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Abstract—The spectral density, dispersion relations, and the position of the Fermi level for n-doped composi-
tions based on NCO and LCO were calculated within the framework of the generalized tight binding method.
Asdistinguished from L CO, the dielectric gap in NCO is nonlinear in character. We observe avirtua level both
at the bottom of the conduction band and at the top of the valence band in both compounds. However, its posi-
tion corresponds to the extreme bottom of the conduction band in LCO and is 0.1-0.2 eV above the bottom in
NCO. This explains why we observe Fermi level pinning in n-LCO as the concentration of the doping compo-
nent grows and reproduce its absence in NCCO at low doping values. We also found both compositions to be
unstable in anarrow concentration range with respect to a nonuniform charge density distribution. The relation
between the phase diagram for NCCO and the calculated electronic structure is discussed. © 2004 MAIK

“Nauka/Interperiodica” .

1. INTRODUCTION

Superconducting n-type cuprates Nd,_,Ce,CuQ,
(NCCO) and Pr,_,Ce CuO, (PCCO) have certain spe-
cial featuresthat distinguish them from p-type cuprates.
Rare-earth metal and oxygen layers are shifted in their
crystal structure with respect to CuO, in such away that
thereisno nearest neighbor (the apical oxygen) for cop-
per dlongthec axis; that is, the structural element of the
CuO, layer isaplane CuQ, cluster, whereasit isa CuOy
octahedron in La,_,Sr,CuO, (LSCO). The phase dia-
gram of NCCO issubstantialy different from the phase
diagram of LSCO (Fig. 1). The initiadl undoped
Nd,CuO, (NCO) composition is an antiferromagnet
and dielectric. Doping with electrons rather weakly
suppresses the antiferromagnetic state [1] because of
the diamagnetic dilution mechanism [2]. The supercon-
ducting state borders on the antiferromagnetic phase
and exists in a narrow concentration range Xpi, < X <
Xmax, Where X, = 0.14 and X5« = 0.17. In the normal
state, the dectrical conduction of NCCO is described by
aFermi-liquid quadratic temperature dependence [3], as
distinguished from linear dependencesfor hole high-T.
superconductors[4]. It was shown for NCCO by angle-
resolved photoel ectron spectroscopy [5] that the dielec-
tric gap in this compound was not rectilinear. The min-
imum of the conduction band and the maximum of the
valence band belong to different Brillouin zone points,
k = (1, 0) and k = (102, 172), respectively. The disper-
sion relationsin NCCO for the top of the valence band,

however, remain virtualy identical to those in LSCO.
Angle-resolved photoelectron spectra also reveded the
appearance of intragap states when either NCCO was
doped with electrons or L SCO was doped with holes[5].
Asdistinguished from LSCO, where chemical potential
pinning occurs at low x, NCCO shows a more complex
concentration dependence of the chemical potential [6].

This is one more important difference between
NCCO and LSCO, which isrelated to the possible role
that neodymium f electrons can play in the formation of
the state of heavy fermions at low temperatures [7].
However, first, no unambiguous experimental substan-
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Fig. 1. Phase diagram of LSCO and NCCO. Composition
regions. SC, superconducting phase; PS, pseudogap state;
and AFM, dielectric phase in the antiferromagnetic state.
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tiation [8] of the existence of such a state has been
obtained and no explanation of the large coefficient y
value in the linear temperature dependence of heat
capacity, ¢ = yT, where y =4J/k? for x > 0.15 [9], has
been suggested. Secondly, at alow doping level (0.05<
x < 0.14), the y value is an order of magnitude smaller,
y =0.3J/K? [9], which leads us to conclude that, even if
the state of heavy fermions of the new type does exist
in NCCO, these effects manifest themselves at higher
concentrations because of the low Nd—Cu spin—spin
coupling constant. In this work, we consider low dop-
ing levels, and, at x < 0.15, the beautiful physics of
heavy fermions [7] remains outside the scope of our
analysis.

The purpose of thiswork wasto study the electronic
structure of NCO and La,CuQO, (LCO) undoped and
weakly doped with electrons. We use the same calcula-
tion methods taking into account strong electron corre-
lation as were earlier used by usto study hole cuprates.

