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Abstract. The insulator-metal (IM)-transition in Pr1−xCaxMnO3 (PCMO) is of particular interest because
it can be induced by a variety of external forces, such as magnetic and electric fields, photon exposure and
hydrostatic pressure. In this paper, we present a comparative study of the IM-transition in magnetic and
electric fields for epitaxial thin films prepared by pulsed laser deposition. The transport data as a function of
applied field or temperature give strong evidence for the presence of electronic phase separation. However,
the observed different IM-transitions in magnetic and electric fields indicate that two different areas of
spatially inhomogeneous electronic ground states in the phase diagram of PCMO are involved.

PACS. 73.50.-h Electronic transport phenomena in thin films – 75.47.-m Magnetotransport phenomena;
materials for magnetotransport – 75.47.Lx Manganites – 71.30.+h Metal-insulator transitions and other
electronic transitions

1 Introduction

The compound Pr1−xCaxMnO3 is a representative of the
material class of hole-doped manganites, in which a phase
transition from an insulating to a conducting state (IM-
transition) can be induced by external forces, like mag-
netic fields (CMR) [1–6], electric fields [7–11], hydrostatic
pressure [12], and photon exposure [13–19]. The temper-
ature vs. Ca-doping phase diagrams proposed by Jirak et
al. [20], Tonogai et al. [21] and Hill et al. [22] reveal a
series of insulating ground states in the doping range be-
tween 0.0 ≤ x ≤ 0.7. At the phase boundary of x = 0.3, a
ferromagnetic insulating (FI) ground state (TC ≈ 130 K)
is suggested to transform into an orbital ordered (OO)
state with CE-type antiferromagnetic (AFM) spin order-
ing (TN ≈ 140 K) and a possibly canted antiferromag-
netic state (CAFI) below TCA ≈ 110 K, respectively. It is
widely believed [20,21,23] that also charge ordering (CO)
is present in the doping range 0.3 ≤ x ≤ 0.7 with an order-
ing temperature TCO of about 230 K. According to [23],
the onset of charge ordering at TCO is directly correlated
to the development of orbital ordering. Both types of or-
dering give rise to a highly insulating state, which can
be destabilized by applying an external force. At a crit-
ical value of the force, disordering of the OO/CO takes
place, resulting in an insulator-metal-transition with the
emergence of a low-resistivity phase. In the case of CO,
the IM-transition is often pictured as a transition from a
charge-crystal with Mn3+–Mn4+ valence state positional
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ordering to a charge-liquid of delocalized charge carriers,
in which the charge transport may be governed by mobile
polarons or electrons [24,25].

Recently, considerable controversies have been devel-
oped on the nature and also on the presence of Mn charge
disproportionation. Based on neutron diffraction data,
Daoud-Aladine et al. [26] suggest ordering of Zener po-
larons, where the charge disproportionation between dif-
ferent Mn sites is less than 0.1 electron charge. This is
supported by further theoretical work [27,28] and a recent
study on BiCaMnO [29], which suggests that CO is in fact
orbital occupancy ordering, where all Mn atoms possesses
the same physical charge. In contrast to orbital ordering
which can be uniquely proven by the occurrence of super-
lattice reflections (related to the corresponding displace-
ments of the oxygen atoms), the presence of charge order-
ing therefore is considered as unclear. Mentioning in the
following an OO/CO state, this refers to the usual nomen-
clature of the low temperature phase at 0.3 ≤ x ≤ 0.7
without claiming that CO is proven.

Indeed, we expect the orbital ordering as one crucial
factor of the IM-transition, because the onset of polaron
mobility is related to a disordering of the cooperative
static Jahn Teller distortions. This is strongly supported
by our experiments on the long-term relaxation of the re-
sistivity.

In addition, as suggested by various theoretical
work [30–34], electronic phase separation seems to play
an important role in the IM-transition. In this model, de-
pending on the temperature and the doping, the ground
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Table 1. Lattice parameters of the PLD films on SrTiO3 (STO) and MgO (001) substrates before and after annealing. Due
to twinning and small orthorhombicity, a and b are not distinguished for the films. The single crystalline values for x = 0.3 are
taken from reference [20].

