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The double-tetrahedral chain in a longitudinal magnetic field, whose nodal lattice sites occupied by the localized
Ising spins regularly alternate with triangular plaquettes with the dynamics described by the Hubbard model, is
rigorously investigated. It is demonstrated that the uniform change of electron concentration controlled by the
chemical potential in a combination with the competition between model parameters and the external magnetic
field leads to the formation of one chiral and seven nonchiral phases at the absolute zero temperature. Rational
plateaux at one-third and one-half of the saturation magnetization can also be identified in the low-temperature
magnetization curves. On the other hand, the gradual electron doping results in 11 different ground-state regions
that distinguish from each other by the evolution of the electron distribution during this process. Several doping-
dependent magnetization plateaux are observed in the magnetization process as a result of the continuous change

of electron content in the model.
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I. INTRODUCTION

Magnetization process in one-dimensional (1D) strongly
correlated electron systems and quantum spin systems belongs
to hot topics of modern condensed matter physics, both
from the theoretical and experimental point of view [1-3].
In particular, the phenomenon of magnetization plateaux in
low-temperature magnetization curves is currently a subject
of intensive research, because it often reflects an existence of
quantum ground states with an intriguing spin arrangement.
Many theoretical studies of 1D systems, including various
chains [4-19], ladders [20-26], and/or other related models
[27,28], indicate a presence of the magnetization plateaux at
certain rational fractions of the saturation magnetization. The
occurrence of these plateaux is subject to a validity of the
quantized condition known as Oshikawa-Yamanaka-Affleck
(OYA) rule [29],

p(mg, — m) = integer, (D

where p is the period of the ground state, while mg, and
m are, respectively, the saturation and total magnetization
per elementary unit of the ground state. It should be noted
that the criterion (1) is a necessary but not a sufficient
condition for the rational magnetization plateau formation.
Experimentally, rational values of the saturation magnetiza-
tion can be observed in numerous insulating materials, such
as the azurite Cu3(CO3),(OH), [30-32], Cu(3-Clpy)2(N3)»
[33,34], Cuz(P,0sOM), (M=H, P) [35,36], NH4CuCl; [37],
Cu3Clg(H,,0), - 2HgC4SO; [38], etc.

In context of the magnetization process of 1D systems,
magnetization curves with plateaux at nontrivial irrational
values can also be found both experimentally [39,41] and
theoretically [42-51]. It was confirmed that this striking
phenomenon is not in conflict with the OYA criterion (1) and
may be a direct result of different Landé g factors of magnetic
particles [39-43], quenched disorder [44—46], or doping by
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itinerant particles [47-51]. In the last case, a change of the
particle concentration may allow one to tune the value and
position of the magnetization plateau in a controlled way. Of
particular interest is the mechanism leading to a continuous
variation of the magnetization plateau with the particle filling.
A valuable feature of this mechanism is that the controlled
doping allows one to move the doping-dependent plateaux to
lower magnetic fields [47-50]. This makes the aforementioned
mechanism very attractive for experiments.

In the present work, we will examine ground-state prop-
erties and the low-temperature magnetization process of a
coupled spin-electron double-tetrahedral chain, in which nodal
lattice sites occupied by the localized Ising spins of the mag-
nitude o = 1/2 regularly alternate with triangular plaquettes
available for mobile electrons. The magnetic structure of
this 1D lattice is experimentally realized in the copper-based
polymeric chain CuzsMo,09 [52-55]. As has been shown in
our recent works [56-59], the mixed spin-electron system
with the lattice topology of the double-tetrahedral chain rep-
resents an excellent prototype model, which allows the exact
investigation of many interesting physical phenomena such
as quantum nonchiral and/or uncommon chiral ground states,
the rational magnetization plateau, the abnormally narrow and
high low-temperature peak of the specific heat, and very abrupt
(almost discontinuous) thermal variations of the entropy and
sublattice magnetization caused by a difference in ground-state
degeneracies, as well as the enhanced magnetocaloric effect.
The main purpose of this paper is to explore in detail an
effect of the uniform and gradual electron doping on the
ground-state properties of the model and the plateau creation
in the magnetization process to provide a deeper insight into
doping-dependent magnetization plateaux.

The paper is organized as follows. In Sec. II we present
the magnetic structure of the model and briefly mention the
computational idea that leads to the rigorous solution of
this model. Sections III and IV present numerical results for
the ground state and low-temperature magnetization process
during the uniform and gradual electron doping, respectively.
Section V contains a summary of the most interesting results
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FIG. 1. A part of the spin-electron double-tetrahedral chain. Full
circles denote nodal sites occupied by the localized Ising spins o =
1/2 and empty circles forming triangular clusters are available to
mobile electrons.

and the conclusion. The paper ends with three appendices,
which include the complete set of electron basis states of the
orthogonal Hilbert subspaces corresponding to all possible
numbers of mobile electrons in the triangular plaquette and
energy eigenvalues of one double-tetrahedron (Appendix A),
the state vectors corresponding to the kth triangular plaquette,
which are parts of the eigenvectors of ground-state phases
appearing during the uniform electron doping (Appendix B),
and the list of analytical expressions for first-order phase
transitions between these ground states (Appendix C).

II. SPIN-ELECTRON DOUBLE-TETRAHEDRAL CHAIN

We consider a magnetic system with a lattice topology of the
double-tetrahedral chain, in which nodal lattice sites occupied
by the localized Ising spins regularly alternate with triangular
plaquettes consisting of three equivalent lattice sites available
for mobile electrons (see Fig. 1). Assuming N nodal sites, the
total Hamiltonian of this spin-electron model can be expressed
as a sum of N cluster Hamiltonians ﬂk:

N
H=> H. 2)

=—t ) Z(Ck/ y ChGit Doas.y +H.C)
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3

3
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Each cluster Hamintonian (3), contains all the interaction
terms connected to one triangular plaquette and its two
surrounding nodal lattice sites. Parameters é}: ;. Cij,y TEpresent
usual fermionic creation and annihilation operators for mobile
electrons with the spin y € {1,]} that occupy the jth site
of the triangular plaquette in kth position, 7iy;, = é,tj’yékj_y
denotes the respective number operator and o, = +1/2 labels
the Ising spin placed at the kth nodal site. The hopping
parameter ¢ > 0 takes into account the kinetic energy of
mobile electrons in triangular plaquettes, J stands for the
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Ising-type coupling between electrons and their nearest Ising
neighbors, U > 0 represents the on-site Coulomb repulsion
between two electrons at the same plaquette site and w is
the chemical potential, which allows one to tune the electron
content in the studied system. The last two terms in Eq. (3)
represent the Zeeman’s energies of mobile electrons and the
Ising spins in a presence of the magnetic fields H, and
H;j, respectively. Finally, we have introduced the modulo 3
operation into the first term of cluster Hamiltonian (3) to ensure
the periodic boundary condition 6,14’}, = é,tw (Cra,y = Cr1,y)
for the three-site electron subsystem.

The cluster Hamiltonian (3) can be alternatively written
in terms of the operators 7 = Zi:l(ﬁkm + figj.y) and §F =

Z?Zl(ﬁkm —figj,1)/2. The former operator determines the
total number 7, of mobile electrons in the triangular plaquette
of kth double-tetrahedron, while the latter one specifies the
total spin S of this plaquette in the zth direction. It is worth
noting that the Hamiltonian (3) can be written as 64 x 64
matrix, if one considers a variable number of electrons from
zero up to six in the triangular plaquette. This matrix has
the block-diagonal form with regard to a validity of the
commutation relations [Hy,Ax] = 0, [7:(;(,315] = 0. Individual
matrix blocks of Eq. (3) correspond to the orthogonal Hilbert
subspaces with different but fixed number of electrons n; and
distinct values of the total spin S;. The eigenvalues of these
blocks can be analytically found by applying the so-called
basis of wavelets [60,61] on the orbits O of individual
Hilbert subspaces as the aftermath of the cychc translational
symmetry of triangular plaquettes (see Appendix A). It should
be mentioned that each orbit O s is well defined by the initial
electron configuration
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In the above, c3 is an element of the cyclic translation
group Cs.

A complete set of eigenvalues of the cluster Hamiltonian (3)
can be employed for a calculation of the grand free energy 2
per elementary unit:
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In the above, 8 = 1/(kgT) represents the inverse temperature
(kg is Boltzmann’s constant and 7 is the absolute temperature),
Y (o) denotes a summation over all possible states of the
localized Ising spins, and Tr labels for a trace over the
degrees of freedom of all mobile electrons in the system.
The trace Tr can be factorized into a product of N traces
Tr; running over degrees of freedom of electrons from the
kth plaquette due to a validity of the commutation relation
between different cluster Hamiltonians [ﬂk,ﬂkr] =0. It is
worthy to note that the grand free energy 2 is valuable for
investigating all physical quantities, which may be helpful
in understanding the magnetic behavior of the considered
model. A rigorous expression for 2 may be obtained by
two independent analytical methods. The first method is the
standard transfer-matrix technique [62—-64], while the second
one lies in a combination of the generalized decoration-
iteration mapping transformation [65-67] with the known
analytical formula for the partition function of the spin-1/2
Ising chain in the longitudinal field [62—64]. The reader can
find computational details of both methods in our recent works
[56,57,59], which deal with some particular variants of the
model with the conserved electron concentration.

III. UNIFORM ELECTRON DOPING

In this section, we will discuss the ground-state arrangement
and low-temperature magnetization process during an electron
doping, which results in the same electron content in triangular
plaquettes. Due to some fundamental differences between
magnetic properties of models with distinct nature (sign) of
the spin-electron couplings [56—59], our attention will be
restricted to the particular case of the ferromagnetic interaction
J < 0 hereafter. The same magnetic fields acting on the Ising
spins and mobile electrons H = H; = H, will also be assumed
to reduce the total number of free parameters.

