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Abstract  Earlier theoretical approaches to manganites
mainly stem from magnetic framework in which the elec-
tronic transports are thought to be spin-dependent and the
double exchange plays a vital role. However, quite a number
of experimental observations cannot be explained in the
magnetic framework, yet. For example, multiplicate insula-
tor-metal transitions and resistivity reduction induced by
perturbations other than magnetic field, such as electric cur-
rent, are not well understood in this framework. Here we
present a comprehensive analysis on the magnetic frame-
work and give a Monte Carlo study on the resistivity of a
charge ordered/disordered model without accounting for the
spin degree of freedom. The result shows a colossal resistiv-
ity change as a resultant of the transition between two types
of insulated states. This transition has intrinsic difference
from the popular insulated-to-metallic transition in the
magnetic framework. The present scenario can be used to
explain some experimental facts for electronic transports in
manganites, which are not accessible in the magnetic
framework.
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1 Introduction

Manganites, typical strongly correlated electron systems,
have been extensively studied over the last decade because
of their colossal magneto-resistance (CMR) effect [1]. The
general chemical composition for manganites is T;_,D,MnOs;,
with T a trivalent rare earth cation, and D a divalent alkaline
earth cation or Pb*". In mixed-valent manganites, the hop-
ping of 3d e, electrons causes ferromagnetic coupling be-
tween localized Mn 3d t,, spins, resulting in a significant
resistivity reduction under external magnetic field. This is
the so called double exchange (DE) mechanism. Quite a
number of theoretical approaches proposed to explain the
CMR effect and relevant phenomena that are based on the
DE mechanism, with additional interactions such as Hund
coupling, Jahn-Teller effect, Coulomb repulsion, including
antiferromagnetic super-exchange. These approaches are all
classified in the magnetic framework. It should be noted that
the intrinsic large magnetic field that is required for CMR
effect and which causes imbalance between high Curie tem-
perature (7¢) and large magneto-resistance (MR) make the
magnetic applications of manganites challenging.

Recent investigations unveiled that manganites are intrin-
sically inhomogeneous. Phase separation (PS) and percola-
tion were repeatedly observed through experiments [2—4]
and were also predicted theoretically [5—10]. Conventional
theories in the magnetic framework take this PS scenario
into account and emphasize three fundamental facts: first,
because of the DE mechanism, ferromagnetic (FM) phase is
metallic while antiferromagnetic (AFM) phase and para-
magnetic (PM) phase are insulated. Second, the PS structure
consists of FM metallic clusters and insulated regions. It is
argued that the PS structure on micrometer scale is induced
by quenched disorders, in which the percolation of metallic
clusters embedded in insulated matrix may occur. Finally,
the insulated regions can be partly converted into metallic
phase on application of external magnetic field, which is
characterized by the raise of temperature 77, for insula-



tor-metal transition (IMT) and enhanced MR effect near Tpy.
In accordance to the raise in temperature, the Curie tem-
perature (7¢) is raised, too.

