
Uzbek Journal of Physics 
Vol.21(№5) 2019 PP.273-279
 

273 
 

POSSIBLE MECHANISMS OF CARRIER LOCALIZATION AND 
METAL–INSULATOR TRANSITIONS IN HOLE-DOPED CUPRATES 

S. Dzhumanov, U.T. Kurbanov 

Institute of Nuclear Physics, Uzbekistan Academy of Sciences, 100214, Ulughbek, Tashkent, 
Uzbekistan, dzhumanov@inp.uz   

(Received 14.03.2019) 

Биз бир жинсли бўлмаган тешикли-легирланган купратларда заряд ташувчиларнинг 
тур²унлашиш механизмларини ва металл-диэлектрик ўтишларни (МДЎ) ўргандик. Легир-
ланган купратларнинг диэлектрик ³олати заряд ўтказувчи тир±ишли легирланмаган 
купратлардаги Мотт диэлектрикидан фар± ±илиши кўрсатилди. Легирловчилари киришма-
лар ва заряд ташувчилар бўлган бир жинсли бўлмаган купратларда зарядларнинг бўли-
ниши ва тартибланиши заряд ташувчиларга тўйинган ва тўйинмаган со³алар (страйплар) 
³осил бўлишига олиб келади. Зарядларнинг тартибланиши бир жинсли бўлмаган ю±ори 
³ароратли ўта ўтказувчан купратларда тур²унлашган заряд ташувчиларнинг турли хил 
ўтапанжаралари ва энергетик зоналари ³осил бўлишига олиб келади. Биз тир±ишдаги 
киришмали ва поляронли ³олатлар (зоналар) легирлашнинг критик даражаларида металл 
³олатга ўтишини кўрсатдик. Легирланган купратларда МДЎ рўй бериши шартларини 
топишда ноани±ликлар тамойилидан фойдаландик. Бу МДЎнинг ±ўлланилиш чегаралари 
ани±ланди. Натижалар купратлардаги мавжуд эксперимент натижалари билан мос келади.  

Изучены возможные механизмы локализации носителей в неоднородных дырочно-легирован-
ных купратах и металл-диэлектрик переходы (МДП) в них. Показано, что диэлектрическое 
состояние легированных купратов отличается от состояния моттовского диэлектрика нелегиро-
ванных купратов, характеризующихся щелью переноса заряда. Неоднородности, обусловленные 
легирующими примесями и носителями, способствуют разделению и упорядочению зарядов в 
виде трехмерных (3D), насыщенных и обедненных носителями, полос (страйпов). 
Специфическое упорядочение заряда приводит к образованию различных сверхрешеток и 
энергетических зон локализованных носителей в неоднородных высокотемпературных 
сверхпроводящих купратах. Показано, что примесные и поляронные состояния (зоны) 
превращаются в металлические состояния на некоторых критических уровнях легирования. Мы 
используем соотношение неопределенности для получения конкретных условий для МДПов в 
легированных купратах. Определены пределы применимости этих МДПов в купратах. Наши 
результаты согласуются с существующими экспериментами на основе La и других купратов. 

We study the possible mechanisms of carrier localization and metal-insulator transitions (MITs) in 
inhomogeneous hole-doped cuprates. We show that the insulating state of doped cuprates is different 
from the Mott insulating state of undoped cuprates characterized by the charge-transfer gap. The 
dopant- and carrier-driven inhomogeneities favor the charge segregation and ordering in the form of a 
three-dimensional network of carrier-rich and carrier-poor stripes. The specific charge ordering results 
in the formation of different superlattices and energy bands of localized carriers in inhomogeneous 
high-Tc cuprates. We argue that the in-gap impurity and polaronic states (bands) develop into metallic 
states at some critical doping levels. We use the uncertainty relation to obtain the specific conditions for 
the MITs in doped cuprates. The applicability limits of these MITs in cuprates are clarified. Our results 
are in good agreement with the existing experiments on La-based and other cuprates. 