Sample type a or b[nm] c [nm]
A STO as prepared 0.541 ± 0.002 0.772 ± 0.003
B STO annealed 0.543 ± 0.002 0.767 ± 0.003
C MgO as prepared 0.543 ± 0.002 0.774 ± 0.002
D MgO annealed 0.542 ± 0.002 0.775 ± 0.002

a [nm] b[nm] c [nm]
Single crystal 0.5426 0.5478 0.7679

state of the chemically homogeneous crystal is expected
to be composed of conducting and insulating phases. Ex-
ternal forces may increase the volume fraction of the con-
ducting phase, i.e. the transition to a low-resistivity state
takes place above the percolation threshold [35]. An elec-
tronic phase separation has been indeed observed for man-
ganites with a ferromagnetic conducting ground state,
e.g. La1−xCaxMnO3 and La1−xSrxMnO3. During the
temperature-induced insulator-metal-transition, nanome-
ter sized conducting electronic domains were observed
by STM measurements [36,37]. For the Pr1−xCaxMnO3

system, up to now, there is no direct proof of an elec-
tronic phase separation. However, large electronic do-
mains were imaged by transmission electron microscopy
in the system (La,Pr)1−xCaxMnO3 [38]. Furthermore, in
Pr1−xCaxMnO3, photon exposure induces a strongly lo-
calized IM-transition, related to the formation of conduc-
tive filaments [16–18].

With respect to a possible phase separation in
Pr1−xCaxMnO3, the doping-concentration of x ≈ 0.30 (in
the following indicated as PCMO) is of particular inter-
est, because at this phase boundary, the low temperature
insulating ferromagnetic state coexists with an OO/CO
state [21]. In this doping induced phase transformation,
at least, the ordering of two different degrees of freedom
are involved, spin and orbital. However, similar to the un-
solved questions of CO, neither the detailed structure of
OO nor the type of magnetic ordering is well understood.
Instead of the CAFI state suggested by reference [21], the
presence of small ferromagnetic (FM) clusters embedded
in an AFM environment was already suggested by Jirak
et al. [20]. Several authors [30–34] discuss a similar pic-
ture. In general, it is observed that at doping levels of
x ≈ 0.30 the ground state seems to be most sensitive to
the magnetic field-induced phase transition (CMR) [39].

In this contribution, we concentrate on the strik-
ing differences of the resistivity behaviour in magnetic
and electric fields. Both kind of field-induced transitions
are strongly hysteretic and changes the resistivity by
orders of magnitude, however, the shape of the tem-
perature dependence as well as the characteristic tem-
perature are quite different. To our knowledge, up to
now, the published results either reporting on trans-
port properties of Pr1−xCaxMnO3 in magnetic [1–6] or
in electric fields [7–11]. To exclude a possible influence
of small preparation-caused microstructural or chemical
differences, our measurements were performed on the
same samples. The results concerning the temperature-

dependent resistivity and its relaxation in both, electric
and magnetic field, are discussed with respect to the con-
troversial issues of the role of CO/OO and a possible pres-
ence of electronic phase separation in the IM-transition of
PCMO.

2 Experimental details

All experiments presented in this article are performed
on high-quality epitaxial PCMO films. The films with a
thickness of 250 nm are grown by pulsed laser deposition
(PLD). The polycrystalline ceramic targets were prepared
by a conventional solid-state reaction procedure. A sto-
chiometric mixture of CaCO3, Mn2O3 and Pr6O11 was
heated and grinded several times. The solid state reac-
tion was controlled by X-ray diffraction. After the reac-
tion was completed, the pure-phase powder was pressed
and sintered to pellets with a density of about 60% of the
nominal density.

The PCMO thin films were grown on single-crystalline
SrTiO3(STO) (001) and MgO (001) substrates by PLD.
The deposition was performed at a background oxygen
pressure of p = 0.2 mbar with a substrate temperature of
T = 720 ◦C and an energy density of the laser beam of
E = 1.5 J/cm2.