A. Ground state

To find all possible spin-electron arrangements at the zero
temperature, a comprehensive analysis of all eigenvalues Ey;
listed in Appendix A has to be performed by considering four
available spin combinations of the Ising pair oy, oy4;. The
gained lowest-energy eigenstates can be then extended to the
whole model due to the commuting character of the cluster
Hamiltonian (3). In this manner, eight different phases can
be observed at 7 = 0 as a result of the mutual competition
between model parameters and the external magnetic field.
The spin-electron arrangements peculiar to these phases are
unambiguously determined by the following eigenvectors and
energies:

s,y = |t 1001 @ | =a.5{=0). H =0
[T Mo ® | =a,5i=0), H>0
NH Na
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N
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In the above, the subscripts a, b and 3 specify a total number
(concentration) of electrons in the kth triangular plaquette
and ¢y, = arctan( LV U* + 27022 + 243t4). The prod-

uct ]—[,](v:1 runs over elementary clusters, the state vector 1),
(I4)¢,) determines the spin state o7 = 1/2 (—1/2) of the Ising
spin located at the kth nodal site, while |n;,S;) and |ng, S¢) 1 &
refer, respectively, to the nonchiral and chiral eigenstates of ny
electrons with the total spin S} in the kth plaquette. Analytical
expressions of the state vectors |n,S7), |ni,S5)z,r are too
cumbersome for some electron concentrations, therefore the
reader finds them in Appendix B.

It can be easily deduced from Egs. (5)—(8) that an
arrangement of the Ising spins depends on a presence/absence
of the magnetic field and the total spin of triangular plaquettes.
To be specific, the phases S,, where triangular plaquettes
have the zero total spin, because they are either empty,
fully filled, or partly occupied by two or four electrons in
a quantum superposition of several intrinsic antiferromagnetic
and nonmagnetic states, exhibit a kinetically driven frustration
of the Ising spins at H = 0. An arbitrary nonzero field cancels
this macroscopic degeneracy, because it forces the Ising spins
to align into its direction. On the other hand, all the Ising
spins may occupy either the spin state of = —1/2 or 1/2 if
the phases S;, S3, and §3 occur in the zero-field ground state.
Mobile electrons in triangular plaquettes also choose between
two possible quantum states with the total spins S; = —1/2
and 1/2 (in S, and §3) or between two classical ferromagnetic
states corresponding to the total spins S; = —3/2 and 3/2
(in S3) to preserve the spontaneous ferromagnetic ordering
with the Ising neighbors. Any nonzero magnetic field lifts
this twofold degeneracy of the phases S;, S3, S3. Moreover,
one can also find a peculiar field-independent macroscopic
degeneracy if the phase S3 constitutes the ground state. This
degeneracy relates to two possible chiral degrees of freedom
(Left- and Right-hand) of mobile electrons in each triangular
plaquette. It should be said that four of the eight observed
phases have already been identified in some particular variants
of the model with the conserved electron content in triangular
plaquettes. Namely, the phase S; represents the ground state
of the model with the one-sixth filling of plaquettes [56], S, is
one of two possible phases constituting the zero-temperature

052110-3



LUCIA GALISOVA

® 2.5

1 I
\ 1
\ 1
1
1
1

1
2.0f |

L.5¢ S

1

1
1
\
\
1
1
1
1
1
1
1.0 \
. \
1
\
\
1
1
1
\
1
1
1

S

5

H/1J

05 S

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
m

0'-04,5 -3.0 -1.5 0.0

15 3.0
u/ M

45 60 7.5

H/J|

1.0+

0.5F S

0.0 : :
-4.5 30 -1.5 0.0

15 3.0 45 60 75
/|

PHYSICAL REVIEW E 96, 052110 (2017)

(b)
2.5

2.0F S

3

S

1

S

5

H/1J]

\
! /
\ |
\ |
\ I
\ |
\ |
\ |
\ i
\ i
\ |
1.5¢ \ i B
. \ !
\ |
\ |
\ |
\ i
\ |
\ |
\ I
\ i
‘1 |
\ |

WA AT
0.0

45 30 -15 00 15 30 45 60 7.5
u/J

H/1J|

0.5+

0

0.0 : :
-4.5 30 -1.5 0.0

15 30 45 60 7.5
u/

FIG. 2. Ground-state phase diagrams of the model (2) in the u-H plane for the fixed Coulomb term U/|J| = 3 and four representative
values of the kinetic parameter (a) ¢/|J| = 0.4, (b) ¢t/|J| =0.7,(c) ¢t/|J| = 0.9, (d) t/|J| = 1.3.

phase diagram of the model with the one-third electron filling
[58] and the phases S3, S3 have already been detected in the
ground state of the model with half-filled plaquettes [59].

To illustrate stability regions of the ground states given by
Egs. (5)—(8), several zero-temperature diagrams are depicted
in Fig. 2 for the fixed Coulomb term U/|J| =3 and a
few representative values of the hopping parameter 7/|J]|.
Obviously, four different ground-state topologies are possible
in the w-H plane. If the hopping parameter is smaller than the
boundary value,

= — 2 + 13
bl = 18

\/(U 6J)2 —24UJ, 9)
then the u-H plane is divided into five regions corresponding
to five different phases [see Fig. 2(a)]: So and S¢, where the
system is broken up into a set of N noninteracting Ising spins
due to zero effective interactions mediated by either empty
(in Sp) or fully-filled nonmagnetic (in Sg) plaquettes; S3, in
which each plaquette site is occupied by a single electron due
to its polarization into the magnetic-field direction; and Sy,
Ss, which are characterized by a single and five electrons per
plaquette, respectively. We note that the phases Sy, S; represent
mirror images of the phases Sg, S5 on account of the fact that
empty plaquette sites can be replaced by doubly occupied
ones. If the reverse condition ¢ > 1, is satisfied, other two
novel phases S;, S4 can be observed in the ground state [see
Figs. 2(b)-2(d)]. Both these phases are characterized by the
zero total spin of triangular plaquettes, since mobile electrons
underlie a quantum superposition of six antifferomagnetic and

three nonmagnetic states [see the state vectors (B5) and (B12)
in Appendix B]. If the hopping parameter is higher than the

other boundary value #;; > f,;, which is determined by the
condition

3J —2U +2,/U? + 271}, cos (¢u.4,) =0,

then the macroscopically degenerate chiral phase §3 can
be identified between S, and S4. The phases S,, S grad-
ually enlarge, while S; is shifted toward higher mag-
netic fields with the increasing ¢. As a result, a ver-
tical boundary arises between the phases S,, S; at the

magnetic fields H < 242+ (U422 + 3212 —

«/ U? + 2712 cos(¢y, ,) The phase transition S,—S4 can be
observed only for hopping parameters that are higher than the
boundary value 1,3 > 1, given by equation

(10)

30 = 2U + 613 + 3,/ (U + 20002 + 3213,

—4,/U? + 27155 cos (v, 4,,) = O,

as illustrated in Fig. 2(d).

It is worth mentioning that all observed ground-state
boundaries are discontinuous (first-order) phase transitions,
where two neighboring phases coexist together. Their an-
alytical expressions can be derived by comparing energies
of these phases (see Appendix C). The exceptions are the
phase transitions S;—S; and S3;-Ss, which are depicted by
dashed lines in Fig. 2. At each point of these particular
boundaries, spin-electron configurations of the elementary

Y
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FIG. 3. The electron density p, per triangular plaquette as a
function of the chemical potential © and the magnetic field H for
the Coulomb term U/|J| = 3 and the hopping parameter ¢/|J| = 0.9
at the temperature kg7'/|J| = 0.015.

clusters corresponding to the adjacent phases S, S3 (S3, Ss)
are in thermodynamic equilibrium with the third configuration
Sk (Sax) given by the following eigenvector and ground-state
energy:

S, o [ @lme=eSi=—1), o H=0
T M@ =cSf=1), . H>0
~ 3H

Eck:_J—T—Cu—t, c={2,4}. (12)

Similarly as S5, not yet observed configurations (12) are
macroscopically degenerate due to the chiral degrees of
freedom of mobile electrons [see Egs. (B4), (B6), (B11), (B13)
in Appendix B].

For completeness, we should remark that other variants
of the ground-state phase diagrams could also be discussed.
However, all possible spin-electron arrangements resulting
from the mutual competition between the parameters J,¢,U, u,
H have already been presented in Fig. 2, therefore we omit
them in this paper.

B. Electron density

The electron content in triangular plaquettes observed
within individual ground-state phases can be independently
verified by the electron density per triangular plaquette p, =
(Aik) gen. at low enough temperatures. This physical quantity
can be obtained by using the relation:

0
e =—— . 13
P <3M)T ()

Typical three-dimensional (3D) plot of the electron density
per triangular plaquette against the chemical potential © and
the magnetic field H is presented in Fig. 3. To compare the
displayed results with the ground-state analysis in Sec. IIT A,
the reduced parameters U/|J| and ¢/|J| are fixed to the same
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values as in Fig. 2(c). The temperature takes the lowest possible
value for numerical calculations kg7 /|J| = 0.015. It is clear
from Fig. 3 that the displayed electron density exhibits in
total seven different plateaux at p, = 0, 1, 2, 3, 4, 5, and 6.
Referring to the phase diagrams in Fig. 2(c) one can conclude
that the observed zero and integer plateaux reflect the electron
content per plaquette in the ground-state phases Sy, Si, S,
S3, S3, S4, Ss, and Sg, respectively. Steep continuous steps
between different plateaux quite accurately reproduce real
discontinuous jumps, which exist at relevant first-order phase
transitions at the absolute zero temperature. In accordance with
common expectations, the rising temperature smoothes the
observed stepwise behavior of p, until the plateaux completely
disappear.

