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The thermodynamics of a lattice model of intercalation of ions in
crystals is considered in the mean-field approximation (MFA). The
pseudospin formalism is used for the description of the interaction
of electrons with ions, and the possibility of the hopping of in-
tercalated ions between different positions is taken into account.
Phase diagrams are built. It is shown that the effective interac-
tion between intercalated ions can lead to the phase separation or
the appearance of a modulated phase (it depends on the filling of
the electron energy band). At high values of the parameter of ion
transfer, the ionic subsystem can pass to the superfluid-like state.

1. Introduction

The theoretical investigation of the intercalation of ions
in crystals is an actual problem of modern physics. Metal
oxides as hosts for the ion (for example, lithium ions) in-
sertion are very promising electrode materials. It should
be noted that theoretical descriptions of such processes
were restricted, in most cases, to numerical ab initio
and density-functional calculations. For example, the
quantum-chemical Hartree-Fock and density-functional
calculations were performed in [1-3] to investigate the
lithium intercalation in a TiO. crystal. It was shown
that Li is almost fully ionized once intercalated (Li looses
its valence electron), and a reconstruction of the elec-
tron spectrum takes place at the intercalation. Thus,
the ion-electron interaction can play a significant role.
Another interesting feature of such crystals is a shift of
the chemical potential at the intercalation into the con-
duction band. As a result, these crystals have metal-
lic conductivity ([4]; for a review, see also [5]); before
the intercalation, such crystals are semiconductors with
wide gap. At the intercalation of lithium in TiOs, the
phase separation into Li-poor (Li.g.01TiO2) and Li-rich
(Liwo.5—0.6TiO2) phases occurs. This two-phase behav-
ior leads to a constant value of electrochemical potential
[6, 7] (this fact is used when constructing batteries). In
[8], the Monte-Carlo simulation was performed to in-
vestigate the intercalation using a Hamiltonian which
included the interaction between ions only.
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In our previous works [9, 10], we have formulated
the pseudospin-electron model of intercalation and have
taken into account the ion-electron interaction. It has
been revealed that the effective attractive interaction be-
tween ions was formed, and the condition for the appear-
ance of the phase separation has been established. The
ion-electron interaction was also considered in [11] at the
investigation of the thermodynamics of the S = 1 model
of intercalation (the model was similar to the known
Blume-Emery—Griffiths model), but the electron trans-
fer, as well as the ion one, was not taken into account. It
should be noted that models of the pseudospin-electron
model type are widely used in the physics of strongly-
correlated electron systems in recent years. The applica-
tion of this model to high-temperature superconductors
allows one to describe the thermodynamics of the anhar-
monic oxygen ion subsystem and to explain the appear-
ance of inhomogeneous states and bistability phenomena
([12]). Such a model can also be applied to the descrip-
tion of hydrogen-bonded systems.

In the present paper, we deal with a more com-
plicated model and take into account the possibility
of the transfer of intercalated ions. The considered
model corresponds to the hard-core boson approach.
Hard-core bosons obey the Pauli spin-1/2 commuta-
tion rules. Since the original work of Mahan [13], such
models were applied for the description of ionic conduc-
tors and the calculation of their conductivity. Recently,
the one-particle spectrum was investigated in the one-
dimensional limit [14]. A system of hard-core bosons
is a particular case of the well-known Bose—Hubbard
model which has been intensively investigated in the
last 15 years (see, for example, [15]). The model is of
great interest due to the experimental realization of op-
tical lattices (see, for instance, [16]). This model can
be directly applied to investigate such objects. The
Hamiltonian of the Bose-Hubbard model includes two
terms, one of which is connected with the on-site inter-
action U between particles, and another term is con-
nected with the particle hopping between sites (parti-
cles in this model obey the bosonic commutation rules).
In the limit U — oo, this model reduces to the hard-
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core boson model. Different theoretical methods were
used to study this model: mean-field theory [17], random
phase approximation [18, 19], strong coupling approach
[20], and quantum Monte-Carlo method [21]. Recently,
a bosonic version of the dynamical mean-field theory
was formulated [22]. The existence of the superfluid and
Mott-insulator phases is a characteristic feature of this
model.

In addition to our previous investigations [9], the aim
of this work is the study of the ion transfer influence on
equilibrium states of the intercalated ion subsystem. As
was shown in [9, 10], the effective interaction between
ions can change (depending on the electron band fill-
ing) its character from repulsion to attraction, leading
to the charge-ordered modulated phases or phase sep-
aration into uniform phases with different particle con-
centrations, respectively. The ion hopping between local
positions is unfavorable for the realization of such phases
or phase transitions. In addition, the ion hopping leads
to the appearance of a superfluid-type phase.

We investigate phase transitions in the intercalated
ion subsystem within the framework of the lattice model
with ion transfer in the regime of the fixed chemical po-
tential of ions and electrons. The electron subsystem is
described by a partially filled one energy band.