Indeed, the magneto-transport behaviors in some large
bandwidth manganites, for instance La; ,Sr.MnO; (x~0.3)
[2], can be reasonably understood in the magnetic frame-
work, while some anomalous properties that are observed in
other manganites are not accessible in this framework. First,
most manganites are facilitated with charge ordered (CO)
states over a broad doping density range below certain tem-
perature 7' =T¢o. Although the CO states may be melted un-
der magnetic field [10—12], this field threshold for such a
melting condition is large and an appreciable change of re-
sistivity becomes impossible, unless a field beyond this
threshold is applied. Such a threshold for Prj¢Cag4MnO; is
~4.2 T at 30 K [12]. These behaviors will not be observable
for Lay;Sr;3MnO; in which the resistivity response to the
magnetic field is nearly linear [13], since no CO state exists
in Lay;Sr;3Mn0O;. Second, for manganites of intermediate
and narrow bandwidth, e.g., Pr;.Ca,MnQO;, the IMT or co-
lossal reduction of resistivity can be induced by external
fluctuations other than magnetic field, such as photon
illumination [14—17], electric current [18, 19], and pressure
[20, 21]. These phenomena cannot be predicted in the mag-
netic framework. Third, theoretical investigations [22-27]
predicted that the quenched disorder may suppress the
charge/lattice ordering and resistivity considerably, while the
FM ordering remains less affected. Recent experiments
[25] confirmed this prediction: the A-site-disorder in
Pry¢R0.1Sr03MnO; (R=Tb, Y, Ho, and Er) induced by dif-
ferent R-doping indeed causes significant resistivity change,
while the measured magnetization (M) as a function of tem-
perature T does not change much. Finally, AFM metallic
state was observed in some manganites at a divalent doping
x~0.5, e.g., Lag 46510 54MnO; [28] and Ndy 4551(5sMnO; [29],
which also is incompatible with the magnetic framework.
These anomalous behaviors allow us to appeal for a novel
framework as a complementary to the magnetic framework,
which will be the objective of the present study.

2 Charge ordered/disordered model

In general, one is allowed to argue that the electronic trans-
port of manganites is determined by both spin correlation
and charge correlation. For the spin correlation, due to the
DE process, it is known that the nonzero angle between
spins of nearest neighboring (NN) Mn cations restrains the
e, electron from hopping. The as-generated spin-dependent
resistivity is expressed as p;. upon the magnetism transforms
within the PM/FM/AFM. The variation of p, upon magnetic
transitions among the PM/FM/AFM states is not very sig-
nificant. As for the charge correlation, the resistivity due to
the charge ordering or disordering, expressed as p. here, can
be even more significant. The total resistivity of the system
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under investigation is p = pgtp,, if both spin correlation and
charge correlation co-occur. Obviously p. depends on the
fluctuations of the charge ordered states. That is to say, the
variation of the total conductivity does not necessarily cor-
respond to the fluctuations of the spin correlations.

In fact, the charge correlation is more important than spin
correlation in terms of the colossal resistivity change, as
revealed experimentally. In many cases, the conductivity is
independent of the magnetism, although the DE process
indeed combines metallic conductance with FM state in a
few special cases. To illustrate this idea, a preliminary
Monte Carlo (MC) simulation on the electronic transport of
a charge ordered/disordered toy model is conducted. Here
the spin degree of freedom is discarded, i.e., no spin correla-
tion of electrons is accounted. In this model system, the NN
coulomb repulsion represents the sole origin for resistance.

The “spinless™ electrons are distributed in a three dimen-
sions (3D) L* cubic lattice. The Hamiltonian of the model is:

H:ZeE-ini+VZnini+,uinl- (1)
i iy

where e is the charge unit; E is the biased electric field; i(;)
is the location index; #; indicates the number of electrons on
i site; V' is the Coulomb repulsion between e, electrons on
NN sites 7 and j ({7, /)); w; is the chemical potential of e, elec-
trons on i site. Electrons can hop between the NN sites. But
occupation of two electrons on one site is forbidden due to
the large on-site Coulomb repulsion (in real manganites, the
Hund rule and Jahn-Teller effect gives the same result), so #;
can be either 0 or 1. Here V is taken as the energy term and
all other energy parameters are normalized by V.

The MC simulation begins by randomly distributing ~
L*/2 electrons in the L* (L=128 in our simulation) sites, cor-
responding to the half filling manganites. A standard Me-
tropolis algorithm is employed. In each step, site i is selected
at random. If n;= 0, we stop and initiate the next step. If n;=
1, the electron at site i is assumed to hop to a NN site j, if #;
= 0. We calculate the energy difference AH of the lattice
before and after the assumed hopping. The probability for
approving this hopping is p;:

Py = exp(—%} @
B

Here, kg is the Boltzmann constant. We execute the electron
hopping to site j according to the probability and then start
the next step. In our simulation, the bias field £ (taken as 1
in our simulation), which causes the electrical current, is set
in x-direction. We run this simulation from high 7 to low T
as a cooling sequence, and evaluate the resistivity as a func-
tion of 7.