I. INTRODUCTION 

Understanding the mechanisms of carrier localization, metal-insulator transitions 
(MITs) and suppression of high-Tc superconductivity in hole-doped cuprates remains one 
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of the central issues in condensed matter physics. In the undoped cuprates, the carrier 
localization is caused by the strong on-site Coulomb repulsion and the Mott-Hubbard 
model is believed appropriate to describe the MITs in the cuprates [1]. As the doping 
level increased towards the underdoped level, the hole-doped cuprates become unusual 
metals and the importance of electron correlations diminishes [2] and other mechanisms 
may play a major role in carrier localization and MITs in these systems. For lightly doped 
cuprates within the insulating antiferromagnetic (AF) phase, the electron correlation is 
likely to dominate the carrier localization; when the underdoped region is approached, it 
is not obvious which process will dominate. In hole-doped cuprates, the phenomena of 
carrier localization and MITs seem to be much more complicated by carrier-dopant 
(defect)-lattice or carrier-lattice interaction effects, which usually were ignored in the 
existing theoretical models. In reality, there are important unexplained differences 
between the MITs observed in lightly doped [1, 3], underdoped [4, 5] and optimally 
doped [6] cuprates. Another unresolved issue in the physics of high-Tc cuprates is the role 
of the electronic inhomogeneity and charge ordering in the phase separation in the form 
of alternating stripes associated with the two distinct electronic phases (i.e. 
metallic/superconducting and insulating phases) [7-10], which is intimately related to 
carrier localization and MITs in these materials. In this work, we address the carrier 
localization and MITs by providing important new insight into the physics of these 
phenomena in inhomogeneous hole-doped cuprates.  

 
II. SPECIFIC CHARGE ORDERING AND FORMATION OF DIFFERENT 

SUPERLATTICES 

The hole-doped cuprates are inhomogeneous systems (where the dopants and charge 
carriers are distributed inhomogeneously) and the underdoped cuprates are more 
inhomogeneous than overdoped ones [10]. The dopant-driven and carrier-driven 
inhomogeneities may produce regions with different doping levels or with spatially 
varying local density of charge carriers. The doped cuprates have a rich phase diagram 
and their metallic and superconducting states are quite different from those of 
conventional metals and superconductors [11-14]. The insulating state of these materials 
is also substantially different from that of undoped cuprates [13, 15]. Instead of strong 
electron correlations (i.e., on-site Coulomb interactions), which play a dominating role 
only in undoped cuprates and drive these systems into a CT-type Mott insulating state 
[16], the carrier-defect-phonon and carrier-phonon interactions and the electronic 
inhomogeneities play an important role in doped cuprates and are responsible for the 
carrier localization and pairing and the charge segregation, which may manifest itself via 
local phase separation and stripe formation (i.e. the charge carriers form metallic stripes, 
«rivers of charge сarriers» [13], separated by insulating stripes). In particular, in doped 
high-Tc cuprates the inhomogeneous spatial distribution of charge carriers leads to their 
segregation into carrier-rich and carrier-poor regions. Whereas the short- and long-range 
carrier-defect-phonon and carrier-phonon attractive interactions may dominate and give 
rise to charge aggregation in carrier-rich metallic regions together with charge depletion 
in spatially separated carrier-poor regions with no mobile carriers. In high-Tc cuprates, the 
local inhomogeneity and the competitions between the kinetic energy, the above 
attractive interactions and the long-range Coulomb interaction produce nanoscale self-
organized structures called stripes. Further, the anisotropy of the dielectric constants (ε∞ − 
high frequency dielectric constant and ε0 − static dielectric constant) and the smallness of 
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η (=ε∞/ε0) in the cuprates favor such phase separation into alternating carrier-rich and 
carrier-poor regions. As the doping level increases towards underdoped regime, specific 
charge ordering in the form of a 3D network of dynamic (metallic) and static (insulating) 
stripes takes place in these regions, where distinctly different superlattices and energy 
bands of dopants and self-trapped carriers (intrinsic large polarons) are formed at their 
inhomogeneous spatial distribution. In particular, the hydrogenic impurity centers 
(impurities with loosely bound quasi-free carriers or large polarons) and extrinsic large 
polarons (or impurities with tightly bound large polarons) are assumed to form the 
superlattices with the lattice constant aI and coordination number z. The charge ordering 
in carrier-poor and carrier-rich domains results in the formation of simple cubic, body-
centered cubic and face-centered cubic superlattices with coordination numbers z = 6, 8 
and 12, respectively, and the formation of different impurity bands in the CT gap of the 
cuprates. In the tight-binding approximation the widths of the impurity bands can be 
determined from the relation  

2IW zJ= ,                                                             (1) 
where J is the hopping integral between nearest-neighbor impurity centers. 

