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a b s t r a c t
Present work demonstrates the formation of spin-orbital polarons in electron doped copper oxides, that
arise due to doping-induced polarisation of the oxygen orbitals in the CuO2 planes. The concept of such
polarons is fundamentally different from previous interpretations. The novel aspect of spin–orbit polarons is best described by electrons becoming self-trapped in one-dimensional channels created by polarisation of the oxygen orbitals. The one-dimensional channels form elongated filaments with two possible
orientations, along the diagonals of the elementary CuO2 square plaquette. As the density of doped electrons increases multiple filaments are formed. These may condense into a single percolating filamentary
phase. Alternatively, the filaments may cross perpendicularly to create an interconnected conducting
quasi-one-dimensional web. At low electron doping the antiferromagnetic (AFM) state and the polaron
web coexist. As the doping is increased the web of filaments modifies and transforms the AFM correlations leading to a series of quantum phase transitions - which affect the normal and superconducting
state properties.
Ó 2017 Elsevier B.V. All rights reserved.

Multiple experimental evidences show that electron-doped
cuprates are substantially different from their hole-doped counterparts [1–6]. Both systems are characterized by strongly correlated
electrons and can be described by Hubbard-like models. The main
differences arise with doping. Here, the main focus is given to lanthanum cuprates where electron and hole doping can be achieved
by substituting Ce or Sr on the La sites of the parent compound La2CuO4 respectively. Electronically, La2CuO4 corresponds to an AFM
state associated with a half-filled Hubbard band [7,8]. When the
system is doped with holes, the resulting dominant electronic correlations are confined to the lower Hubbard band. On the other
hand with electron doping the upper or second Hubbard band
becomes more relevant. Furthermore, a mechanism is suggested
to show how the addition of electrons may induce polarisation of
the oxygen orbitals in the CuO2 plane.
In the parent compound La2CuO4 due to band half-filling the
AFM order is attributed to half of the Cu sites having spin-up and
the other half having spin-down orientations in the CuO2 plane.
The main difference is that with hole doping some copper sites
occupied by holes act effectively as Jahn–Teller ions [9,10], which
creates an interesting possibility for the formation of antiferroelectricity in hole-doped cuprates [10,11]. On the other hand,
electron doping may result in completely filled Cu orbitals with
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state corresponding to the upper Hubbard band. In
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contrast to the hole-doped case, the formation of the d configuration is not associated with a Jahn–Teller lattice distortion.
Another key difference is that due to exchange forces the doped
electron can only occupy copper sites with opposite spin orientation, which costs the large Hubbard energy U  10 eV. Here the situation with electron doping is similar to the Zhang-Rice singlet in
hole-doped cuprates [7]. Specifically, due to the large on-site Hubbard repulsion U the charge density cloud of the doped electron
will shift away from the original Cu site, spreading out onto the
neighbouring oxygen sites. This process will strongly polarise the
oxygen orbitals, particularly those not directly involved in p  d
bonding. The orbital polarisation may extend to nextneighbouring oxygens resulting in the formation of a polarisation
potential well spanning over several Cu sites with the same spin
orientation (Fig. 1a). The doped electron may become selftrapped by this polarisation well. Notably, the spin of the doped
electron is different to the one located on the Cu sites inside the
polarisation cloud.
To describe the formation of the spin-orbital polaron a schematic of the CuO2 plane is considered, where the Cu spin-up and
spin-down sites are marked by black and green points respectively,
while the oxygen atoms are represented by open red circles (see,
Fig. 1a). The electron cloud of the self-trapped doped electron
extends from a single Cu site to the neighbouring oxygen atoms.
The px or py oxygen orbitals which are perpendicular to the p  d
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Fig. 1. a) A schematic representation of the spin-orbital polaron created in the CuO2
plane is shown. Its position is associated with the yellow polygon. The polaron
arises due to the polarisation of the px and py orbitals on the oxygen atoms
neighbouring the Cu sites by the doped electron. These polarised orbitals are
denoted by the red dashed line. Here, for example, the polaron is localized across 4
distinct spin-up Cu sites (black points inside the yellow area). Usually, the polaron
has elongated, quasi one-dimensional character and a needle-like shape. Within the
polaron area the AFM order parameter DSDW decreases. b) The lowest order and
smallest size polaron occupies a hexagonal plaquette consisting of 4 oxygen and 2
copper atoms. A tight-binding model, involving the hybridisation and hopping
integrals p and t respectively, is successfully used to describe the electronic
correlations across these 6 sites. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