3 Results of Simulation

If the chemical potential y; at site i over the whole lattice is
set at the same value x (¢ = 0), the ground state of this
model system takes the CO state due to the NN Coulomb
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repulsion V, as shown in Fig. 1 (a). This is known as a
Wigner crystal. In contrast, if some chemical potential dis-
order which can be generated through various roadmaps is
introduced into the lattice, the ground state may deviate
from the Wigner crystal. We impose site-dependent fluctua-
tions of the chemical potential onto the lattice with the ex-
pectation value (u;) = 0. It is found that the charge configu-
ration is susceptive to the disorder and the ground state
evolves into a charge disordered (CDO) state at low 7, as
shown in Fig. 1 (b). To characterize the charge ordering de-
gree quantitatively, the average NN charge correlation C is
calculated as:

1
Cz—Znin/
N5

Here N = L* is the number of total sites. The calculated C as
a function of 7 for both the CO and CDO states is shown in
Fig. 2. At low T, C goes close to 0 for the Wigner crystal
which is a complete CO state, as confirmed in Fig. 2. A
rapid decrease of C with decreasing T corresponds to the
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phase transition. When the disorder is induced, the CO at
low T is partially destructed and a CDO state is developed,
giving a nonzero C which is larger than that given for the
CO state at low T.

The degree of disorder can be scaled by the amplitude of
spatial fluctuations of the chemical potential, though (u;) = 0
is maintained in our simulation. The amplitude is defined as:
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with (,ui> = %Z,ui =0. The C-T curve shown in Fig. 2 for
i
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the CDO state is simulated at o*= 5.972 49. What should be
noted here is that the neighbor correlation of y; is also taken
into account in our simulation. So the site-dependent u; is
not fully random but correlated with the neighbors, as done
in Ref. [7]. A 2D section of the 3D fluctuations of y; is
shown in Fig. 3, in which the colour blocks implicate the
neighbor correlations.

Fig. 1 Snapshot of 2D slices (32x32) cut from the 3D lattice (128x128x128). Electrons occupy the blue sites while the gray sites means holes.
(a) No disorder and the system develops into a CO state at low 7' = 0.175. (b) With disorder, the charge order is partially broken at the same 7.
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Fig. 2 NN charge correlation C as a function of T for the CO state (o =0,
without disorder) and CDO state (o-°=5.972 49, with disorder).
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Fig. 3 A 2D (128x128) section of the 3D potential profile . The
neighbour correlation of 4; is clearly identified by the colour blocks. Here
the disorder amplitude o”is 5.972 49.



The resistivity p, as a function of 7 for 6>= 0 and o" =
5.972 49, respectively, is shown in Fig. 4. Corresponding to
the CO-CDO transition triggered by the induced disorder,
the resistivity has a colossal reduction (indicated as XR
process in Fig. 4), as large as four orders of magnitude at
low T. Note here that this transition is due to the variation of
the charge correlation since no spin correlation is taken into
account at all. In addition, an important truth is that the
transport behaviors are both insulated irrespective of the
fact whether the system is in the CO or CDO states. In the
other words, this colossal resistivity reduction corresponds
to a nontrivial insulator-to-insulator transition instead of a
normal IMT that is often identified in the magnetic frame-
work.
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Fig. 4 Simulated resistivity p. as a function of 7. When g, is homogeneous
over the whole lattice, the ground state below Tco is the CO state. As o=
5.972 49, the CO state is partially suppressed with a dramatic resistivity
reduction as big as several orders of magnitudes.