For the case of the hydrogenic impurity centers, the hopping integral in Eq. (1) may 
be approximated as [17] 

[ ]
2

0
expeJ Rλ

= −λ
ε

,                                                       (2) 

where λ is the reciprocal radius of an impurity state, R is the distance between the 
impurity centers. With increasing R, the impurity band is continuously narrowed, finally 
ending in the discrete levels of individual impurity centers (R>>1/λ). In this case carriers 
are localized to the dopant sites or confined to the potential wells at impurity sites and the 
system is converted into an insulator. Therefore, conduction takes place in a narrow 
impurity band by hopping of carriers from one to another impurity site. When the number 
of impurity states increases, their overlap increases, thus increasing WI and the charge 
transport in sufficiently broadened impurity bands becomes band-like (i.e., metal-like). 
Determination of the critical carrier concentration at which such a transition from the 
hopping-like to the metal-like charge transport occurs in cuprates is a very intricate 
problem, which is at present not completely solved. We believe that the intrinsic large 
polarons like impurity centers form different superlattices and the widths of the polaronic 
bands just as the widths of the impurity bands are determined from a relation just like          
Eq. (1) [18]. 

 
III. POSSIBLE MECHANISMS OF METAL–INSULATOR TRANSITIONS AND STRIPE 

FORMATION IN CUPRATES 

In this section we discuss the different mechanisms that cause carrier localization in 
hole-doped cuprates. The question now arises how, under certain conditions, a system 
with n carriers in cuprates may undergo a phase transition from a delocalized into a 
localized state. In inhomogeneous hole-doped cuprates, the strong carrier–carrier 
interactions, structural disorder, carrier-defect-phonon and carrier-phonon interactions 
may play an important role in carrier localization and MITs. We first examine the 
condition for the existence of the localized bipolaronic states in cuprates. At very low 
doping, the separate levels of extrinsic and intrinsic large bipolarons are formed in the CT 
gap of the cuprates. As the doping increases towards underdoped region, the binding 
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energies of such large bipolarons start to decrease gradually and become zero at some 
doping levels. In particular, the binding energy of the intrinsic large bipolaron is now 
defined as 

2b bB FE∆ = − ε ,                                                        (3) 

where EbB is the binding energy of the large bipolarons, εF is the Fermi energy of large 
polarons. 

Actually, large bipolarons can exist in cuprates in carrier-poor domains at η<ηc and 
remain localized. At a certain doping level n=nc or x= xc= nc/na (where na = 1/Va is the 
density of the host lattice atoms, Va is the volume per CuO2 unit in cuprates), ∆b= 0 and 
the large bipolaron will dissociate into two large polarons. Therefore, the critical carrier 
concentration nc determined from Eq. (3) is 

3 2

2 2

( )

3

/
p bB

c
m E

n =
π

,                                                        (4) 

where mp is the polaron mass. 
For the La2-xSrxCuO4 (LSCO) system we can evaluate nc using the parameter values 

mp = 2.1me (me is the free electron mass), ε∞ = 3.5−4.5, η = 0.04−0.08, EbB ≈ 0.01−          
0.10 eV. Then we obtain cn (0.0514−1.6238)×1020 cm−3. Taking into account that the 
value of Va in the orthorhombic LSCO is 190 Å3, we find the doping levels xc = 
0.001−0.031 at which large bipolarons dissociate into large polarons. This means that 
such localized 3D bipolarons can exist only in the lightly doped LSCO. At x>xc the 
energy bands of extrinsic and intrinsic large polarons may exist, thus permitting charge 
transport by means of intra-band conduction. In case of narrow polaronic bands, charge 
transport becomes hopping-like and is caused by intra-band hopping processes [19]. One 
can assume that if the bandwidth of the extrinsic large polarons exceeds some critical 
value, their intra-band conduction becomes metal-like. We attempt to find the conditions 
under which such a insulator-to-metal transition occurs in doped materials.  