of the copper sites is prohibited and the Zhang-Rice singlet is
formed [7]. The situation is different when considering electrondoped cuprates. The most obvious distinction is that the second
Hubbard band becomes now filled, which by definition implies
doubly occupied Cu states at the cost of the Hubbard U. However,
a doped electron can partially avoid the double occupancy by displacing its electron density to the neighbouring oxygens, resulting
in two different effects. Firstly, this doping may induce a structural
transition from the T to the T 0 phase which has no apex oxygens.
The second effect is related to the polarisation of free (nonbonded) oxygen orbitals triggered by the displacement of the
charge density from the Cu site. Consequently if the charge deformation or the polarisation of the oxygen orbitals is taken into
account, one may show that the hopping integral between the
neighbouring oxygen sites increases. It is naturally assumed that
the polarised orbitals on the neighbouring oxygens in the CuO2
plane lie along diagonals and become weakly hybridised. This leads
to the appearance of a hopping path of the form Cu-O-O-Cu where
two next-neighbouring Cu sites are connected via two oxygen
atoms (Fig. 1b). Such process provides substantial probability for
the tunnelling of the doped electron between the next neighbouring Cu sites. In this case the original Hubbard model should be
complemented by the term:

H2 ¼

X

ij

Cu-O bonding become also polarised. Note, the polarisation is oriented along the diagonal in the CuO2 plane (Fig. 1a - red dashed
line). In addition, the px and py orbitals may hybridise weakly to
contribute to a non-zero, substantial overlapping integral, p
(Fig. 1b). The combined orbital hybridisation and polarisation form
a potential well for the doped electron, where it may become selftrapped over several Cu sites with the same spin orientation.
Fig. 1a shows a polaron (yellow coloured area) trapped over four
spin-up Cu sites. The size of the smallest polaron involves two copper and four oxygen atoms spanning over a hexagonal plaquette
(Fig. 1b). It is important to note that problems related to orbital
and spin–orbital polarons formation as well as the creation of
polaron strings are rather topical and were actively discussed in
the past, see e.g. Refs. [12–14]. For example, the formation of
spin-polarons in La2CuO4 was shown to originate with hole doping
into the AFM ground state [15,16]. In transition metal oxides,
specifically LaMnO3, orbital polarons were equally connected to
hole doping of the orbital ground state. Here, all these ideas are
combined to consider the creation of spin–orbital polarons arising
due to oxygen orbital polarisation induced by electron doping,
which is conceptually different from the case discussed in LaMnO3
and other systems [12–17].
The formal description of the mechanism for the spin-orbital
polaron and the conducting filament formation begins with the
Heisenberg AFM state of the parent compound La2CuO4 which is
well characterized by the Hubbard model at half-filling. To take
into the account the polarisation of the oxygen orbitals the
Zhang-Rice model [7] is introduced:

H¼

X

X

i;r

i;r

d C yir C ir þ

p pyir pir þ t

X y
X
C ir pjr þ hc þ U ni" ni#
<ij>

ð1Þ

i

Here, the creation and annihilation operators of the doped electrons on the Cu and oxygen sites are denoted by C yir ; C jr ; pyir and pjr
respectively. t is the hopping integral between the Cu and O sites.
The occupation number operators for spin up and spin down electrons are given by ni" ¼ C yi" C j" and ni# ¼ C yi# C j# , respectively, while U
is the on-site Hubbard repulsion constant.
When describing the case of hole-doped cuprates Eq. 1 naturally transforms into the t  J model, where the double occupancy
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t0ij pyir pjr þ hc