The epitaxial films are c-axis oriented and exhibit a
45◦ twist-epitaxial relation with respect to the substrate.
The lattice parameters of the samples are summarized in
Table 1. Compared to the single crystalline values, the as
prepared films reveal an elongated c-axis. Whereas the lat-
tice mismatch to both types of substrates should generate
a tensile in-plane strain, i.e. a contraction of the c-axis,
films grown by PLD usually show significant compressive
in-plane and an elongated c-axis due to growth defects
induced by the high kinetic energy of the impinging parti-
cles of the plasma plume. Furthermore, we cannot rule out
that the as-prepared films exhibit an oxygen deficiency.

For the transport measurements, two sets of samples
are used: (i) as prepared films and (ii) a set of samples
which were additionally annealed at T = 1060 ◦C for 12 h
in air. After the annealing, the full width at half max-
imum (FWHM) of the in-plane texture decreased from
typically 0.77◦ to 0.63◦; for the out-of-plane texture from
0.53◦ to 0.39◦. The lattice constant also slightly changed
(see Tab. 1). EDX-measurements verified that all grown
films have the same composition as the used target.
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Two gold-pads (distance 1 mm) were evaporated on
the samples surface in order to contact the sample to the
resistance measurement setup. To exclude the influence of
the contact resistance and Schottky capacities on the IM
transition, two- and four-probe measurements were per-
formed on one sample at room temperature and well below
the IM-transition. Within experimental errors the mea-
sured resistance in both measurement modes did not vary.
Since the contact resistance therefore can be disregarded,
we restricted all transport measurements to two-contact
configuration for all other samples. They were performed
using a Keithley 617 with an impedance of 2× 1015Ω and
a sensitivity to currents down to 10−12 A. The measure-
ments in magnetic fields up to 10 T were performed in
a commercial Oxford-4He-cryostate with superconducting
magnets.

3 Results

In the following, the temperature dependence of the re-
sistivity ρ(T ) of the PCMO films in variable magnetic
and electric fields are presented. If not noted otherwise,
all measurements are performed on an annealed 250 nm
thick film on a STO (001) substrate (sample B).

Figure 1a shows a series of resistivity ρ(T ) curves de-
termined in zero- and constant applied magnetic field with
a constant applied voltage of 1V. External magnetic fields
of different magnitudes were applied perpendicular to the
film surface at room temperature, and, then, the sam-
ple was cooled down to T ≈ 30 K. We first focus on
zero-magnetic field, where the sample shows the tempera-
ture characteristics of an insulator. The measurement was
stopped after reaching the measurement limit of the used
instruments. A lnR(T ) over T−1 plot Figure 1b allows
an analysis of the zero-field resistivity and a comparison
with two basic models: The thermally activated conduc-
tion (TAC) of small polarons [40,41] with

ρ(T ) = ρ0T exp
(

T0

T

)
(1)

and the resistance change due to variable range hopping
(VRH) [39,41] with

ρ(T ) = ρ∞ exp
(

T0

T

)0.25

. (2)

Compared to VRH, TAC gives a much better fit in the
temperature range of 100 ≤ T ≤ 300 K above the mag-
netic ordering temperatures. The obtained fit parameters
are summarized in Table 2.

3.1 Insulator-metal-transition in magnetic fields

Applying a magnetic field µ0Hex > 5T, the resistance be-
haviour starts to significantly deviate from the zero-field
cooled case: the resistivity exhibits a magnetic-field de-
pendent maximum, defining the transition temperature

Fig. 1. (a) Temperature dependences of the resistivity of a
post-annealed PCMO film on STO (001) (sample B) in dif-
ferent applied magnetic fields. The direction of the field was
perpendicular to the sample surface. All curves are recorded
for field-cooling. (b) Analysis of the zero-field electric resistiv-
ity in the temperature interval 100 K ≤ T ≤ 300 K, measured
at a constant voltage of U = 1 V. The lnR(T ) over T−1 plot
is compared with the models of thermally activated conduc-
tion (TAC) of polarons and variable range hopping (VRH).
Obtained fit parameters are summarized in Table 2.

Table 2. Obtained fit parameters for equations (1) and (2)
applied to the zero-magnetic-field, low-electric-field (E = 5 ×
103 V/m) resistivity data for 100 ≤ T ≤ 300 K. PCMO film
on STO (001), sample B.