Note that strong electron correlation is of funda-
mental importance and should be correctly taken into
account. Indeed, one-electron band calculations give
the ground state of LCO and NCO in the form of a
metal with a haf-filled band, which is at variance with
experiment. At the same time, the simplest strong elec-
tron correlation models like the Hubbard model are
excessively simplified, and the degree of their applica-
bility to describing the band structure of a particular
substance is not known a priori. Our experience in
studying the electronic structure of high-T. cuprates
taking into account strong electron correlation shows
[10-12] that the multiband p—d model [13] is the most
suitable at excitation energies up to 3 €V inside the
valence and conduction bands. This model takes into

account two d orbitals of copper, dxz_yz = d, and
d,. . = d,. We used the generalized tight binding

method to calculate the band structure of quasi-particles
taking into account strong electron correlation [14]. In
this method, the many-electron Hamiltonian within the
cell is exactly diagonalized, many-electron molecular
orbitals are found, and Hubbard X-operators are con-
structed at the first stage. At the second stage, intercell
jumps are included and the band structure of the crystal
is calculated. Particular examples of calculations of
hole cuprates by this method are given in [11, 12, 15].

In this work, we calculated the spectral density and
dispersion for the conduction band in compounds
undoped and weakly doped with electrons. The calcu-
lations by the generalized tight binding method were
performed for NCCO with the T structure and n-type
La,CuQ, with the T structure. We show that there is a
virtual level typical of systemswith strong electron cor-
relation both at the bottom of the conduction band and
at the top of the valence band [11] in LCO and NCO.
The positions of this level in the two compounds are,
however, different. The observed asymmetry also
results in different concentration dependences of the
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Fermi level in NCCO and n-LCO. The character of
valence band dispersion remains virtually identical in
compounds of both types. All results obtained for
n-LCO have no experimental analogsand are predictive
in character, because no n-LCO materials with the T
structure have been prepared as yet. In particular,
n-type superconducting compositions La,_,CeCuQ,
obtained in [16] had the T' structure. Nevertheless,
there is a possibility of inverting p-type LCO by the
field effect, as with field-effect transistors, where
applying apositive voltage to the gate resultsin the for-
mation of an inversion layer in a p-type semiconductor
at the boundary with the gate. A theoretical study of the
electronic structure of n-LCO with the T structure is
therefore of interest.

In Section 2, we discuss the most important changes
in the generalized tight binding method for n-type
cuprates and give the initial equations for dispersion
relations and spectral density. The dispersion depen-
dences for the conduction band in NCCO in compari-
son with similar dependences for n-LCO and experi-
mental dependences are studied in Section 3. In Sec-
tion 4, we calculate the partial contributions of various
orbitals to the spectral density of the conduction band
and study the density of states at the bottom of the con-
duction band in both compounds. The positions of the
Fermi level in NCCO at various doping component
concentrations are determined in Section 5, where the
instability of the state with a uniform charge density
distribution is also studied. The results of our calcula-
tions are briefly summarized in Section 6.

2. DISPERSION RELATIONS
AND SPECTRAL DENSITY
OF QUASI-PARTICLE STATES
IN NCCO AND n-LCO

In the generalized tight binding method, the Hamil-
tonian of the CuO, layer can be written in the form

_ A1h, T
H = Zs al)\o iAo Zz z V |)\101 |}\103

iAo i, ] AA,0,0,050,
D
P T
xal)\zoz iA 04+ Z Z t |)\10 jA0"
0, jOAA 0

Here, g, is the hole annihilation operator in the Wan-
nier state on nodei (copper or oxygen) for orbital A and
spin 0. Two copper orbitals (dxz_yz and d ) and two

Py and p, orbitals on each oxygen node that form

bonds with the specified copper orbitals are included.
Among the Coulomb matrix elements, we can identify
intraatomic Hubbard elements Uy(U,) for repulsion in
one copper (oxygen) orbital between electrons with
opposite spins, interorbital Coulomb elements Vy(V,),
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Jq(J,) exchange matrix elements, and interatomic Cou-
lomb repulsion parameters V4, which we, for simplic-
ity, consider identical for al orbitals. The last term
in (1) describesinteratomic copper—oxygen jumpswith

the parameters 5 7 = t,y and 3 = tpd/ﬁ and

oxygen-oxygen jumps with the parameter t;) = t,,.
The chargetransfer energy will be denoted by Apd €& —
g4, ,» and the energy of splitting of the d level in the
uniaxial crystal field component, by Ay=¢ . —¢,, ,.
X =y
Of six O% ions, two apical ones are situated along the
c axisinthe T structure of the LCO composition. Their
effects are controlled by two calculation parameters,

pa and t,,, which are the integrals of electron jumps
from copper and in-pane oxygen to apical oxygen.