C. Magnetization process

To investigate the magnetization process of the spin-
electron double-tetrahedral chain, it is useful to introduce the
single-site magnetization corresponding to the localized Ising
spins m; = (0f)gcn. and the magnetization of mobile electrons
per triangular plaquette m, = (S © ) gen.- Both the magnetization
can be obtained as derivatives of the grand free energy (4) with
respect to the particular magnetic fields:

02 0
m;:—(—) , me:—( ) . (14)
0H; ) ; 0H, / ;

In view of this notation, the total magnetization per elementary
cluster m can be defined as a sum of both magnetizations:

m=my+m,. (15)

It is worth noting that the value of Eq. (15) depends on the spin
states of magnetic particles forming the elementary cluster
as well as the electron density per triangular plaquette. As
a consequence, the saturation magnetization per elementary
cluster mg, can be expressed as follows:

1
TP for0<p <3,
ma =172, (16)
26 for 3 < p, < 6.

Figure 4 presents 3D views of the magnetization process for
the fixed Coulomb term U/|J| = 3 and three representative
values of the hopping parameter ¢/|J| = 0.7,0.9,1.3 at the
temperature kg7 /|J| = 0.015. Obviously, besides a direct
steep increase from the zero to saturation value in the zero-
field limit, 3D magnetization curves may include one or
two fractional plateaux at the one-third and one-half of the
saturation magnetization before reaching the saturation value.
Referring to Fig. 2 one can conclude that the region where the
total magnetization reaches the saturation value corresponds
to the phases Sp, Si, S3, S5, and S¢. On the other hand, the
one-third plateau reflects the presence of the phases S, and
S4, while the one-half plateau corresponds to the chiral phase
S;. The analytical expressions of individual plateaux depend
on the total spin S; and the electron density p, of triangular

052110-5
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For completeness, we note that rational magnetization plateaux
and steep steps displayed in Fig. 3 are not real due to the finite
temperature, but they very precisely reproduce real plateaux
and discontinuous jumps appearing in the zero-temperature
magnetization curves.

IV. GRADUAL ELECTRON DOPING

In this section, we will examine ground-state properties and
the low-temperature magnetization process upon a gradual
(continuous) electron doping. The electron density in the
model is continuously increasing from the zero up to the
maximum value 6 N during this mechanism. Therefore, it is
necessary to pass from the grand canonical ensemble, in which
the electron density and other physical quantities are controlled
by varying the chemical potential, into the canonical one with
the inverse dependence. In the context of thermodynamics, the
inversion p.(u) — w(p.) can be performed via the Legendre
transformation [68]:

G(pe, - --) = QUu(pe), - .1 + p(pe)pe. (18)

Obviously, the above relation connects the Gibbs free energy G
with the grand free energy €2 that are functions of the conjugate
variables p, and u, respectively. The analytical expression
for the Gibbs free energy (18) can be further utilized for a
calculation of the sublattice magnetization m; = (0})c.. and

me = (',S\‘/?)cn‘:

G G
mlz_( ) s me=_< ) ) (19)
9H; ), 9H, ),

as well as some fundamental correlation functions:

3
Be = < Z Z(ézj,yék(_/+]),n0d3,y + HC)>
ye{tll j=1 -
G
o ),
a 1/0G
Cre = (07 87)., = 5<§>T, 1)
3
PN G
D. = <Z ”km"kj,¢> = <@)T' (22)
=1 cn.

The function B, has no physical meaning, while C;, describes
the correlation between electrons in the triangular plaquette
and their nearest Ising neighbor and D, reflects a double
occupancy of plaquette sites.

It should be stressed that the sublattice magnetization (19)
and the correlation function (20)—(22) allow one to reliably de-
scribe an evolution of the possible ground-state configurations
and the magnetization process upon continuous change of the
electron content in the whole parameter space of the model (2).
In spite of this generality, we restrict our following analysis in
the same manner as in Sec. 11, i.e., to the ferromagnetic Ising
interaction J < 0, the uniform magnetic field H = H; = H,,
and the fixed Coulomb term U/|J| = 3.
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A. Ground state

In the limit of zero temperature one may expect several
regions with varying the particle density upon the continuous
electron doping due to a competition between model param-
eters and the external magnetic field. To characterize these
regions, we have solved numerically the set of Egs. (19)-(22)
and examined the trends of each quantity depending on J, ¢,
U, H, and p,.

At the zero magnetic field, the Ising spins located at
nodal lattice sites are either frustrated or may occupy one
of two possible spin states, o, = —1/2 or 1/2, depending
on whether the total spin of the neighboring triangular
plaquette is zero or not, respectively. As a result, the sublattice
magnetization m; is zero in the whole zero-field space. The
sublattice magnetization m, and the correlation function Cy,
are also zero. On the other hand, for any H > 0, the Ising
spins are polarized into the field direction and the sublattice
magnetization corresponding to these particles reaches the
saturation value m; = 1/2. Other quantities m., B,, Cy., D, are
functions of the electron density p.. A careful analysis reveals
that the zero-temperature parameter plane p.-H contains in
total 11 different regions:

(i) Region Ry_,; (for 0 < p, < 1):

me = &s Cre &’
2 4
B, =2p,, D.=0. (23)

In this region, the sublattice magnetization m,, the correlation
functions Cy., and the quantity B, start from zero and
linearly increase with p,., because empty sites of individual
nonmagnetic plaquettes are gradually occupied by single
electrons with spins polarized into the magnetic-field direction.
This particle distribution is confirmed by the zero value of the
double occupancy D,.

(i1) Region R, _,5_,5 (for 1 < p, < 3):
me = &7 Cle = &»
2 4
B.=3-p,, D.,=0. (24)

In this region, mobile electrons with spins oriented in the
field direction continue in the occupation of empty plaquette
sites. As a consequence, m,., C;, have the same analytical
expressions as in Rg_, ;. The double occupancy D, also remains
zero, while B, linearly decreases with the increasing p.. The
electron distribution upon doping process is as follows: For
1 < p, <2, the number of triangular plaquettes occupied
by two electrons increases at the expense of those that are
occupied by a single particle. Referring to the ground-state
analysis in Sec. III, it can be concluded that emerging
one-third-filled plaquettes exhibit the nonzero chirality. If
2 < p, < 3, then the number of chiral plaquettes decreases
and the half-filled plaquettes with all particles polarized into
the magnetic-field direction are created with the increasing p,.
(iii) Region R;_ 7,5 (for 3 < p, < 5):

Pe 3 pe
e—3_ s Ce___ >
" R S
Be:pe_3s Dezpe_3~ (25)
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The distribution of mobile electrons within this region upon
doping process is as follows: Because there is no empty
plaquette site, triangular plaquettes with two singly occupied
and one doubly occupied sites are occurred for 3 < p, < 4.
According to the ground-state analysis in Sec. III, created
plaquettes have the nonzero chirality. For 4 < p, < 5, the
electrons continue in double occupation of plaquette sites
upon doping. This leads to the creation of nonchiral plaquettes
with one singly occupied and two doubly occupied sites at the
expense of chiral ones. As aresult, D, linearly increases, while
m, and Cy, decrease with the increasing p,. The quantity B,
has the same analytical expression as D,.

(iv) Region Rs_,¢ (for 5 < p, < 6):

e 3 e
me:3_p_a Cle:__p_a
2 2 4
B, =12-2p,, D.,= p,—3. (26)

This region appears only for sufficiently great electron densi-
ties. The electrons continue in occupation of singly occupied
plaquette sites. As a consequence, the fully filled plaquettes
emerge upon electron doping. The quantities m,, Cj., D,
have the same analytical expressions as in R;_,5 5, while
B, linearly decreases upon increasing p,.

(v) Region R;_,, (for 1 < p, < 2):

1
m€=1_&7 Clez__&v
2 2 4
U + 18t
B,=2—|1- + (e —1). @7
V(U +21)? +32¢2

1 U+ 2t
D,=|-~— (0e — 1).
2 2/(U+21)2+3212

In this region, an interplay between the parameters U, ¢
favors the electron distribution with opposite spins. As a
result, the plaquettes occupied by electron pairs in a quantum
superposition of six intrinsic antiferromagnetic and three
nonmagnetic states are formed upon doping process. At the
same time, one-sixth-filled plaquettes with the total spin Sf =
1/2 disappear. Since the total spin of the created plaquettes
is zero, the magnetization m, and the correlation function
C;. linearly decrease upon doping process. The other two
quantities B,, D, linearly increase with p., but their analytical
expressions are more complex, since their values depend on U
and ¢.

(vi) Region R,_,3 (for 2 < p, < 3):

30, 30 3
me = 10_3’ Cle:i__v
2 4 2
U+ 18
Be =1+ (3_p€)7 (28)
V(U +21)% + 32¢2

1 U + 2t
D, =|z— (3 — pe).
2 2 /(U +2t)? + 3212

This region is a continuation of R;_,, when the electron density
exceeds the value p, = 2. The magnetization m, and the
correlation function C;, linearly increase up to their maximum
values m, = 3/2 and C;, = 3/4, while B, and D, decrease
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to the zero with the increasing p,. It can be thus concluded
that all the particles in triangular plaquettes prefer the seating
at different sites, since they are fully polarized into the field
direction. The intrinsic antiferromagnetic and nonmagnetic
states disappear.