The conditions for carrier localization or delocalization can be obtained by using the 
uncertainty principle: ∆p∆x≥ħ/2, where ∆p and ∆x are the uncertainties in the momentum 
and coordinate of a carrier, respectively. This uncertainty relation can be written as 

2 2( ) 1
22

kx E
km∗

∆
∆ ∆

∆
,                                                      (5) 

where ∆E and ∆k are the uncertainties in the energy and wave vector of the carrier, m* is 
the effective mass of a carrier. The expression ħ2(∆k)2/2m* in Eq. (5) represents the 
uncertainty in the kinetic energy of quasi-free carriers. Taking into account that in the 
impurity band the uncertainties in the energy of carriers is of order WI/2 and the 
uncertainty in their wave vector is about 1/aI, the relation (5) can be rewritten in the form 
(cf. [20]) 

4
I IW ax E∆ ∆ ≅ .                                                          (6) 

On the other hand, the uncertainty in the energy ∆E of carriers at the hydrogen-like 
impurity centers is of the order of the repulsive Hubbard energy U, whereas ∆x would be 
of the order of aH (aH − Bohr radius). In this case the condition for carrier localization can 
be written in the form 
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H

0 25 I

I

. aU
W a

> ,                                                         (7) 

which is useful in determining the quantitative criteria for the Mott MITs. From Eq. (7) it 
follows that the Mott MIT is governed by the ratios U/WI and aI/aH. 

We believe that the strong carrier-defect-phonon and carrier-phonon interactions can 
initiate MITs in cuprates. If the uncertainty in the energy of large polarons bound to 
impurities is of order EpI and the uncertainty in the coordinate ∆x of these carriers is the 
order of the radius of the impurity centers RI, the condition for carrier localization or a 
new type of MIT can be written as  

0 25pI I

I I

E . a
W R

> ,                                                        (8) 

from which it follows that the MIT is governed by the ratios EpI/WI and aI/RI. 
Similarly, the MIT may be also driven by varying the Fermi energy εF and the lattice 

constant ap of intrinsic large polarons. The condition for such a MIT can be written as 
0 5pI p

F p

E . a
R

≥
ε

.                                                          (9) 

We examine below the possibility of the Mott and other MITs in La-based cuprates. 
III.1. The Mott-type metal–insulator transitions 

Knowing the Hubbard energy U and the bandwidth WI one can find the criterion for 
the Mott MIT from the condition (7). For the case of hydrogen-like impurity centers, the 
value of U is equal to 55/64 H

IE  [21], while the bandwidth WI is given by [17] 

[ ]
2

0 H
2 expI

eW z R
a

−λ
ε

.                                                (10) 

For aI = 4aH, we obtain from the relation (7) the familiar localization picture described by 
the Mott criterion 1IW / U . If we assume H3 4783Ia . a , we find 1 15IW . , which is 
known as the Hubbard criterion for the MIT. Then, the Mott MIT point is determined 
from the condition 

H

H

464 exp
55

I

I

W az R
U a a

⎡ ⎤
= − =⎢ ⎥

⎣ ⎦
.                                               (11) 

If the impurity centers form simple cubic, body-centered cubic and face-centered 
cubic superlattices with aI =R (for z =6), aI = 2R/ 3  (for z =8) and aI = 2R  (for z =12), 

the appropriate densities of carriers per unit cells of such superlattices are 31 In / a= , 
32 In / a=  and 34 In / a= , respectively. It follows that the distance between nearest-

neighbor impurity centers are equal to 1 31 /R / n R=  (for z =6), ( )1 33 4 /R / n=  (for z 

=8) and 1 6 1 32 / /R / n=  (for z =12). Thus, Eq. (11) can be written as 

1 3 1 3
H H

64 1exp 1
55 / /

z
n a n a

⎡ ⎤
− =⎢ ⎥
⎢ ⎥⎣ ⎦

          for z=6,                                 (12) 

3

1 3 1 33
H H

64 2 3exp 1
55 4/ /

z
n a n a

⎡ ⎤
− =⎢ ⎥
⎢ ⎥⎣ ⎦

          for z=8,                                 (13) 
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1 63