In the generalized tight binding method, the band
structure of quasi-particles including strong electron
correlation effects is calculated in two stages. At the
first stage, the CuO, layer lattice is partitioned into
many unit cells, and the Hamiltonian within one cell is
exactly diagonalized. In addition to selecting the CuOq
cluster as the unit cell, the problem of constructing the
Wannier functions of b, and a,; symmetry on the ini-
tial oxygen orbitalsis solved [11, 12]. The many-elec-
tron molecular orbitals |n, pC({wheren=0, 1, 2, ... isthe
number of holesin the cell and p denotes the set of the
other orbital and spin indices) obtained by diagonaliz-
ing the cell Hamiltonian H, are used to construct the

Hubbard operators of thiscell, X™=|n + 1, p(lIh, g, and
one-electron operators, ang = Y Yo (M) XT. . Here,
the band index of quasi-particles m numbers one-elec-
tron excitations from the initia state |n, gto the final
state |n + 1, p{17].

As distinguished from LCO, oxygen and rare-earth
metal elements in NCO are known to form their own
separate planes in the environment of the CuO, plane,

and the plane of the rare-earth metal is closest to the
CuO, plane. Inthissituation, both parameters should be

close to zero, tpd =0and t = 0. Additional changes

inthe other parameters were not introduced beforehand
and were taken from the calculations of the electronic
structure of p-type cuprates[11]. Theinitial parameters
of our Hamiltonian were:

€, = 0, & =2¢eV,

€p = 1.6 eV, €p, = 05¢eV,

t, = 046eV, t,, =0, ty=0 U;=09¢eV,
U, =46V, V, =15eV, Jy=1leV.

In the generalized tight binding method, the dis-
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persion relations and spectral density can be written in
the form [11]

(E_Qg)amn * PG
=B oy (m) TR K)yae (M) = 0, (2
FCG,(m) gVA( ) T tK)Yae() (2
Ao(kl E) = zlm(ch) = __
(€©)

x zy)\c(m)y)\c(n)lm(ch(AA) + Dis (BB)),

Amn

where

Gﬁg = D:ak)\olal)\'c[lq; = Zon(m)yI'c(n)kar?y (4)

. O 2 0
U Dys(BA) Dio(BB) U (5
Dio (AB) = [MXgy| VoML

Here, indices P and G run over the A and B antiferro-
magnetic state sublattices. Equations (2) and (3) were
obtained for the antiferromagnetic phase [11, 12] using
the equations of motion for Green function (5) in the
Hubbard | approximation for intercell jumps. The ele-
ments of the tight binding matrix

TR = TR = 25 THRYE™,

R,

2 ikR,
TRk = THRK) = =5 TR(R)e™

R,

in the five-orbital d,, d,, b, a, p, basis take the form

Tw(R)
O O
E 0 0 ZtP_dE'ii ZtP_d)\‘i 0 E
0 J3 J3 0
0 2tk 0.
= O —2tpakj NE —2tpVij 2tpXi; —2tpp&ij [
0 O
0 2t oA , 0
E 0 —'f/'-gﬂ 2tppXij  2tppVij _thpAiJE
0 . . O
o O 0 =2t,&; 2t ,A; 0 O

the W, &, Ay, vy, and X coefficients were given
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Fig. 2. Dispersion dependences for n-LCO (solid line) and
NCCO (dotted line). Doping level x = 0.03.

in[11]. Equation (2) is an analog of the dispersion
equation in the tight binding method and differsfrom it
in two respects. First, quasi-particle energies are calcu-

lated in the form Qn(i = €46 — €1p6, that is, in the form
of resonances between many-particle states from dif-
ferent configuration space sectors. Secondly, the occu-
pation number FS (m) = X2 O+ DX{; Oleads to con-
centration dependences of both dispersion and spectral
density amplitude (3). Quasi-particle states with differ-
ent m can overlap and interact, like singlet and triplet
two-hole states of p-type cupratesdo [11, 12].

559

3. DISPERSION OF BANDS

The band dispersion for n-LCO and NCCO at acon-
centration of the doping n-component of x = 0.03 in the
antiferromagnetic phase is shown in Fig. 2. Calcula-
tions only reproduce dispersion in the immediate vicin-
ity of the dielectric gap. Thisis sufficient for analyzing
the spectrum of quasi-particles involved in the super-
conducting state.