(vii) Region R3_,4 (for 3 < p, < 4):

30, 3e
m,=6-—22 c,=3-2"
2 4
U+ 18t
Be: 1+ ()Oe_3)7
V(U +21)? + 3212
U+2t

[3
D,=|>—
2

In this region, there is no empty plaquette site in the system,
therefore two-thirds-filled plaquettes involving doubly occu-
pied sites start to appear upon electron doping. However, the
minimization of the energy requires a quantum superposition
of the intrinsic antiferromagnetic and/or nonmagnetic states
of mobile electrons. The total spin of emerging plaquettes is
thus zero. This scenario is well described by the decreasing
magnetization m, and correlation function Cj.. The double
occupancy D, and the quantity B, are increasing functions of
Pe-
(viii) Region Ry_,5 (for4 < p, < 5):

. — 3). 29
2 (U+2t)2+32t2](p ) 9

me=&—2 C16=&—1
2 4
U + 18t
Bo=2-|1- i 5—p).  (30)
V(U +21)? + 3212

1 U+ 2t
D,=2- i = Pe)-

2 2/(U + 2t)? + 3212

In this region, the interplay between the parameters U, ¢ and
the external field H favors the formation of plaquettes with the
total spin S; = 1/2, in which one lattice site is occupied by a
single electron polarized into the field direction, while other
ones are occupied by electron pairs with opposite spins. At the
same time, the number of plaquettes with the total spin S{ =
0 is gradually diminished. The evolution of afore-described
particle distribution is confirmed by the linear increase of m,,
Cje, and also D,. The value of the quantity B, decreases upon
the electron doping.
(ix) Region R,_ 5 (for 2 < p, < 3):

Pe pe 1
6=__1a Cez___a
Me =7 le=7%4 73
U+ 18¢
Be =11 + (3 - pe)
V(U +21)? +32¢2
18¢ )
+ \/ﬁ cos(Py, 1 )(pe — 2)
VU277 a¢U .
3 (¢U t)(pe s
2 1 U + 2t
De =3 - (pe )
3 2,/(U +21)2 4 32¢2
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2U
— w cos(Py, 1 )(pe — 2)
2/ U2 4+27t2 9 t
Jﬁ P01 Sin@u. o~ 2. G

In this region, the electron doping results in a formation of
chiral half-filled plaquettes with the total spin S; = 1/2 at
the expense of nonchiral ones with S = 0. The number of
electrons with spins oriented in the magnetic-field direction
and doubly occupied plaquette sites disappear during this
process. The creation of chiral plaquettes leads to the increase
of m,, Ci., and D,. By contrast, the value of B, decreases if
the electron density continuously increases.
(x) Region Ry_,, (for 3 < p, < 4):

Pe Pe
CIe =1 4 s
U+ 13¢

me=2——,
2
(pe —3)
V(U 4+ 2t)% + 3212

P (Gu.)@ — pe)
——————cos — D
U2+ 2712 vt P
N aqsy,
3

in(py, 1 )(4 — pe),

U+ 2t

6 2/(U+22+ 32t2j|(pe )

2U
+ e cos(du, )(pe —H)
N A

2V U2+ 272 0y,
3 U

sin(¢u, )(pe —4).  (32)

The energy minimization of this region requires a formation
of nonmagnetic and intrinsic antiferromagnetic states of four
electrons per plaquette during the electron doping. As a result,
the number of nonchiral two-thirds-filled plaquettes with the
zero total spin gradually increases at the expense of chiral ones,
which are occupied by three mobile electrons. This scenario is
well confirmed by the decrease of m,, Cy., B, and the increase
of D, as p, increases.
(xi) Region Ry_,4 (for 2 < p, < 4):

me = O, Cle - 01
U+ 18t
B, =1+ + s (33)
VU +21)? +32¢2
e — 1 U+ 2t
D, =" +

2 2/ U+2r+3202

This region is the only one where triangular plaquettes are
gradually doped by electron pairs and total spins of plaquettes
are conserved to the zero value. The reason is a creation of
intrinsic antiferromagnetic and nonmagnetic states of mobile
electrons during the doping process. This evolution of electron
distribution is confirmed by the zero magnetization m, and the
zero correlation function C;.. The quantity B, also remains
constant upon the increasing p,, but its value is given by the
parameters U, t. On the other hand, the quantity D, linearly
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FIG. 5. Ground-state phase diagrams of the model (2) in the p.,-H parameter plane for the fixed Coulomb term U/|J| = 3 and four
representative values of the hopping parameter (a) ¢/|J| = 0.4, (b)¢/|J| = 0.7, (c) ¢t/|J| =0.9,(d) t/|J]| = 1.3.

increases with p, due to the increasing number of doubly
occupied plaquette sites.

To present locations of the afore-described regions in terms
of mutual interplay between the model parameters and the
magnetic field, four zero-temperature phase diagrams in the
parameter plane p.-H are depicted in Fig. 5. It is clear
from Fig. 5(a) that for the kinetic parameter smaller than the
value #;,; given by Eq. (9), the model passes a sequence of
the phase transitions Ro_,; — R;_5.,3 = R3_,5,5 = Rs_¢
upon a continuous increase of the electron content. If the
reverse condition ¢ > f; is valid, other four regions R;_,,
Ry-3, R34, R4, 5 appear in the ground state [see Figs. 5(b)—
5(d)]. The existence of these regions is limited to the electron
densities 1 < p, < 5 and the magnetic fields H < J — % +

3v/(U + 21)> 4+ 322, The last three regions R, 3, Ry_,,

and R4 can be found exclusively in the density range
2 < p, < 4. The first two regions are present in the p,-H
plane at the fields H < J — 27’] + %\/ U? + 2712 cos(py. ) if
the hopping parameter is higher than the boundary value #;,
given by Eq. (10), while the third one occurs only for the
hopping terms ¢ > t,3 [Eq. (11)] in the field region H < J +
2t = 4 J(U +21)2 + 3212 — /U2 + 2712 cos(dy, ), as
displayed in Figs. 5(c) and 5(d).

B. Chemical potential

To complete the zero-temperature analysis, we report in
this section the results obtained for the chemical potential.
This quantity can be obtained either by means of the bisection

method from Eq. (13) or by using the relation

w = (BG) : (34)
0. ) 1

The possibility of using two different ways to determine the
chemical potential lies in the fact that © and p, are conjugate
variables. Typical behavior of the chemical potential as a func-
tion of the electron density p, and the magnetic field H is pre-
sented in Fig. 6. To contain all ground-state regions discussed
in the previous subsection, the Coulomb term and hopping
parameter are fixed to the same values as in Fig. 5(d). The tem-
perature takes the lowest possible value for numerical calcula-
tions kg7 /|J| = 0.015. It is clear from Fig. 6 that the chemical
potential corresponding to individual ground-state regions has
a linear dependence on H, but it remains constant during the
p. change. The only exception is the region R,_,4, where the
chemical potential does not change even when changing the
field, nor changing the electron concentration in the model.
Steep but continuous steps in the 3D plot in Fig. 6 clearly
reproduce real discontinuous jumps in u(p.) curves, which
exist between neighboring regions at the zero temperature.

C. Magnetization process

As discussed in recent works [47-51], a gradual change of
the particle content in the model may lead to a formation of
irrational plateaux in magnetization curves. To illustrate the
existence of these plateaux in the magnetization process of the
studied spin-electron chain (2), Fig. 7 shows three different 3D
views of the low-temperature total magnetization normalized
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FIG. 6. The chemical potential © as a function of the electron
density p, and the magnetic field H for the Coulombterm U/|J| = 3,
the kinetic parameter ¢/|J| = 1.3, and the temperature kg7 /|J| =
0.015.

to its saturation value in the p.-H plane. It is noteworthy
that results for the aforementioned magnetization has been
realized by using the previously established relation (15) in a
combination with Egs. (19). The reduced parameters U/|J]|,
t/|J| take the same values as in Figs. 5(b)-5(d). Apart from
a direct steep increase from the zero to saturation value in the
zero-field limit, the displayed surfaces of the ratio m /mg, may
include in total seven doping-dependent plateaux if ¢ > .
In particular, for relatively weak hopping terms #,; <t <
1y, four single plateaux can be observed in magnetization
curves before reaching the saturation magnetization upon
strengthening the applied magnetic field:

3
mo_ Pe for 1 < p, < 2, (35)
Mgat I+ pe

30, —5
M R Pe < 3, (36)
Mat 1+ p.

13 —3p,
M _ 270 for 3 < p, < 4, 37)
Mat T — pe

-3

mo_ P for 4 < p, <5 (38)

NMgat T — pe

[see Fig. 7(b)]. Referring to Figs. 5(b)-5(d), one can conclude
that the first plateau given by Eq. (35) is pertinent to the region
R_,», the second plateau given by Eq. (36), corresponds to the
region R,_, 3, while the last two given by Egs. (37) and (38), re-
flect the existence of the regions R3_, 4 and R4_, 5, respectively.
For stronger hopping terms #,; < t < 33, the magnetization
scenario includes two plateaux that can be continuously tuned
by electron doping according to the formulas

m e — 1
= for 2 < p, < 3, (39)

Mgat 1+ pe

5 - Ve
Mmo_2TP o3 < Pe < 4. (40)

Mgat B T — pe

The plateau given by Eq. (39) corresponds to the region R,_, 3,
while the plateau given by Eq. (40) appears in magnetization
curves when the region R3_ , constitutes the ground state
[compare Figs. 5(c) and 5(d) with Figs. 7(c) and 7(d)]. Last
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FIG. 7. 3D views of the magnetization process for the Coulomb
term U/|J| =3 and the hopping parameters (a) ¢/|J| = 0.7,
®)t/|J| =0.9,(c)t/|J| = 1.3 at the temperature kg7 /|J| = 0.015.