ρ0, ρ∞ T0

TAC 0.18 ± 0.01 µΩcm K−1 1857 ± 1 K

VRH (1.28 ± 0.1) × 10−13mΩ cm (3.34 ± 0.03) × 108 K

for the magnetic-field-induced IM transition T2(µ0Hex).
Proceeding to lower temperatures the resistivity decreases.
The insulating behaviour observed at higher temperatures
changes to a conducting behaviour at lower temperatures
(Fig. 1a). At T ≤ 120 K, the applied magnetic field
induces an IM-transition with a ρ drop of up to ten orders
of magnitude.
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Fig. 2. Temperature dependence of the resistivity of a PCMO
film on STO (001) (sample B) in a magnetic field of µ0Hex = 10
T parallel and perpendicular to the sample surface. Both curves
are field-cooled measurements of the same film.

The influence of the orientation of the magnetic field
with respect to the PCMO film plane is shown in Fig-
ure 2 for µ0Hex = 10 T. For both directions parallel and
perpendicular to the film plane, the resistivity curves are
very similar. However, below the transition temperature,
the resistivity for the in-plane field orientation is almost
half an order of magnitude smaller than for the out-of-
plane orientation. Demagnetization effects seems to be not
responsible for the observed difference, since the demagne-
tization field is with µ0Hex ≈ 1.5 T much smaller than the
applied field of µ0Hex = 10 T. We performed additional
field dependent magnetization measurements at T = 90 K
(not shown) which reveal that the magnetization saturates
at µ0Ms ≈ 1.5 T for µ0Hex ≥ 6 T. We therefore assume
that the observed anisotropy of ρ is of intrinsic nature.

In Figure 3, the resistivity as a function of the applied
magnetic field is presented at a temperature of T = 55 K.
On both types of substrates, the films exhibit a large hys-
teresis width of around 3 T. For increasing magnetic field,
the resistance shows sudden, discontinuous jumps of sev-
eral orders of magnitude. These features are observed for
all measured samples, however, the hysteresis width and
the field values for jumps varies from sample to sample.
We come back to these observations in Section 4.

3.2 Insulator-metal-transition in electric fields

The IM-transition in electric fields is investigated in two
contact configuration using two different measurement
modes:

(i) The temperature dependence of the resistivity was in-
vestigated in constant-current mode, to avoid an exor-
bitant increase of the current during the IM-transition
and related strong Joule heating [44]. The measure-
ment at constant current has, however, the conse-

Ω

Fig. 3. Resistivity versus magnetic field of film samples on
STO and MgO substrates (samples B and D) at a constant
temperature of T = 55 K.

quence that the applied electric field varies with the
resistance of the sample.

(ii) In addition, time dependent measurements of the re-
sistivity in a constant electric field have been per-
formed at constant temperature. After switching the
IM-transition, the measurement was interrupted be-
fore Joule heating becomes significant.

Figure 4 shows the temperature dependence of a) the re-
sistivity at different constant currents and b) the electric
field, required to sustain these currents. After each field-
cooling cycle, the sample was heated up to room tempera-
ture to recover the initial state. At the smallest current of
0.1 mA, the sample remains in a highly insulating state.
With increasing current, the resistivity is systematically
reduced up to three orders of magnitude at low tempera-
tures, but the linear temperature dependence of a metal-
like state is not observed.

We should note here that the crossover to the low resis-
tivity state is related to a history-dependent critical elec-
tric field. At a fixed temperature, the first switching to the
low-resistivity state requires an electric field, which is typ-
ically a factor of three higher than for adjacent switching
processes (see Fig. 5). Moreover, the switching takes only
place, if a moderate field of about 100 kV/m is applied
within the critical temperature window between 130 K
and 250 K. Samples cooled down in zero or low fields to
35 K reveal no transition, although fields up to 1000 kV/m
were applied at this temperature. This history dependence
is clearly visible in Figure 4b: At a temperature above
200 K the electric field increases systematically with the
supplied current. At temperatures below 130 K, the fields
for small currents (I = 0.1/1 mA) exceed those for higher
currents (I = 5/10 mA), but, without switching the sam-
ple to a low resistivity state. Therefore, the transition at
low temperatures is enabled by sufficiently high electric
fields, applied above 200 K.