The bottom of the conduction band is formed as a
result of the dispersion of the local state with an energy
of Q. = E(1, 2by,) — E(0, &), and the top of the valence
band is formed by excitations with the participation of
the two-hole singlet Q, = E(2, A, — E(1, ?b,g) and
triplet Q) = E(2, 3Byy) — E(1, %y (Fig. 3). Both com-
pounds have avirtual level at the bottom of the conduc-
tion band. Thislevel issimilar in natureto that at thetop
of the valence band (Fig. 3) [11]. Namely, there aretwo
types of quasi-particles that correspond to possible
transitions Q. and Q,. One of the quasi-particlesin the
undoped compound corresponds to the transition
between empty states, which gives zero contributionsto
dispersion and spectral density. In the one-hole sector
of the configuration space, the empty state is one of the
components of the spin doublet in each of the sublat-
tices of the Néel antiferromagnetic state of the CuO,
layer. The vacuum sector corresponds to the a,4 singlet

state of the fully occupied péd'® shell. The existence of
two singlet states in the vacuum and two-hole sectors
(Fig. 3) isthe main reason for the existence of the dis-
persionless virtual level not only at the top of the
valence band but also at the bottom of the conduction
band in n-LCO and NCCO.

Conduction band dispersion in n-LCO was calcu-
lated with the parameter values obtained in studying the

3B1g

(a) LSCO

3

®) NCCO B,

s Ag,
al&’ Alg
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zblg
L7 1 —x
alg//
X
n=0 n=1 n=2

Fig. 3. Configuration space scheme for LSCO and NCCO. The solid lines correspond to quasi-particle transitions that form rigid

bands, and the dashed lines, to impurity bands.
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electronic structure of p-type cuprates. Mere compari-
son of the spectrafor n-LCO and NCCO in Fig. 2 shows
that the degeneracy of the spectrum of LCO at point X =
(1, 0) is accidental. Conversely, the intersection of two
conduction bands, the broad band and the band of vir-
tual level states, at point M = (172, 172) is caused by
CuO, layer symmetry and does not depend on the
parameter values used in the calculations.

The broad band and the band of virtual level states
behave differently asthe doping level increases[11, 15].
The broad bands remain virtually unchanged; they will
further be called rigid by analogy with the rigid band
model. The spectral density and dispersion for the vir-
tual level state bands increase as the degree of doping
grows, and they will be called “impurity” bands. Quo-
tation marks (further omitted) are not meaningless,
because these states have no bearing on the true local
impurity potential.

The transport of quasi-particles in the valence and
conduction bands occurs with different effective trans-
port integrals. We therefore observe different disper-
sion dependences for different bands. Indeed, calcula-

tions give t., /t., = -0.05 and t,, /t,, = —0.14 for
NCO and t;, /t., = 0.05 and t,, /t,, = —0.085 for

LCO, where t,,, (tz, ) and t,, (t,, ) are the effective

transport integrals between the nearest (next-nearest)
neighbors for the conduction and valence bands,
respectively. The most significant change in passing
from LCO to NCO is the formation of a nonlinear
dielectric gap because of the formation of a new mini-
mum at the X point of the conduction band. Calcula-
tions show that the appearance of a rectilinear gap is

also accompanied by achangeinthesign of the t;, /t.,,

ratio. There are moderate changes in the valence band,
but they do not lead to qualitative differencesin the dis-
persion dependences for the n and p materials.

The reproduction of dispersion at the bottom of the
conduction band in NCCO requires the initial parame-
tersto be changed as follows:

de = 0.2 eV,
g, = 1.6¢eV,

Edz = 2€V,
€p, = 0.5¢€V,

tp, = 0.56 €V, t,, = 0.1eV,

ty =0, Ug=9eV,

Uy =46V, V,=15eV, J4=1leV.

It follows that dispersion calculations in NCCO
largely result in changesin the t,,4 and t;,, values and,
to alesser extent, in Ay and t,,. A smaller A, value cor-
responds to a smaller dielectric gap in NCO, E; =
1.6 eV. A smaller t,, value in LCO in turn corresponds
to the presence of orthorhombic distortionsin the sys-
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tem of CuQg4 octahedra. As a consequence, a small
increase in t,, in NCCO is responsible for the conduc-
tion band minimum at point X at low electron concen-
trations. In combination, changes in precisely these
parameters qualitatively modify the dielectric gap and
make it nonlinear in NCO.