ð2Þ

where the value t 0ij is the hopping integral between the nearest oxygen sites arising only in the local presence of the doped electron and
within the area where its electron density is confined. In general, if
there is any hopping between the oxygen atoms in the plane its
value is usually considered to be significantly smaller than t, that
is t 0ij ¼ t0  0:1t. The proposed model is conventionally named as
t  t 0 Hubbard model and its phase diagram has been intensively
discussed [8]. Here, the focus is shifted to the possible local
enhancement of the t 0 term arising due to the local polarisation
on the oxygen. In this case the hopping integral on the bonds,
 ij >, where the oxygen orbital polarisation occurs (e.g. px and
py ), becomes equal to the value t0ij ¼ p. Hence, the hopping term
is substantially enhanced from its original, non-polarised value
p  t 0 . In particular, it is proposed that the wave packet or charge
density of the doped electron involved in polarising the oxygen
orbitals definitely contributes to the value of t 0 hopping. The main
effect is related to the formation of virtual hopping chains of the
form Cu-O-O-Cu which connect two Cu sites neighbouring along
the diagonal of a CuO hexagonal plaquette. The polarised oxygen
orbitals are key in this mechanism.
Importantly, the polarisation energy of the system is equal to
Ep ¼ ap2 . Here a is a constant describing the polarisation rigidity
of the system. It is playing the same role as elastic modulus in
deformation energy of solids. In accordance with the Pekar polaron
theory (see, recent extensive review and the references therein
[18]), by adding Ep to the lowest eigenvalue from the Shrödinger
equation ðH þ H2 ðpÞÞW ¼ EðpÞW the dependence of the polaron
energy, J Pekar ðpÞ ¼ EðpÞ þ Ep , on the parameter p, describing the
polarisation of the oxygen orbitals is obtained. The wave function
W describes an electron located on two copper and four oxygen
sites, forming a hexagonal plaquette, see, the Fig. 1b, superposed
on an AFM background. The solutions of this equation gives the
polaron energy, J Pekar ðpÞ ¼ EðpÞ þ Ep which takes the form:

J Pekar ðpÞ ¼

 qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

1
 p2 þ 8t2  p þ ap2
2

ð3Þ

here, for simplicity it is assumed that p ¼ d and U ¼ 0. The largest
eigenvalue is most significantly affected by changes in these parameters. The function JPekar ðpÞ has a clear minimum, the position of
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which pmin depends on the values of t and a. For example, when
a ¼ 0:256=t the value pmin  1:41t. Although, this behaviour has
an exact analytic expression, it is too expansive and non-compact
to be included here. Instead, the approximation for pmin can be written as:

pmin  1=4a þ

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð1=ð1 þ 32t 2 a2 ÞÞ=4a;

ð4Þ

which becomes exact at large values of 32t2 a2 > 1. From Eq. 3 it
becomes obvious that the zero polarisation state, p ¼ 0, is unstable
and its energy decreases when the parameter p increases from zero
to pmin . Note, this is a universal phenomenon that is related to the
polarisation of the oxygen orbitals. The value of the Hubbard U
associated with the on-site Coulomb repulsion at Cu sites has little
to no effect on the position of the polarisation minimum pmin . This is
because the electron density is mostly located around the four oxygen sites with little remaining around the Cu positions (Fig. 1a). In
the ground state associated with the lowest eigenvalue the electron
density shifts from the Cu sites towards oxygen sites when the
value of the parameter p increases. When p > 1 the polaron charge
density is mostly located on the oxygen sites. Therefore the on-site
Coulomb Hubbard repulsion at Cu sites U has almost no influence
on its energy. Also the spin–orbital polaron is analogous to other
types of spin polarons [19–22]. It has an opposite spin to the spins
of the Cu sites and its orientation is elongated along the diagonal of
the CuO2 square.
The formation of long conducting filaments is proposed to be
linked to a condensation of such single spin-orbital polarons. Here
many electrons become trapped in a single polarisation well, produced through the polarisation of the oxygen orbitals. The minimum of the Coulomb repulsion between electrons corresponds to
a linear potential well, known as polaron string and stripe [23–
25]. In this way, the electron motion is confined along a linear path
across the Cu sites with the same spin orientation and connected
by polarised oxygen sites. This type of transport is well described
by a form of tight-binding model. An example of the structure of
a conducting filament is shown in Fig. 2a. The electron spectrum
obtained under those conditions is presented in Fig. 2b. The unit
cell of the filament contains five atoms (one copper and four oxygens) consequently giving rise to five bands. Notably, there are two
flat bands associated with localised polarons (when E ¼ p) and
another three separate bands related to mobile polarons. The
energy–momentum dependence for each of these bands, calcu-