1 3 1 3
H H

64 4 2exp 1
55

/

/ /
z

n a n a

⎡ ⎤
− =⎢ ⎥
⎢ ⎥⎣ ⎦

          for z=12,                                 (14) 

from which we obtain the following criteria for the Mott MITs: 1 3
H

/
cn a 0.3265 (for          

z=6), 1 3
H

/
cn a 0.2968 (for z=8), 1 3

H
/

cn a 0.2504 (for z=12). 
If we take m*=me and ε0=30, we find aH=15.87 Å in LSCO, so that the Mott MITs 

would occur at the hole concentrations c c ax n / n= 0.00075−0.00166. These values of 
xc are much smaller than the value of 0 02cx .  at which the destruction of the 
antiferromagnetic (AF) order is observed in LSCO [1]. However, the large-radius dopant 
and large polaron may form the hydrogenic impurity center in LSCO. The hydrogenic 
state of a large polaron in LSCO has an effective Bohr radius aH=0.529ε0(me/mp) Å. If we 
take take mp=2.1me and ε0=28, we find Ha 7.06 Å. In this case the Mott transitions 
would occur at xc=0.0141 (for z=8) and 0 0188cx .  (for z=6). These values of xc are 
close to the experimental values 0 018 0 02x . .−  at which the AF order is destroyed in 
LSCO [1, 22]. 
III.2.The other metal–insulator transitions and stripe formation 

From the relation (8) we obtain the following criteria for the new MITs: 

1 3 1 3
0 5 1exp 1/ /

I I

. z
n R n R

⎡ ⎤
− =⎢ ⎥
⎢ ⎥⎣ ⎦

             for z=6,                                 (15) 

3

1 3 1 33
0 5 2 3exp 1

4/ /
I I

. z
n R n R

⎡ ⎤
− =⎢ ⎥
⎢ ⎥⎣ ⎦

         for z=8,                                 (16) 

1 63

1 3 1 3
0 5 4 2exp 1

/

/ /
I I

. z
n R n R

⎡ ⎤
− =⎢ ⎥
⎢ ⎥⎣ ⎦

           for z=12,                               (17) 

from which it follows that 1 3 0 651/
In R .  (for z=6), 1 3 0 453/

In R .  (for z=8), 
1 3 0 3354/

In R .  (for z=12). 
We are now able to evaluate nc in La-based cuprates using the above values of n1/3RI. 

For ε∞=4.5, and η=0.04−0.12 the value of RI is found to vary between 8.44 and 9.91 Å. In 
these cases, the MITs occur at cx 0.0539−0.0872 (for z=6) and xc=0.0182−0.0294 (for 
z=8) in La-based cuprates with small-radius dopants. When ε∞=3.5, η=0.04−0.12 and 

IR 6.41−7.56, the MITs occur in these systems at cx 0.1213−0.1990 (for z=6) and 

cx 0.0409−0.0671 (for z=8). For ε∞<3.5 and z=6, the metal-insulator boundary of La-
based cuprates containing small-radius dopants lies in the deeply overdoped region 
(xc>0.2). Further, the double substitution of smaller cations for host lattice ions and 
dopants may also favor the MITs and stripe formation occurring in a wide range of 
doping of La-based cuprates. In La2-x-yNdySrxCuO4 and La2-x-yEuySrxCuO4 with small-
radius dopants Nd3+ and Eu3+, the static stripe phases are observed in a wide range of 
carrier concentration [23]. 
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IV. CONCLUSION 

We argued that the inhomogeneous spatial distribution of dopants and hole carriers 
favor the specific charge ordering in the form of a 3D network of carrier-rich and carrier-
poor stripes and the formation of different superlattices and in-gap bands of dopants and 
large polarons.We have shown that the localized in-gap states develop into metallic states 
at some critical doping level. We have succeeded in deriving the quantitative criteria for 
the MITs caused by strong carrier–carrier (i.e. Coulomb) interaction on the same impurity 
center, disorder, carrier-dopant-phonon and carrier-phonon interactions. The applicability 
limits of the Mott and other MITs in hole-doped cuprates are determined. Our results 
show that the other MITs in the cuprates are accompanied by the formation of static 
(insulating) stripes in carrier-poor domains and dynamic (metallic) ones in carrier rich 
domains. 
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