Among the known materials based on n-LCO and
having the T structure, the calculated dispersion might
be observed in LaCu;_,Zn0O, compositions [1],
because Zn?* has a completely filled d*® shell, which
formally correspondsto filling the vacuum sector, asin
n-type materials such asNCCO. However in redity, the
Zn impurity leads to a strongly bound carrier and the
violation of trandational invariance over the spin lat-
tice. It appears that, because of strong impurity effects,
photoemission measurementsfor La,Cu, _,Zn,O,, sSim-
ilar to those performed for NCCO [5], cannot be made.

4. PARTIAL CONTRIBUTIONS
TO SPECTRAL DENSITY

We calculated the spectral density A(k, E) for the
rigid and impurity bandsin NCCO (Fig. 4) at alow con-
centration of the doping component x = 0.03. The spec-
tral density is characterized by two peaks correspond-
ing to therigid and impurity bands. The dependences of
the peak amplitudes for (a) the rigid and (b) impurity
bands along the symmetrical Brillouin zone directions
are plotted in Fig. 4. Figure 5b shows how the virtual
level with zero spectral weight at x = 0 transforms into
an impurity band with spectral weight x. The over-
shooting of triplet states into the conduction band is
insignificant, and thisis one more source of asymmetry
of the states of p- and n-type carriers. Similar depen-
dences for the conduction band in n-LCO are shown in
Fig. 5. These results cannot however be compared with
experimental data because of the absence of n-type
compounds based on LCO with the T structure.

Asfollowsfrom calculations of the density of states,
there is a region with a reduced density between the
impurity and rigid bands (Fig. 6). This pseudogap van-
ishes at point M = (102, 2) (Fig. 2). For this reason,
the passage of the Fermi level from the rigid to the
impurity band may be accompanied by adecreasein the
density of states on this level. The pseudogap itself is
magnetic in nature, as follows from its absence in the
paramagnetic phase. Because of the special features
inherent in the spectrum, the pseudogap is more pro-
nounced for the density of states of NCCO.

5. THE CONCENTRATION DEPENDENCE
OF THE FERMI LEVEL

Calculations of the dependence of the Fermi level
position on doping in NCCO for the antiferromagnetic
phase exhibit considerable differences from the depen-
dence obtained for n-LCO. Indeed, at low concentra-
tions, the Fermi level in NCCO goes deep into rigid
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Fig. 4. Spectral density of quasi-particle statesalong symmetrical Brillouin zone directionsin NCO (a) for therigid conduction band

and (b) for the band of virtua level states.
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conduction band states and only then, at X = X, into
impurity band states. This correspondsto x, = 0.08-0.1
in Fig. 7. The Fermi level reenters rigid band states at
X, = 0.18-0.2. A similar dependence of the Fermi level
in Nn-LCO shows pinning only at low concentrations.
Indeed, already at very low concentrations, the Fermi
level accursin the zone of impurity band states that are
being formed. Because the number of states on the
Fermi level begins to grow more slowly than x
(Fig. 8b), pinning ends, and the Fermi level enters the
rigid conduction band. This occurs at x, = 0.11-0.12.
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The calculated concentration dependence of the
Fermi level contains a Ax interval where the rate of
growth of the number of states in the impurity band
exceeds the rate of increasing the number of carriers
Op/ox = (02®/0x?)1 p < 0, which is evidence of possible
phase stratification at the given doping level. Such com-
positions cannaot be stably homogeneous, because the
sought distribution corresponds to the thermodynamic
potential ® maximum. For instance, the dependence of
dp/ox on x for NCCO (Fig. 9) shows that ®(x) has an
instability region Ax = 0.03 wide. Thisregion separates

No. 3 2004



562

—
[\

NCCO

—
=)
T
1

oo
T
|

n-LCO

2]
=
=)
o
@
g
®B 6 .
%
ke
2
R%)
&
a}

1
1.45
Energy, eV

1.00

Fig. 6. Density of states at the bottom of the conduction
band in NCCO and n-LCO. The vertical line indicates the
region with areduced density of states (pseudogap).

two regions with thermodynamic potential minima.
Even at small dopant concentrations, n-LCO occursin
the Ax = 0.05 region with a maximum thermodynamic
potential. Although the materials under consideration
are systems with fixed numbers of carriers, both sys-
tems can either be divided into macroscopic regions
capable of exchanging particles or experience the tran-
sition to the superconducting state, where the number
of particles is no longer conserved. The origin of the
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Fig. 7. Dependence of the chemical potential shift Ap(x) on
the concentration of the doping n-component in NCCO and
n-LCO. The experimental data on NCCO and LSCO were
taken from [6].
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instability of the homogeneous normal state is related
to the presence of antiferromagnetic order, because the
impurity band disappears in the paramagnetic phase. It
followsthat we observe an unusual relation between the
nonuniform charge density distribution and the pres-
ence of antiferromagnetic ordering. The inclusion of
zero spin fluctuations causes instability region Ax nar-
rowing, but does not negate its existence [15].