In Figure 5 the time dependence of ρ(t) is shown at
a fixed temperature of T = 175 K for different applied
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ρ

Fig. 4. (a) Temperature dependence of the resistivity of
PCMO on STO (001) (sample B) in constant current mode.
The resistivity is measured during field cooling in an electric
field. (b) Applied external electric field to sustain the flowing
currents for the same measurements shown in (a).

electric fields. The relaxation of the field-induced resistiv-
ity reveals two steps. A first fast step, which is beyond the
time resolution of our device (100 ms) and a second one on
a time scale of seconds up to minutes, strongly depending
on the applied field. More precisely, the long-term relax-
ation is only observed within 1000 s, if the applied field is
higher than 60 kV/m. The drop down of ρ(t) results in an
asymptotic saturation towards a low ρ value determined
by the current limiter in our measurement set-up which
was set to a maximum current of 140 mA. Note that after
heating up to room temperature, the initial behaviour of
the sample can be restored. No strong differences in the
time-dependence of ρ(t) are observed for our samples A-D.

The combined experiments of Figures 4 and 5 show
that in the temperature window between 130 K and
250 K there is a critical switching field of around
Ec ≈ (0.5–1)× 105 V/m.

In order to show microstructural influences on the re-
sistivity behaviour and the IM-transition, Figure 6 com-
pares as-prepared and annealed PCMO films on STO
(001) and MgO (001) substrates (samples A-D). All sam-
ples show pronounced hysteretic characteristics, which dif-

Fig. 5. Time evolution of the resistivity of PCMO on STO
(sample A) at a constant temperature of 175 K. The sam-
ple was cooled down in zero-field and the measurements as a
function of time were started simultaneously with applying a
constant electric field. The sample was not heated up between
each measurement, but a time of about 1h was passed between
each step. At fields larger than 60 kV/m the measurements are
stopped after the current limit (set to 140 mA) was reached.
The curves named by “(a)” are obtained after application of
the maximum E of 65 kV/m.

fer for different substrates and are changed due to the heat
treatment. The smallest hysteresis (in width and ampli-
tude) is observed for annealed PCMO films of STO (001),
having lattice parameters closest to the single crystal
values.

4 Discussion

Our experiments give several indications that the IM-
transition both in magnetic and in electric fields is an in-
homogeneous process. Figure 7 shows a comparison of the
field-cooled magnetization M(T ) at µ0Hex = 6 T with a
field-cooled ρ(T ) curve for sample A. Decreasing the tem-
perature from room temperature, the M(T ) curve slightly
increases, however, without any characteristic feature at
the nominal CO/OO temperature TCO ≈ 230 K [21]. At
T1 ≈ 150 K, M(T ) exhibits a strong, escalating increase.
T1 is close to the Curie temperature of the FM state for
0.1 ≤ x ≤ 0.3 reported by Jirak et al. [20]. We observe that
the strong increase of M(T ) at T1 is not directly related
to the change of the ρ(T ) behaviour. The transition to a
metal-like temperature characteristic sets in at T2 ≈ 90 K,
i.e. well below T1. This finding can be simply explained,
assuming a phase separation into a conducting FM and
an insulating CO/OO state at x = 0.32 and T ≤ T1. In-
creasing the magnetic field enlarges the volume fraction of
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Fig. 6. Resistivity as a function of temperature in constant-current mode for PCMO films on STO and MgO before and after
annealing in an applied constant current of I = 20 mA. (a) as-prepared film on STO (sample A), (b) as-prepared film on MgO
(sample C), (c) post-annealed film on STO (sample B), (d) post-annealed film on MgO (sample D).

ρ
Ω

Fig. 7. Comparison of the temperature dependence of re-
sistivity and magnetization during field cooling of the an-
nealed PCMO film on STO (sample B). The applied field is
µ0Hex = 6T and µ0Hex = 5T for ρ(T ) and M(T ), respec-
tively. TCO mark the OO/CO temperature according to the
literature; T1 and T2 are defined in the text.

the conducting phase. This results in a percolation tran-
sition, where the conductive percolation path is formed
after a significant growth of the FM conducting domains
at T = T2 (Fig. 8).