4 Discussions

The simulation presented above allows us to argue that an
insulator-to-insulator transition can generate a colossal resis-
tivity change, which is independent of the spin degree of
freedom. This transition may be utilized to explain the resis-
tivity reduction in real manganites induced by perturbations
other than magnetic field. For instance, it was found that
photonic illumination can destabilize the CO state into the
CDO state, accompanying the colossal resistivity reduction.
Consequently, we are in a good position to propose a
novel framework for the electronic transport in manganites,
which can be illustrated schematically with the help of
Fig. 5. The red curve represents the p - T dependence (CO
curve) for a pure CO state in which no contribution from the
spin correlation (spin degree of freedom) is included. The
blue p -T curve (FM curve), which is weakly 7T-dependent, is
for a system offering the PM-FM transitions in the absence
of CO state. In fact, it was suggested that there are two kinds
of CMR (CMR1 and CMR?2) effects [22]. The CMRI effect
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is induced by abrupt first-order transitions at low 7, such as
the CO-CDO transitions. The CMR2 effect, however, refers
to the CMR effect that usually appears in the regime around
Tc of the PM-FM transitions. In the present framework, the
CMR?2 process occurs around 7c, as indicated by arrow 1.
The MR value is not very large because the FM curve
changes smoothly with the T and the PM-FM transitions
near T being continuous in response to the applied mag-
netic field. A typical example can be found in La; ,Sr,MnO;
(x~0.3), which is a metal over the whole T range [2].

cO
— DO

T T T T

J

Fig. 5 A schematic of the electronic transport of manganites in the present
framework. The 7-dependent transport behaviors of charge-ordered (CO)
state, charge-disordered (CDO) state and ferromagnetic (FM) state are
plotted respectively. The blue dashed curve represents the transport behav-
ior of the FM state under a magnetic field. The vertical axis is resistivity in
logarithm scale. The CO state has very poor conductance which decreases
rapidly with decreasing T, while the FM state makes the conductance me-
tallic due to the spin-dependent DE mechanism. The CMR?2 effect, which is
only spin-dependent, is indicated as arrow 1 and arrow 2, while the XR
effect, which is only charge-dependent, is indicated as arrow 4. The CMR1
effect, considered as a result of the XR effect plus the CMR2 effect, is
shown as arrow 3. The AFM metal is considered as a transition from a weak
CO state to a CDO state, as shown by arrows 5. The purple and green re-
gions are dominated by modulations of the charge degree of freedom and
spin degree of freedom, respectively. Tcand 7o are the Curie temperature
and CO transition temperature, respectively.

The CMR1 effect is a consequence of high-field induced
CO-FM transitions at low 7, which is different from the
CMR2 effect that is indicated by arrow 3. It requires a large
critical magnetic field under which a real colossal reduction
of resistivity is generated.

In the novel framework proposed here, a CDO state
without inclusion of FM ordering is introduced, as indicated
by CDO curve. Such a CDO state can be a spin glass or an
AFM state of no long-range charge order, which was ob-
served in Lag»;Cay77;MnO; [31]. The zero-field ground CDO
state is an insulator, but its resistivity has a milder
T-dependence than the pure CO states. Consequently, the
resistivity at low T is at least a few orders of magnitude
lower than that of the CO states. The CDO state can be clas-
sified as a “bad” insulator. The transport behavior of
PrysSrysMnO; (no clear CO sign from neutron diffraction)
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below the Neel point Ty (AFM, Ty ~150 K) [30] can be
considered as an example of the CDO curve. The CDO state
is an important ingredient to understand the X-induced re-
sistivity change (we call it XR), in this situation X may be
any physical process such as photon illumination, pressure,
electric current, and so on. The X process may melt the CO
state into the CDO state without much change in the spin
correlation [19]. As shown in Fig. 6, the periodic charge
density in the CO states, or periodic coulomb repulsion, is
absent in the CDO states, in which most Mn cations have the
average e, electron density. It is favored for carriers to move
in a relatively leveled potential background. The conduc-
tiveity is largely enhanced (several orders of magnitude) in
the CO-CDO transition, as indicated by arrow 4 in Fig. 5.
Furthermore, the CDO state can be easily transferred to FM
state, because the resistivity does not change much for the
transition of “bad” insulator to “bad” metal. This CDO-FM
transition may be triggered by a spin-dependent DE-medi-
ated process, and thus it can be classified as a CMR2 effect
(arrow 2). Although the CO states are stable against mag-
netic field or pressure below the threshold, they are sensitive
to the site disorder, because of the cooperative lattice effect
[8]- Local illumination [14—17] may have the same effect
as local site disorder. It was demonstrated [14, 15] that illu-
mination may even cause the IMT process rather than the
XR sequence, because the DE sequence cannot be avoided
in these manganites.