0.13

0.00

but not least, an intriguing plateau given by the condition

1
for 2 < p, < 3,
m. 1+ p. (41)
o 1
Msat for 3 < p, < 4
7_:0e

can be observed in low-field parts of the magnetization curves
if ¢+ > 153 [see Fig. 7(d)]. Interestingly, this plateau is the
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only one that has the nonmonotonous dependence during
doping process: for electron densities 2 < p, < 3, the value
of the ratio m/mg, gradually decreases to its minimum
m/mg = 1/4 at p, = 3. On the other hand, the value of
m/mgy increases with p, while for 3 < p, < 4. The observed
plateau corresponds to the ground-state region Ry_. 4.

V. CONCLUSIONS

The present work deals with a rigorously solvable double-
tetrahedral chain, in which the Ising spins of the magnitude
o = 1/2localized at nodal lattice sites regularly alternate with
triangular plaquettes occupied by mobile electrons. Ground-
state properties and low-temperature magnetization process
are examined in detail by assuming a variable electron density
in the model.

It has been evidenced that the uniform change of the
electron content in all triangular plaquettes controlled by the
chemical potential i in a combination with the competition
between model parameters and the external magnetic field
H lead to the formation of one chiral and seven nonchiral
phases in the zero-temperature w-H parameter space. The
macroscopic ground-state degeneracy arising from chiral
degrees of freedom of mobile electrons is not suppressed
by the external field in contrast to the one that appears due
to a frustration of the localized Ising spins. Magnetization
curves involve one or two fractional plateaux at one-third
and/or one-half of the saturation magnetization, in addition

J

PHYSICAL REVIEW E 96, 052110 (2017)

to a direct steep increase from zero to saturation value found
in the zero-field limit. On the other hand, a gradual electron
doping results in 11 distinct regions at the absolute zero
temperature. These regions can be distinguished from each
other by an evolution of the possible electron distribution in
triangular plaquettes during the doping process. It has been
demonstrated that magnetization curves include in total seven
irrational plateaux whose heights can be continuously tuned
by a gradual change of the electron content in the model.

It is well known that a steep variation of the magnetization
at low magnetic fields points to a possible applicability for
low-temperature magnetic refrigeration achieved through the
enhanced magnetocaloric effect [69-71]. Considering this
statement, the studied mixed-spin double-tetrahedral chain
represents a quite good theoretical tool for a rigorous exam-
ination of the aforementioned phenomenon when the particle
content is changed. Our research interest will continue in that
direction.
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APPENDIX A

TABLE I. Decomposition of electron configurations from kth triangular cluster into the orbits O, i) of the cyclic symmetry
group C; and the corresponding eigenenergies Ej; of the block Hamiltonian (3) for different numbers of mobile electrons
n, = {0,1,2,...,6}. Here, we have introduced the following notations, h; = H;(o; + 0;,,)/2, he = J(of + o, ;) — H, and
U = % arctan [9t/U* + 27U2%t2 + 24314/ U], to write the eigenenergies E; in a more abbreviated form.

ng Si LA O, siniy Ey
0 0 10) 10) vy
! -3 ¢l 10) chy.,10) S hy =t —
cta.,10) —p—hy ="ttt
cis,10) R
3 C}:l,ﬂo) C}:LHO) —u—hy + % Y
¢t,110) —w—hi 4%+t
¢ls.110) ——h+ %+
2 -1 Cll,icZZ,UO) Clil,ﬁ/tz,ﬂo) —2u —hy —h,+2t

0 CIII.TCZI,Ll())

i i
Ck2,4C%3,y |0)

i i
C43,,Ck1,410)

T i
C1|<2.¢Ck3,¢ |0)

¢l 41,110}
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Cha s, 10)
Cchz.TCltl,UO)
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Ck3,¢ck1,T|0>
C/il.ﬁltzﬂo)
0112.¢613.¢|0>

o —hy—h, —1
—2u—h;—h,—t
—2[1,—]11-{—2[

—2u—h;—t+ % £ 1/(U+20)> + 322

—2,u,—h,—t

2 —h;+ 5+ 5 £3/U — 1)+ 82

—2”—/’11-1‘

2u—h+Lt+4%+£1/(U—-12+382
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TABLE 1. (Continued)
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g Sg | i) O, 5my Eq
! ch1.1¢42.410) cly 1¢h110) 2 — hy + he 42t
C1T<2,¢C113,¢|0) —2u—h;+h,—t
Clt3¢czl¢|0) —2u—h;+h,—t
3 _% Cllviczllczulo) CZl ¢Ck2 ¢Ck3 ,10) —3u—h; — 3””
-3 Cll,lczz,lcltmlo) C}:l LCIJEZ ¢Ck3 +10) —3u—h; — %
CI];Z lck3 ¢Ck1¢|0> “Bu—h —%+U
€is. 1, ¢Ck2 +10) —3M —h—%+U
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el rcls. Tc,c3 ,10) +1VUT+271%(cos ¢ + /3sin )
% CllvTcltZ,TC}:S,Tlo) Cll TC;:Z ¢Cks +10) —3u—h; + %
4 -1 C,LYTC]tleZz_LC};&“O) C£1,¢Ck1,¢C12.¢Ck3,¢|O> —4pu—h; —h,+2t+U
ChnyCha,yCha. 1.4 10) —4u—hy—h,—1t+U
Clt3,¢cl]:3,¢cl],¢cltz¢|0> —4u—h;—h,—t+U
0 CZI,TCL&C/T&,TCZZUO) CL‘wL.wZz,Tc,ﬁz,LIO) —4u—h;+2t+U
Cltz‘rcltz.ﬁzanck,ﬂ()) —4p—h, -1+ + %m
CIJES,TCIE3,¢CI]:1,TCIL,¢|O>
C'TCMC/tZ,LCZS,TCll,UO) C£2,¢CJT<2,¢CIE3.TC£1,¢|O> —4u—h;—t+U
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APPENDIX B

The list of state vectors indicating eigenstates of mobile electrons in the kth triangular plaquette that create the eigenvectors

of the ground-state phases given by Eqgs. (5)—(8) and (12):

|ne = 0,5; = 0) = |0),

1 1 : , )
ne=1,85 = =)= —(cl, | + ¢l +ch I0),
k k 2> «/§ k1,4 k2.4 k3.4

1

1
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2 4

Lt i ol
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- 1 +C3_Cl]:1,¢cliz,TclJ£2,L|O) +C;C£2,¢C£3,¢013, 10) — (C;_ +C3_)CZ3,¢CIJ£1,TCIJ£1,¢|O)
ng=3,8 = —§>L . As(chyrehy ch + el ey el + e ey el el )10)
k1,162, k2,4 k2,1 €3, ) %3,4 k3,1 €k, |
+B;CIJ£1,LCIJ£2,¢CIT¢3,¢|O> + B;C£2,¢Clt3,¢clil,¢|0) — By + B;)C£3,¢C£1,¢C£2,¢|O)
+C3_C111,¢C}:2,¢C1£2,L|0) +C;C}£2,LC1T¢3,¢CIT<3,¢|O> -y +C;)C113,¢C111,¢C1T<1,¢|0>’
A3(611,TC111,¢C;:2,T + e%ciz,rcltuc/tﬂ + e%ci3¢cl]:3,¢cltl,¢)|o)
+B§LCIJ£1,TCIJ£2,¢CIJ£3,¢|O> + 85612,¢C£3,T0Z1,¢|0) — (B + BQ)CZ3,TC;:1,¢C£2,¢|O>
ne= 3,85 = %> _ +CC1¥ Td:z TCIJ£2 UO) +C+:112 ¢C1T<3 ¢C1T<% ; >1_ (CE +T63)CZ3,TC£1,¢C1]:1,¢|O>
L.,R "43(Ck1 1€k, ¢Ck2 y e 5 Ckz 1€k, ¢Ck3 e Ck3,TCk3,¢ckl,T)|0)
+B5 Ckl,TCIJ£2,TCk3,¢|O> + By CkZ,TCItS,Tckl,UO) — (B + 33_)023,T6’1]:1,TC1J£2,¢|0>
+C3_CI]ZI,TCIJ£2,TCIJ£2,L|O) +C;C1£2,TC£3,¢CI3,¢|O> - ¢y +C§)CZ3,TCIE1,TCL,¢|O)’

3 n
=35 = 3) = el sela el 01

T 2zi T T T dri T T T T
(ciry Ck2 ¢Ck3 TCkB L tes o Gs G, Tckl )t e s 6, ChorCra, ¢)|0)

i
7
|”k=4,5§=—1>m—{1 ; sop o g ST
' T( X, ¢Ck2 ¢Ck3 TCkB ytes Gy s G, Tckl L T e s 6 ChorCra, ¢)|0)

i T i i T T i i i T
|”k =4,5 = O> 1 Tckl 16k2, ¢ck3 Tt Ckz +€k2,1 k3,4 k1, T Ck3 4 Ck3, ¢ck1 +Ck2,0 7 Ck1,4C%k1,1Ch2, 1 €3,
3
i T i i i i T T T Tt i
~ Cr2,4Ck2,1 63,1 Ck1p T Ck3,¢ck3,¢ck1,¢ck2,T) 0) + Ba Z ij,Tckj,¢ck(j+1),¢ck(j+1),¢|O>’

=1
L (.7 T T T i T T T dri T T T T
4§ _ 7§(ckl,TCk2,Tck3,Tclch,¢ t €3 o pCr3pCr, Tckl ) T €7 Gz 4Ch1 1 Cho 4 Cra, ¢)|0)
T >L’R B L(ct chy eyl e el el el el |+ e T ely el el el )10),
73 k1,1 k2,1 3,0 Ch3,) Ch2,4k3,4Ck1,4Ck1,) 13,1 Ck1,4Ck2,1Ck2, )
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(BI)