One should keep in mind that the pronounced hys-
teretic effects, both in electric and magnetic fields, are
in accordance with a two phase model. Hysteresis is typi-
cally observed in first order transitions, where a new phase
develops by nucleation and growth. The growth of the do-
mains might be hindered by pinning at microstructural
defects, which leads to hysteretic characteristics, varying
from sample to sample due to minor differences in prepara-
tion. Indeed, the role of defects in the IM-transition seems
to be evident. Additional heat treatments at temperatures
well above the deposition temperature are necessary to en-
able a magnetic field induced transition in the range up to
the maximum available field of 10 T. Furthermore, as pre-
pared, the thin film samples reveal a c lattice parameter,
which is slightly higher than the single crystal value. Stress
reduction, healing of PLD related growth defects and oxy-
genation might be responsible that a post-annealing of the
films is necessary to enable the IM transition in magnetic
fields. Comparing Table 1, Figures 3 and 6, we observe a
clear trend that lowering the c lattice parameter towards
its bulk value and decreasing the width of rocking curves
narrows the hysteretic width. This is most pronounced
for the heat-treated sample on STO, revealing well
defined and small hysteretic curves. It is out of the scope
of this article to discuss in detail the role of defects on
hysteretic properties, nevertheless, we find clear evidences
that pinning at lattice defects plays an important role.
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Fig. 8. Sketch of the IM-transition in a model of electronic phase-separation. (a) Magnetic field induced transition: A per-
pendicular applied magnetic field induces an isotropic nucleation and growth of FM clusters in the film plane leading to the
formation of random conducting percolation pathes. (b) Electric field or current induced transition: The applied electric field
or current causes a directed growth of conducting areas leading to the formation of one or several conducting filaments.

However, although the transitions in magnetic and
electric fields show similarities, they clearly differ in the
relevant temperature range. Hysteretic behaviour of the
resistivity is observed between 30 K and 130 K in magnetic
fields, whereas the hysteresis in electric fields is present
between 50 K and 270 K, i.e. almost up to room tem-
perature (see Fig. 6). We, therefore, suggest the existence
of a second two-phase region, extended along the temper-
ature axis of the phase diagram, in which a competition
between an insulating OO/CO phase and a conducting or-
bital or charge disordered phase governs the IM-transition
in electric fields. The first two phase region between 4 K
and 130 K could be ruled by magnetic interactions and
may be characterized by a competition between FM areas
with a metal-like temperature dependence of the resistiv-
ity and AFM areas with OO/CO. In contrast, the second
two phase region seems to be ruled by the electron-phonon
interaction and reveals a competition between orbital or-
dering due to the cooperative static Jahn-Teller effect and
orbital disordered stage with higher polaron mobility. The
good fit of the TAC model to zero-magnetic-field low-
electric-field resistivity data in Figure 1b supports this
picture. It confirms the importance of the electron-lattice
interaction in this temperature region, i.e. the electric
conduction is mediated by the activated motion of JT
polarons which is in agreement with [41]. Moreover, the
absence of a significant anomaly in the R(T ) behaviour
indicates the absence of a sharp OO/CO ordering tem-
perature on a macroscopic scale and supports the idea of
a smooth R(T ) change by the continuous change of the
polaron- and orbital-ordered volume fraction.

The sketches in Figure 8 summarize the main con-
sequences of the two phase model for both fields. At
sufficiently low temperatures (below T1), conducting FM
domains are formed which enlarges with decreasing tem-
perature and/or increasing magnetic field and the IM-
transition is defined by the percolative threshold. Since,
at a fixed temperature and field, the resistivity is lower if
the field is applied in the film plane (Fig. 2), we expect
a preferred growth of the domains in the field direction
and an almost isotropic perpendicular extension. However,
above the percolation threshold, the resistivity decreases

systematically with the temperature due to the increasing
volume fraction of the conductive phase (Fig. 8a).

In principle, a percolative transition is also expected in
an electric field (Fig. 8b). However, above the percolative
threshold, the resistivity tends to increase with decreasing
temperature and the samples reveal a non-unique relation
between current and electric field (Fig. 4). Therefore, the
current-carrying cross section might be determined by the
supplied current or the electric field. For such an electri-
cally driven phase transition, an anisotropic elongation
of the conductive domains parallel to the local field (or
the current) is expected, which leads to the formation of a
conduction filament, similar to the photon supported field-
induced transition [14]. One should note that an increas-
ing volume fraction of the conductive phase will strongly
increase the local electric fields in the remaining insulat-
ing areas, because it is mainly sustained by the insulating
phase and shunted in the low-resistivity phase. In con-
trast to the magnetically induced IM transition, the local
driving force is therefore strongly modified by the spatial
pattern of insulating and conducting domains. Thus, we
expect a directed growth of the conducting phase with a
tendency to build up filaments. Locally developing strong
field maxima might be responsible for the escalating or
avalanching changes in the resistivity (Figs. 4–6).