We aso observe a qualitative correlation between
Fermi level movement to the antiferromagnetic state
and the phase diagram of NCCO. Indeed, the concen-
tration region of Fermi level residence in the impurity
band, or, which is the same, in the pseudogap region
correlates with the superconducting region in the phase
diagram. In NCCO and n-LCO, the Fermi level reaches
the pseudogap at different dopant concentrations
X1(NCCO) > x;(n-LO) = 0. In NCCO, the Fermi level
entersimpurity band states with an already well-devel-
oped spectral density. Thisis seen from Fig. 8a, where
the spectral density in the impurity band is nonzero
aready at x = X, . It follows that the presence of afinite
spectral density of impurity band states at the Fermi
level corresponds to the superconducting region in the
phase diagram of NCCO. The immediate consequence
of acorrelation of this type would be the beginning of
the superconducting region in the phase diagram of
NCCO at T higher than T for n-LCO, this region
being narrower on the concentration scale. Accord-
ingly, we also have X, = %,. Such an equality was
observed for PCCO in[18], whose authors were able to
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Fig. 8. Dependence of the total number of states on the con-
centration of the doping component for the impurity bands
in NCCO and n-LCO; x4 and x, correspond to the entrance
to and exit from the band of virtual level states, respectively.
The solid line shows the number of states, and the dashed
line, the concentration of electrons x. The shaded region in
(a) corresponds to the contribution of the rigid band.
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Fig. 9. Dependence of the second thermodynamic potential derivative 8%®/dx2 on the concentration of the doping component in
NCCO and n-LCO; x, corresponds to the exit of the Fermi level from the impurity band.

study the T*(x) dependence of the characteristic tem-
perature for the pseudogap state in the superconducting
phase of PCCO in magnetic fields higher than Hg,. In
our calculations, the pseudogap state is an attribute of
theimpurity band rather than the precursor of the super-
conducting state. It can beidentified asa special feature
of the electronic structure of materialswith strong elec-
tron correlation in the antiferromagnetic phase and with
asinglet ground state in one of the configuration space
sectors of the unit cell of the material under study.

6. CONCLUSIONS

The results of our calculations can be summarized
as follows:

(1) Common to the dispersion dependences for
NCCO and n-LCO is the presence of avirtua level at
the bottom of the conduction band and at the top of the
valence band in the antiferromagnetic phase. The rea-
son for its existence is the presence of singlet statesin
the vacuum (a,4 isaclosed shell) and two-particle (A,g)
configuration space sectors of both compounds. The
rigid conduction band in NCCO has a minimum at
point X of the Brillouin zone at low doping levels.
Because of accidental degeneracy of therigid band and
virtual level at point X in n-LCO, its dielectric gap is
rectilinear, whereas the gap in NCCO is not. The last
conclusion is in agreement with the angle-resolved
photoelectron spectroscopy data on weakly doped
NCCO compounds [5].

(2) The concentration dependences of the Fermi
level for NCCO with the T' structure and n-type LCO
with the T structure are not symmetrical. We explain
this asymmetry by the different positions of the virtual
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level with respect to the bottom of the rigid conduction
band in these compositions. As a conseguence, we
observe pinning of the Fermi level by states devel oped
on the virtual level in n-type LCO at low dopant con-
centrations. In NCCO, the Fermi level is immediately
immersed into rigid conduction band states and only
enters impurity band states when the degree of doping
increases further. The probability of pinning the Fermi
level by them, however, actually decreases as the dop-
ing level grows.

(3) We observed that, in our calculations, the regions
of Fermi level pinning by the impurity band were virtu-
aly Ax regions with an instability of the form
(0%®/0x?); p < 0, which could be the reason for a non-
uniform charge density distribution in the compositions
under consideration.

(4) A gualitative correspondence exists between the
phase diagram of NCCO and the concentration depen-
dence of the Fermi level: namely, the concentration
region of Fermi level residence in the impurity band
correlates with the concentration region of the super-
conducting state in these compounds. There is no such
correspondence for n-LCO because of the absence of
the corresponding materials with the T structure. Our
results, however, show that the hypothetical phase dia-
gram for LCO of the p/n type with the T structure
should be more symmetrical than the diagram of
NCCO/LSCO.
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