The above scenario can also be applied to explain those
observed phenomena but not yet well understood in man-
ganites. The AFM metallic behavior in some manganites is
hard to explain in the magnetic framework. It actually cor-
responds to a transition of a weak CO state to a CDO state
of the AFM order upon decreasing 7, as indicated by arrow

£
\ Mn*

. Mn=*

5 in Fig. 5. If we extend the definition of the CMR1 effect to
the sequence indicated by arrow 3 in Fig. 5, the CMRI1 ef-
fect can be understood as two sequences: the CO state is
melted into the CDO state, followed by the CDO-FM transi-
tions. Thus, one has CMR1 = XR + CMR2 with XR >>
CMR?2, although the XR effect is an insulator-to-insulator
transition rather than an IMT. This partition of the CMR1
effect into two sequences is not trivial, and it highlights
some possibilities for potential applications of manganites,
in which one may utilize the XR effect rather than the CMR
(so as IMT), because the intrinsic large magnetic field re-
quired for CMR effect and imbalance between high 7 and
large MR make magnetic applications of manganites hard to
break through. The XR effect can be achieved simply by
photo- illumination or other process.

Finally, we have to mention that the true CO configura-
tion in manganites (checkerboard arrangement in x-y plane
and charge-stacking along z axis) cannot be stable without
AFM super exchange between the NN £, spins. The CO
configuration studied in this situation is the electron Wigner
crystal since we exclude the spin correlation (spin degree of
freedom). In fact, electron Wigner crystal is also a CO state,
which was once used by Goodenough in early days of man-
ganites research [33], although it is different from the true
CO structure of real manganites. We use this toy model in-
stead of real manganites in the present work, for the reasons
that the colossal XR effect has no relation with the spin cor-
relation, and the difference in resistivity between the real
CO states and the Wigner CO state is not dominant. Besides,
this toy model can predict the property of the pure CO/CDO
transitions, which cannot be reached with real manganites,
where the spin correlations make the problem extremely
complex.

O o

Fig. 6 An example of the XR effect due to the CO-CDO transition. Here the arrangement of e, electrons in the CO state favors a charge
stacking configuration rather than a Wigner crystal. In the CDO state shown here, most Mn cations are Mn*", which have the averaged e,
electron density. The periodic charge density in the CO states, or periodic coulomb repulsion, is absent in the CDO states. Then it is advan-
taged for carriers to move in a relatively leveled potential background and the conductivity is largely increased in the CO-CDO transition.
Here Mn*", Mn’*, Mn** and 0" are Mn**, Mn**, Mn*>* and O respectively in common knowledge. Recently, it is argued that the valences of
Mn and O ions in real CO states are more complex [32]. However, it does not affect this framework because the period of charge density still

exists although y —x # 1.



5 Conclusions

In summary, several major issues as revealed by extensive
experimental investigations on the transport properties of
manganites cannot be reasonably understood in the magnetic
framework. We have highlighted the main problems that
need to be solved. A novel framework has been proposed, in
which the total resistivity of manganites has been separated
into two parts, i.e., spin-dependent term p; and charge-
dependent term p.. The charge degree of freedom as an es-
sential source to modulate the transport behaviors of man-
ganites is particularly emphasized. The novel framework has
been successfully applied to explain a series of very scat-
tered transport behaviors observed in different manganites,
which offer various combinations of the charge degree of
freedom and spin degree of freedom.
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