(B2)

(B3)

(B4)

(BS)

(B6)

B7)

(B8)

(B9)

(B10)

(B11)

(B12)

(B13)
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_5Sz__l_L(T e e el el el el el el el el el o (B14)
N = 9,0, = ) _\/gCkl,LCkZ,TCk2,¢Ck3,¢Ck3,¢ Cr2,1 k3,0 Ch3, L Ck1,0 €k, T Cr3, Ck1,4 €k, | C2,4 Ck2, 1V
L WD S N S N R S S S S S SN S SN N
ng=5,8 = §> = %(Ckl,TCk2,TCIIc2,¢Ck3,¢Ck3,¢ + o34 G Ch1 4 Chry F s Ch G Cha. G2, )10) (B15)
|n =6SZ=O>=CT clel el el el |0) (B16)
k 39k k1,4Ck1,4 Ck2,0 Ck2, | Ck3,1 Ch3, 1Y)

where i = /—1 and the coefficients A,_4, B>, B;t, By, and C3jE are

1 4p 4+ U 42t + /(U +2t)* + 3212

A, = ,
V6 lau+v+2+ JU 207+ 327 | 4322
] (91t — 2U + 25/UZ + 2722 cos(u )9 + U + 25/TU2 + 2722 cos(¢y )] — 271
3= —— ’
Vo \/ (O — 2U + 2J/UZ + 2722 cos(uy P91 + U + 2v/TZ + 2712 cos(dy.)|2 + 2431202 + 218714
1 8u + U + 2t + /(U + 21)* + 3212
Ay = — = ,
Vo 81+ U+ 20+ U+ 207 + 327 | + 3202
1 8t
BZ = —F= )
Vo \/[4u + U 42t + /(U +2t)% +32t2 12 + 32¢2
Bt — 9t Ou + U + 24/U? + 2712 cos(¢py ;) £ 3t
3
G \/ 9 — 2U + 2T + 2772 cos(dy P19 + U + 24T £ 272 cos(by )P + 243202 + 218714
8t
By = —7 )
6 \/[SM T U+ 204+ (U + 2072 + 32022 + 3212
o — 9t 9u —2U + 24/ U?% + 27t% cos(¢py ;) £ 3¢
3

~/— \/ (91 — 2U + 24/ U? 4 2712 cos(¢py. )9 + U + 2/ U + 2712 cos(¢y.,)]? + 24312U2 + 218714

APPENDIX C

The list of analytical expressions for the first-order phase transitions between individual ground-state phases of the model (2),
which have been obtained by comparing the ground-state energies given by Eqs. (5)—(8):

So—S1:H=J—2u—4t,
Si—=So:H=J+2u—-U—=2t+/(U+2t)?+32t2 (fort > t),

Si—S3:H=J— 2,u+2t

21
SQ—S3IH—J———— —"‘r‘ \/(U+2[)2+32[2 (for t > t31),

303
- U
So-S3 i H=1J-2u+ o +2+ VU + 21> + 3212 — 3\/U2 + 2712 cos(py. ;) (for t > 1),

U
52—343M=E (> 1p3),

S3—S3:H=J- "= v,z \/ U2 + 2712 cos(py.,) (for t > ),

» 5U
Sy —SutH=J+2u— = +2+ VU + 202 + 3212 — 5\/U2 + 2712 cos(dy.,) (for t > 1),

2 2% 1
S3—S4iH=J+?—U+?+§\/(U+2[)2+3212 (for t > t31),
S3—=Ss: H=J+4+2u—-2U + 2t,

Si—Ss:H=J-2u+U—-2t++/(U+2t)?+32t2 (fort > t),

Ss—S¢: H=J+2u—2U — 4t.

In the above, #51, #;2, and 1,3 are given by Egs. (9), (10), and (11), respectively.

052110-14



MAGNETIZATION PLATEAU AS A RESULT OF THE ...

[1] A. Tsvelik and M. Oshikawa, New Theoretical Approaches to
Strongly Correlated Systems, NATO Science Series (Springer,
Berlin, 2001).

[2] U. Schollwock, J. Richter, D. J. J. Farnell, and R. F. Bishop,
Quantum Magnetism, Lecture Notes in Physics (Springer,
Berlin, 2004).

[3] J. Richter, J. Schulenburg, and A. Honecker, in Quantum
Magnetism, Lecture Notes in Physics, Vol. 645, edited by U.
Schollwock, J. Richter, D. J. J. Farnell, and R. F. Bishop
(Springer, Berlin, 2004).

[4] K. Hida, J. Phys. Soc. Jpn. 63, 2359 (1994).

[5] T. Sakai and M. Takahashi, Phys. Rev. B 57, R3201(R) (1998).

[6] J. Schulenburg and J. Richter, Phys. Rev. B 65, 054420 (2002).

[7] K. Okunishi and T. Tonegawa, J. Phys. Soc. Jpn. 72, 479 (2003).

[8] J. Strecka and M. Jascur, J. Phys.: Condens. Matter 15, 4519
(2003).

[9] A. Honecker, J. Schulenburg, and J. Richter, J. Phys.: Condens.
Matter 16, S749 (2004).

[10] L. Canova, J. Stretka, and M. Jas&ur, J. Phys.: Condens. Matter
18, 4967 (2006).

[11] L. éanové, J. Strecka, and T. Lucivjansky, Condens. Matter
Phys. 12, 353 (2009).

[12] D. Antonosyan, S. Bellucci, and V. Ohanyan, Phys. Rev. B 79,
014432 (2009).

[13] O. Rojas, S. M. de Souza, V. Ohanyan, and M. Khurshudyan,
Phys. Rev. B 83, 094430 (2011).

[14] B. Lisnyi and J. Strecka, J. Magn. Magn. Mater. 346, 78
(2013).

[15] N. S. Ananikian and V. V. Hovhannisyan, Physica A 392, 2375
(2013).

[16] N. S. Ananikian, J. Strecka, and V. V. Hovhannisyan, Sol. State
Commun. 194, 48 (2014).

[17] J. Strecka, O. Rojas, T. Verkholyak, and M. L. Lyra, Phys. Rev.
E 89, 022143 (2014).

[18] V. B. Abgaryan, N. S. Ananikian, L. N. Ananikyan, and V.
Hovhannisyan, Sol. State Commun. 203, 5 (2015).

[19] T. Verkholyak and J. Strecka, Phys. Rev. B 94, 144410
(2016).

[20] D. C. Cabra, A. Honecker, and P. Pujol, Phys. Rev. Lett. 79,
5126 (1997).

[21] D. C. Cabra, A. Honecker, and P. Pujol, Phys. Rev. B 58, 6241
(1998).

[22] N. Okazaki, K. Okamoto, and T. Sakai, J. Phys. Chem. Solids
63, 1455 (2002).

[23] G. L. Japaridze and E. Pogosyan, J. Phys.: Condens. Matter 18,
9297 (2006).

[24] N. B. Ivanov and J. Richter, Phys. Rev. B 73, 132407 (2006).

[25] F. Michaud, T. Coletta, S. R. Manmana, J.-D. Picon, and F. Mila,
Phys. Rev. B 81, 014407 (2010).

[26] T. Kariyado and Y. Hatsugai, Phys. Rev. B 91, 214410 (2015).

[27] J.-B. Fouet, A. Liuchli, S. Pilgram, R. M. Noack, and F. Mila,
Phys. Rev. B 73, 014409 (2006).

[28] K. Okunishi, M. Sato, T. Sakai, K. Okamoto, and Ch. Itoi, Phys.
Rev. B 85, 054416 (2012).

[29] M. Oshikawa, M. Yamanaka, and I. Affleck, Phys. Rev. Lett. 78,
1984 (1997).

[30] H. Kikuchi, Y. Fujii, M. Chiba, S. Mitsudo, T. Idehara, and T.
Kuwai, J. Magn. Magn. Mater. 272-276, 900 (2004).

[31] H. Ohta, S. Okubo, Y. Inagaki, Z. Hiroi, and H. Kikuchi, Physica
B 346-347, 38 (2004).

PHYSICAL REVIEW E 96, 052110 (2017)

[32] H. Kikuchi, Y. Fujii, M. Chiba, S. Mitsudo, T. Idehara, T.
Tonegawa, K. Okamoto, T. Sakai, T. Kuwai, and H. Ohta, Phys.
Rev. Lett. 94, 227201 (2005).

[33] M. Hagiwara, Y. Narumi, K. Minami, and K. Kindo, Physica B
294-295, 30 (2001).

[34] M. Hagiwara, Y. Narumi, K. Minami, K. Kindo, H. Kitazawa,
H. Suzuki, N. Tsujii, and H. Abe, J. Phys. Soc. Jpn. 72, 943
(2003).

[35] M. Hase, M. Kohno, H. Kitazawa, N. Tsujii, O. Suzuki, K.
Ozawa, G. Kido, M. Imai, and X. Hu, Phys. Rev. B 73, 104419
(2006).

[36] M. Hase, M. Matsuda, K. Kakurai, K. Ozawa, H. Kitazawa, N.
Tsujii, A. Donni, M. Kohno, and X. Hu, Phys. Rev. B 76, 064431
(2007).

[37] W. Shiramura, K. Takatsu, B. Kurniawan, H. Tanaka, H. Uekusa,
Y. Ohashi, K. Takizawa, H. Mitamura, and T. Goto, J. Phys. Soc.
Jpn. 67, 1548 (1998).

[38] M. Ishii, H. Tanaka, M. Hori, H. Uekusa, Y. Ohashi, K.
Tatani, Y. Narumi, and K. Kindo, J. Phys. Soc. Jpn. 69, 340
(2000).