As we have mentioned in the introduction, it is still
unclear which type of ordering, orbital and/or charge,
is relevant for the electrically induced transition. It has
been theoretically predicted, that melting of a CO state
requires an electrical field Ec = 107 V/m [43]. This is two
orders of magnitude higher than the experimentally ob-
served switching field of about 105 V/m. The discrepancy
tends to support the picture of electronic phase separa-
tion: in this state the local field in the insulating phase is
much stronger than the experimentally observed averaged
field. For a pure OO state, one may consider a disorder-
ing mechanism by electric current driven displacements of
static JT polarons, followed by an onset of polaron mo-
tion. The observed Ec corresponds to a potential energy
of about 2 meV per polaron, which is much smaller than
the Jahn Teller distortion energy of 250 meV [45] and
also smaller than the energy scale of the thermal phase
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transition at TCO (≈20 meV). Our observation, that the
electric field or current induced IM-transition is enabled
by sufficient large currents or fields above 200 K might
give rise to the speculation that the cooperative static or-
dering of JT polarons (forming an highly insulating state)
can be suppressed to some extend or in some regions by
the flowing polaron currents.

Although we cannot determine CO or OO as the rele-
vant mechanism of the IM-transition in electric fields from
the related energy scales, the observed two time scales in-
volved in the relaxation of the resistivity (Fig. 5) give an-
other strong hint: The short one might be attributed to
pure electronic effects such as CO, whereas the long-term
relaxation is probably related to small atomic displace-
ments in the MnO6 octahedron which gives rise to orbital
ordering. Since the latter is only observed for strong elec-
tric fields sufficient to induce a low-resistivity state, we
expect the disordering of an OO ground state to be respon-
sible for the electrically induced IM-transition. Consistent
to the competing orders of the second two-phase region
suggested above, the low resistance behaviour above the
percolation threshold is then still dominated by an acti-
vated polaron transport in contrast to the more ‘metal’-
like behaviour of the induced conducting phase in a mag-
netic field. These issues will be worked out in more detail
in a forthcoming contribution.

5 Summary

The IM-transition in both, magnetic and electric fields
reveals a pronounced hysteretic characteristic. Most of
the experimental results can be coherently explained in
terms of a phase separation model, in which the volume
fraction of the conductive phase increases with the driv-
ing force, i.e. the IM-transition is a percolative transition.
The domain seems to grow preferentially along the applied
fields. In case of an applied electric field, the reaction of a
spatially inhomogeneous conductivity on the electric field
distribution might explain some avalanche-like temporal
behaviour of the resistance. The shape and the width of
the hysteretic resistivity depend on the substrate material
and subsequent heat treatments, indicating that pinning
effects of the growing domains at materials defects and
preparation-caused strains have to be taken into account.
This is indeed one main cause of the variability of the
IM-transitions in different films.

However, the phases which are involved in the IM-
transition are different for both fields. In magnetic fields,
the transition takes place at temperatures below the Curie
temperature of about 150 K and the competing phases are
a conducting FM and an insulating OO/CO AFM phase.
An electrically driven transition is only observed, if the
electric field is applied in a temperature range from the
ordering temperature T = 250 K down to 130 K, where a
competition between an OO/CO and orbital/charge dis-
ordered state is expected. In contrast to the IM-transition
in magnetic fields, the volume fraction of the conducting
phase doesn’t increase with decreasing temperature, i.e.

the transition should be only expected as field or current-
driven. From our relaxation experiments we conclude, that
the mobilization of polarons due to the disappearance of
Jahn-Teller orbital ordering is responsible for the electri-
cally induced low-resistivity state. If both different two
phase regions overlap or not cannot be evaluated from
our experiments.
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