lated with parameter value p ¼ 0:9t, is given in the Fig. 2b. The
position of the lowest energy band is determined by the value of
the hopping integral t. Its bandwidth depends on the value p and
the Hubbard parameter U. When the value p increases from zero,
the bandwidth increases. Conversely, when the value U increases
the bandwidth decreases. In fact, the combination of parameters
p and U determines the size of the gap separating the first band
from the second one. The gap vanishes when the value of p reaches
pﬃﬃﬃ
its critical value p ¼ 2t. The energy of the bottom of the lowest
band of the filament (its minimum is at k ¼ 0) decreases linearly
with induced polarisation p. Recently, there have been many
reported observations of anharmonicity [28] or local chargedensity wave (CDW) in electron-doped cuprates [29,30]. These
effects can be related to spin–orbital polarons or their ordered/condensed state as described here.
In summary, the new general concepts of conducting filaments
and spin-orbital polarons have been introduced here within a theoretical framework. In the proposed scenario, the spin-orbital
polarons form excitations of the conducting filamentary state. For
the first time it was demonstrated that the conducting filaments
and the spin-orbital polarons may coexist with an antiferromagnetic phase. The resultant electronic state is manifested as a filamentary spider web of one dimensional correlated electrons
superposed on an antiferromagnetic background. The structure of
conducting filaments is reminiscent of an electron liquid crystal
or electron nematic [31]. The filaments form a microscopic electronic analogy to conventional liquid crystals. Moreover, the presence of spin–orbital polarons gives an additional degree of freedom
to this picture. At high temperatures the filamentary web transforms into separate spin-polarons. In other words the electron liquid crystal melts into a viscous electronic, possibly, Luttinger liquid
[32,33]. While at low temperatures and small electron doping the
filaments and spin-orbital polarons can condense into a spider web
that coexists with the AFM order. For electron-doped La2CuO4 this
will occur at critical doping level x < 0:08. The application of external magnetic field orders the filaments and makes the charge carriers more mobile, resulting in a combination of negative and
positive magnetoresistance effects that are often observed in
electron-doped cuprates [5]. The filamentary structure may also
naturally describe the creation of a two-phase system important
for the appearance of the magnetoresistance effects [34]. Therefore, the electron-doped side of the phase diagram of cuprates

Fig. 2. a) A structure of the conducting filament. The unit cell has 5 atoms so there are 5 energy bands; b) an energy momentum relation of the conducting filament, for all five
existing bands. It is calculated when the value of the polarisation is p ¼ 0:9t. Note that the lowest energy band has two minima at the boundary of the Brillouin zone (BZ). c)
When one polarisation in the unit cell changes sign all 5 bands become completely flat. Such localisation is related to the formation of Aharonov-Bohm cage [26,27].
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can be consistently explained using these novel phenomenologies.
The key of all these effects described here is polarisation of oxygen
orbitals. The analogous important role of oxygen atoms have been
also noticed for the vortex or magnetic flux trapping and paramagnetic Meissner effect observed in the hole-doped cuprates [35–37].
The similar frustrated electronic phase separation as described in
this paper has been recently observed by using scanning micro
X-ray diffraction and EXAFS methods in cuprates and iron based
superconductors showing the emergence of a non Euclidean hyperbolic space for filamentary pathways at percolation [30,38]. The
ideas proposed here may also offer new insights into the origin
of superconductivity and other electronic instabilities reported in
these systems.
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