[39] D. Visinescu, A. M. Madalan, M. Andruh, C. Duhayon, J.-P.
Sutter, L. Ungur, W. Van den Heuvel, and L. F. Chibotaru,
Chem.-Eur. J. 15, 11808 (2009).

[40] J. Torrico, V. Ohanyan, and O. Rojas, arXiv:1708.07494.

[41] W. Van den Heuvel and L. F. Chibotaru, Phys. Rev. B 82, 174436
(2010).

[42] S. Bellucci, V. Ohanyan, and O. Rojas, Europhys. Lett. 105,
47012 (2014).

[43] V. Ohanyan, O. Rojas, J. Strecka, and S. Bellucci, Phys. Rev. B
92, 214423 (2015).

[44] D. C. Cabra, A. De Martino, M. D. Grynberg, S. Peysson, and
P. Pujol, Phys. Rev. Lett. 85, 4791 (2000).

[45] P. Pujol and J. Rech, Phys. Rev. B 66, 104401 (2002).

[46] C. A. Lamas, D. C. Cabra, M. D. Grynberg, and G. L. Rossini,
Phys. Rev. B 74, 224435 (2006).

[47] D.C. Cabra, A. De Martino, A. Honecker, P. Pujol, and P. Simon,
Phys. Rev. B 63, 094406 (2001).

[48] D. C. Cabra, A. de Martino, P. Pujol, and P. Simon, Europhys.
Lett. 57, 402 (2002).

[49] G. Roux, S. R. White, S. Capponi, and D. Poilblanc, Phys. Rev.
Lett. 97, 087207 (2006).

[50] G. Roux, E. Orignac, P. Pujol, and D. Poilblanc, Phys. Rev. B
75, 245119 (2007).

[51] J. Strecka and J. Cisdrov4, Mater. Res. Express 3, 106103
(2016).

[52] M. Hase, H. Kitazawa, K. Ozawa, T. Hamasaki, H. Kuroe, and
T. Sekine, J. Phys. Soc. Jpn. 77, 034706 (2008).

[53] H. Kuroe, T. Hosaka, S. Hachiuma, T. Sekine, M. Hase, K. Oka,
T. Ito, H. Eisaki, M. Fujisawa, S. Okubo, and H. Ohta, J. Phys.
Soc. Jpn. 80, 083705 (2011).

[54] M. Matsumoto, H. Kuroe, T. Sekine, and M. Hase, J. Phys. Soc.
Jpn. 81, 024711 (2012).

[55] H. Kuroe et al., JPS Conf. Proc. 3, 014036 (2014).

[56] L. Galisova and J. Strecka, Acta Phys. Polon. A 127, 216
(2015).

[57] L. Galisova and J. Strecka, Phys. Rev. E 91, 022134 (2015).

[58] L. Gélisova and J. Strecka, Phys. Lett. A 379, 2474 (2015).

[59] L. Gélisové and D. Jakubczyk, Physica A 466, 30 (2017).

[60] B. Lulek, T. Lulek, A. Wal, and P. Jakubczyk, Physica B 337,
375 (2003).

