different substrates to
explore how the COI phase is impacted by different amounts of lattice
strain.
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