052110-15


https://doi.org/10.1143/JPSJ.63.2359
https://doi.org/10.1143/JPSJ.63.2359
https://doi.org/10.1143/JPSJ.63.2359
https://doi.org/10.1143/JPSJ.63.2359
https://doi.org/10.1103/PhysRevB.57.R3201
https://doi.org/10.1103/PhysRevB.57.R3201
https://doi.org/10.1103/PhysRevB.57.R3201
https://doi.org/10.1103/PhysRevB.57.R3201
https://doi.org/10.1103/PhysRevB.65.054420
https://doi.org/10.1103/PhysRevB.65.054420
https://doi.org/10.1103/PhysRevB.65.054420
https://doi.org/10.1103/PhysRevB.65.054420
https://doi.org/10.1143/JPSJ.72.479
https://doi.org/10.1143/JPSJ.72.479
https://doi.org/10.1143/JPSJ.72.479
https://doi.org/10.1143/JPSJ.72.479
https://doi.org/10.1088/0953-8984/15/26/302
https://doi.org/10.1088/0953-8984/15/26/302
https://doi.org/10.1088/0953-8984/15/26/302
https://doi.org/10.1088/0953-8984/15/26/302
https://doi.org/10.1088/0953-8984/16/11/025
https://doi.org/10.1088/0953-8984/16/11/025
https://doi.org/10.1088/0953-8984/16/11/025
https://doi.org/10.1088/0953-8984/16/11/025
https://doi.org/10.1088/0953-8984/18/20/020
https://doi.org/10.1088/0953-8984/18/20/020
https://doi.org/10.1088/0953-8984/18/20/020
https://doi.org/10.1088/0953-8984/18/20/020
https://doi.org/10.5488/CMP.12.3.353
https://doi.org/10.5488/CMP.12.3.353
https://doi.org/10.5488/CMP.12.3.353
https://doi.org/10.5488/CMP.12.3.353
https://doi.org/10.1103/PhysRevB.79.014432
https://doi.org/10.1103/PhysRevB.79.014432
https://doi.org/10.1103/PhysRevB.79.014432
https://doi.org/10.1103/PhysRevB.79.014432
https://doi.org/10.1103/PhysRevB.83.094430
https://doi.org/10.1103/PhysRevB.83.094430
https://doi.org/10.1103/PhysRevB.83.094430
https://doi.org/10.1103/PhysRevB.83.094430
https://doi.org/10.1016/j.jmmm.2013.07.009
https://doi.org/10.1016/j.jmmm.2013.07.009
https://doi.org/10.1016/j.jmmm.2013.07.009
https://doi.org/10.1016/j.jmmm.2013.07.009
https://doi.org/10.1016/j.physa.2013.01.040
https://doi.org/10.1016/j.physa.2013.01.040
https://doi.org/10.1016/j.physa.2013.01.040
https://doi.org/10.1016/j.physa.2013.01.040
https://doi.org/10.1016/j.ssc.2014.06.015
https://doi.org/10.1016/j.ssc.2014.06.015
https://doi.org/10.1016/j.ssc.2014.06.015
https://doi.org/10.1016/j.ssc.2014.06.015
https://doi.org/10.1103/PhysRevE.89.022143
https://doi.org/10.1103/PhysRevE.89.022143
https://doi.org/10.1103/PhysRevE.89.022143
https://doi.org/10.1103/PhysRevE.89.022143
https://doi.org/10.1016/j.ssc.2014.11.013
https://doi.org/10.1016/j.ssc.2014.11.013
https://doi.org/10.1016/j.ssc.2014.11.013
https://doi.org/10.1016/j.ssc.2014.11.013
https://doi.org/10.1103/PhysRevB.94.144410
https://doi.org/10.1103/PhysRevB.94.144410
https://doi.org/10.1103/PhysRevB.94.144410
https://doi.org/10.1103/PhysRevB.94.144410
https://doi.org/10.1103/PhysRevLett.79.5126
https://doi.org/10.1103/PhysRevLett.79.5126
https://doi.org/10.1103/PhysRevLett.79.5126
https://doi.org/10.1103/PhysRevLett.79.5126
https://doi.org/10.1103/PhysRevB.58.6241
https://doi.org/10.1103/PhysRevB.58.6241
https://doi.org/10.1103/PhysRevB.58.6241
https://doi.org/10.1103/PhysRevB.58.6241
https://doi.org/10.1016/S0022-3697(02)00069-0
https://doi.org/10.1016/S0022-3697(02)00069-0
https://doi.org/10.1016/S0022-3697(02)00069-0
https://doi.org/10.1016/S0022-3697(02)00069-0
https://doi.org/10.1088/0953-8984/18/40/014
https://doi.org/10.1088/0953-8984/18/40/014
https://doi.org/10.1088/0953-8984/18/40/014
https://doi.org/10.1088/0953-8984/18/40/014
https://doi.org/10.1103/PhysRevB.73.132407
https://doi.org/10.1103/PhysRevB.73.132407
https://doi.org/10.1103/PhysRevB.73.132407
https://doi.org/10.1103/PhysRevB.73.132407
https://doi.org/10.1103/PhysRevB.81.014407
https://doi.org/10.1103/PhysRevB.81.014407
https://doi.org/10.1103/PhysRevB.81.014407
https://doi.org/10.1103/PhysRevB.81.014407
https://doi.org/10.1103/PhysRevB.91.214410
https://doi.org/10.1103/PhysRevB.91.214410
https://doi.org/10.1103/PhysRevB.91.214410
https://doi.org/10.1103/PhysRevB.91.214410
https://doi.org/10.1103/PhysRevB.73.014409
https://doi.org/10.1103/PhysRevB.73.014409
https://doi.org/10.1103/PhysRevB.73.014409
https://doi.org/10.1103/PhysRevB.73.014409
https://doi.org/10.1103/PhysRevB.85.054416
https://doi.org/10.1103/PhysRevB.85.054416
https://doi.org/10.1103/PhysRevB.85.054416
https://doi.org/10.1103/PhysRevB.85.054416
https://doi.org/10.1103/PhysRevLett.78.1984
https://doi.org/10.1103/PhysRevLett.78.1984
https://doi.org/10.1103/PhysRevLett.78.1984
https://doi.org/10.1103/PhysRevLett.78.1984
https://doi.org/10.1016/j.jmmm.2003.12.619
https://doi.org/10.1016/j.jmmm.2003.12.619
https://doi.org/10.1016/j.jmmm.2003.12.619
https://doi.org/10.1016/j.jmmm.2003.12.619
https://doi.org/10.1016/j.physb.2004.01.016
https://doi.org/10.1016/j.physb.2004.01.016
https://doi.org/10.1016/j.physb.2004.01.016
https://doi.org/10.1016/j.physb.2004.01.016
https://doi.org/10.1103/PhysRevLett.94.227201
https://doi.org/10.1103/PhysRevLett.94.227201
https://doi.org/10.1103/PhysRevLett.94.227201
https://doi.org/10.1103/PhysRevLett.94.227201
https://doi.org/10.1016/S0921-4526(00)00601-3
https://doi.org/10.1016/S0921-4526(00)00601-3
https://doi.org/10.1016/S0921-4526(00)00601-3
https://doi.org/10.1016/S0921-4526(00)00601-3
https://doi.org/10.1143/JPSJ.72.943
https://doi.org/10.1143/JPSJ.72.943
https://doi.org/10.1143/JPSJ.72.943
https://doi.org/10.1143/JPSJ.72.943
https://doi.org/10.1103/PhysRevB.73.104419
https://doi.org/10.1103/PhysRevB.73.104419
https://doi.org/10.1103/PhysRevB.73.104419
https://doi.org/10.1103/PhysRevB.73.104419
https://doi.org/10.1103/PhysRevB.76.064431
https://doi.org/10.1103/PhysRevB.76.064431
https://doi.org/10.1103/PhysRevB.76.064431
https://doi.org/10.1103/PhysRevB.76.064431
https://doi.org/10.1143/JPSJ.67.1548
https://doi.org/10.1143/JPSJ.67.1548
https://doi.org/10.1143/JPSJ.67.1548
https://doi.org/10.1143/JPSJ.67.1548
https://doi.org/10.1143/JPSJ.69.340
https://doi.org/10.1143/JPSJ.69.340
https://doi.org/10.1143/JPSJ.69.340
https://doi.org/10.1143/JPSJ.69.340
https://doi.org/10.1002/chem.200902408
https://doi.org/10.1002/chem.200902408
https://doi.org/10.1002/chem.200902408
https://doi.org/10.1002/chem.200902408
http://arxiv.org/abs/arXiv:1708.07494
https://doi.org/10.1103/PhysRevB.82.174436
https://doi.org/10.1103/PhysRevB.82.174436
https://doi.org/10.1103/PhysRevB.82.174436
https://doi.org/10.1103/PhysRevB.82.174436
https://doi.org/10.1209/0295-5075/105/47012
https://doi.org/10.1209/0295-5075/105/47012
https://doi.org/10.1209/0295-5075/105/47012
https://doi.org/10.1209/0295-5075/105/47012
https://doi.org/10.1103/PhysRevB.92.214423
https://doi.org/10.1103/PhysRevB.92.214423
https://doi.org/10.1103/PhysRevB.92.214423
https://doi.org/10.1103/PhysRevB.92.214423
https://doi.org/10.1103/PhysRevLett.85.4791
https://doi.org/10.1103/PhysRevLett.85.4791
https://doi.org/10.1103/PhysRevLett.85.4791
https://doi.org/10.1103/PhysRevLett.85.4791
https://doi.org/10.1103/PhysRevB.66.104401
https://doi.org/10.1103/PhysRevB.66.104401
https://doi.org/10.1103/PhysRevB.66.104401
https://doi.org/10.1103/PhysRevB.66.104401
https://doi.org/10.1103/PhysRevB.74.224435
https://doi.org/10.1103/PhysRevB.74.224435
https://doi.org/10.1103/PhysRevB.74.224435
https://doi.org/10.1103/PhysRevB.74.224435
https://doi.org/10.1103/PhysRevB.63.094406
https://doi.org/10.1103/PhysRevB.63.094406
https://doi.org/10.1103/PhysRevB.63.094406
https://doi.org/10.1103/PhysRevB.63.094406
https://doi.org/10.1209/epl/i2002-00475-5
https://doi.org/10.1209/epl/i2002-00475-5
https://doi.org/10.1209/epl/i2002-00475-5
https://doi.org/10.1209/epl/i2002-00475-5
https://doi.org/10.1103/PhysRevLett.97.087207
https://doi.org/10.1103/PhysRevLett.97.087207
https://doi.org/10.1103/PhysRevLett.97.087207
https://doi.org/10.1103/PhysRevLett.97.087207
https://doi.org/10.1103/PhysRevB.75.245119
https://doi.org/10.1103/PhysRevB.75.245119
https://doi.org/10.1103/PhysRevB.75.245119
https://doi.org/10.1103/PhysRevB.75.245119
https://doi.org/10.1088/2053-1591/3/10/106103
https://doi.org/10.1088/2053-1591/3/10/106103
https://doi.org/10.1088/2053-1591/3/10/106103
https://doi.org/10.1088/2053-1591/3/10/106103
https://doi.org/10.1143/JPSJ.77.034706
https://doi.org/10.1143/JPSJ.77.034706
https://doi.org/10.1143/JPSJ.77.034706
https://doi.org/10.1143/JPSJ.77.034706
https://doi.org/10.1143/JPSJ.80.083705
https://doi.org/10.1143/JPSJ.80.083705
https://doi.org/10.1143/JPSJ.80.083705
https://doi.org/10.1143/JPSJ.80.083705
https://doi.org/10.1143/JPSJ.81.024711
https://doi.org/10.1143/JPSJ.81.024711
https://doi.org/10.1143/JPSJ.81.024711
https://doi.org/10.1143/JPSJ.81.024711
https://doi.org/10.7566/JPSCP.3.014036
https://doi.org/10.7566/JPSCP.3.014036
https://doi.org/10.7566/JPSCP.3.014036
https://doi.org/10.7566/JPSCP.3.014036
https://doi.org/10.12693/APhysPolA.127.216
https://doi.org/10.12693/APhysPolA.127.216
https://doi.org/10.12693/APhysPolA.127.216
https://doi.org/10.12693/APhysPolA.127.216
https://doi.org/10.1103/PhysRevE.91.022134
https://doi.org/10.1103/PhysRevE.91.022134
https://doi.org/10.1103/PhysRevE.91.022134
https://doi.org/10.1103/PhysRevE.91.022134
https://doi.org/10.1016/j.physleta.2015.07.007
https://doi.org/10.1016/j.physleta.2015.07.007
https://doi.org/10.1016/j.physleta.2015.07.007
https://doi.org/10.1016/j.physleta.2015.07.007
https://doi.org/10.1016/j.physa.2016.08.076
https://doi.org/10.1016/j.physa.2016.08.076
https://doi.org/10.1016/j.physa.2016.08.076
https://doi.org/10.1016/j.physa.2016.08.076
https://doi.org/10.1016/S0921-4526(03)00430-7
https://doi.org/10.1016/S0921-4526(03)00430-7
https://doi.org/10.1016/S0921-4526(03)00430-7
https://doi.org/10.1016/S0921-4526(03)00430-7

LUCIA GALISOVA

[61] D. Jakubczyk, Acta Phys. Polon. B 45, 1759 (2014).

[62] H. A. Kramers and G. H. Wannier, Phys. Rev. 60, 252 (1941).

[63] R. J. Baxter, Exactly Solved Models in Statistical Mechanics
(Academic Press, New York, 1982).

[64] J. Strecka and M. JasCur, Acta Phys. Slovaca 65, 235 (2015).

[65] M. E. Fisher, Phys. Rev. 113, 969 (1959).

[66] 1. Syozi, Phase Transition and Critical Phenomena (Academic
Press, New York, 1972).

PHYSICAL REVIEW E 96, 052110 (2017)

[67] J. Strecka, Phys. Lett. A 374, 3718 (2010).

[68] M. Scott Shell, Thermodynamics and Statistical Mechanics: An
Integrated Approach (Cambridge University Press, Cambridge,
2014).

[69] M. E. Zhitomirsky, Phys. Rev. B 67, 104421 (2003).

[70] J. Schnack, R. Schmidt, and J. Richter, Phys. Rev. B 76, 054413
(2007).

[71] J. Schnack and C. Heesing, Eur. Phys. J. B 86, 46 (2013).

052110-16


https://doi.org/10.5506/APhysPolB.45.1759
https://doi.org/10.5506/APhysPolB.45.1759
https://doi.org/10.5506/APhysPolB.45.1759
https://doi.org/10.5506/APhysPolB.45.1759
https://doi.org/10.1103/PhysRev.60.252
https://doi.org/10.1103/PhysRev.60.252
https://doi.org/10.1103/PhysRev.60.252
https://doi.org/10.1103/PhysRev.60.252
http://www.physics.sk/aps/pub.php?y=2015&pub=aps-15-04
https://doi.org/10.1103/PhysRev.113.969
https://doi.org/10.1103/PhysRev.113.969
https://doi.org/10.1103/PhysRev.113.969
https://doi.org/10.1103/PhysRev.113.969
https://doi.org/10.1016/j.physleta.2010.07.030
https://doi.org/10.1016/j.physleta.2010.07.030
https://doi.org/10.1016/j.physleta.2010.07.030
https://doi.org/10.1016/j.physleta.2010.07.030
https://doi.org/10.1103/PhysRevB.67.104421
https://doi.org/10.1103/PhysRevB.67.104421
https://doi.org/10.1103/PhysRevB.67.104421
https://doi.org/10.1103/PhysRevB.67.104421
https://doi.org/10.1103/PhysRevB.76.054413
https://doi.org/10.1103/PhysRevB.76.054413
https://doi.org/10.1103/PhysRevB.76.054413
https://doi.org/10.1103/PhysRevB.76.054413
https://doi.org/10.1140/epjb/e2012-30546-7
https://doi.org/10.1140/epjb/e2012-30546-7
https://doi.org/10.1140/epjb/e2012-30546-7
https://doi.org/10.1140/epjb/e2012-30546-7