2. The Model

We consider the following model Hamiltonian:

H=Y ;57 +Y tijchcio+Y (95inic—pnis)—

ij ijo i

— > hS;. (1)

Here, we introduce the pseudospin variable S7? which
takes two values, S = 1/2 when there is an interca-
lated ion at the site ¢ and S7 = —1/2 when there is no
ion, and c; and c;, are the electron creation and an-
nihilation operators, respectively. We take into account
the possibility of ion and electron jumps between sites
(the first and the second term in (1)) and the interaction
of electrons with ions (g term). The last one is related
to the electron band shift at the intercalation (such an
effect is known, for example, for the system Li,TiO,
[3]); © and h play the role of the chemical potentials of
electrons and ions.

It should be noted that we do not consider the direct
interaction between ions. In our previous paper [9], it
was shown that the ion-electron interaction leads to the
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formation of an effective interaction between ions and,
even at the repulsive direct ion-ion interaction, an ef-
fective ion-ion interaction of the attractive type can be
formed. This can lead to a phase transition of the first
order between uniform phases with jumps of the ion and
electron concentrations.

The thermodynamics of the model is investigated in
the mean-field approximation

gniS; = g(ni)S7 + gni(S7) — g(ni)(S7)

QS?S; — Q(S:F)S; + QSf(S;} - Q(Sf}(S;) (2)
Here, the average ion concentration w = (S?%) + 1/2 is
introduced; in our approximation, (S*) = (S~) = (5%),
(S8¥) = 0. The average value (S*) plays the role of order
parameter for the case of the superfluid phase (this is a
phase with condensate of the Bose-type) and determines
the concentration of condensed particles.

Application of the MFA to strongly correlated sys-
tems in the limit of a weak one-site correlation makes it
possible to satisfactorily describe their properties, when
there is no correlational splitting of the electron band.
This approximation is an analogy to the virtual crystal
approximation which is often used for mixed systems.
To go beyond the MFA, one can use more complicated
approximations, for instance, the coherent potential-like
approximations. In addition, in the case of the Bose—
Hubbard model, the kinetic energy term is often consid-
ered within the mean-field approach. This approxima-
tion is well known to give a reasonable estimate of the
critical on-site repulsion at which the Mott-insulator —
superfluid phase transition occurs [15,17].

In [23, 24], the case Q = 0 was considered. It was
shown that if the chemical potential is near the band cen-
ter, the double modulation phase is realized in the sys-
tem, while the phase transition between uniform phases
occurs in the case where the chemical potential is close
to the band edges. At intermediate values of the chemi-
cal potential, the incommensurate modulated phase ap-
pears. In the present investigation, we restrict ourselves
to the cases of double modulation phase and uniform
phase.

The Hamiltonian of the model in the MFA is as fol-
lows:

HMFA =% "(gna

oo

— )N + Z(g"a - h)Sfa-i-

+ 3 ek cine + Y 207P(S2)ST — 9> natta—
iavjﬁ Of,Bi i
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Fig. 1. Phase diagram in the (h—) plane at 4 = 0. The parameter
values are: g = —0.4, W =1, T = 0.03. (1), (8) — uniform
phase with (S%) # 0 ((1): (SF) = (S3), (3): (ST) = —(S§);
(2)— uniform phase with (S*) = 0; (4)— modulated phase ((a):
(5t2) =0, (b): (Sf,) # 0). The solid line denotes the phase
transitions of the second order and the dotted line denotes the
phase transition of the first order

—NQ(ST)(S3)- (3)

Here, we consider two sublattices: (>  nijas) =
Do, (SZ) = Moy o = 1,2 is a sublattice index, ¢
is an unit cell index, N is the number of lattice sites,
a=02=0"=% Q}]?; Qoo = tre = (.

This Hamiltonian can be diagonalized. We pass to
the k-representation and perform the unitary transfor-

mation in the pseudospin subspace

HMFA _ Z()\ka - M)ﬁkaa - Z S\aaiza_

aock

~g (i +mams) — NOUSE)(S5) @

+ —_
M = g L2 (—1)"\/(9%)2 + 82

2
Cklo = Eklo’ Cos ¢ + é1(20' sin ¢a
Ck20 = —Ck1o SIN P + Ckoy COS P,

Tk

(gm;ﬂz)Z + t12(

sin 2¢p =
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Ao = \/(gna —h)? + (29(53))2, a#p.

The doubling of a unit cell leads to the splitting in the
electron spectrum. Two subbands are separated by the
gap g|m — m2|. The electron band changes its position
at the intercalation.

Using MFA, we can calculate the mean values of both
the electron and ion concentrations:

1 Z(l + c2052¢(exk%_u 1)l
ko

+f(€T +1)7h, (5)

20(S% A
)50 = -2 B,

o7 o7 2

To find the thermodynamically stable states, we have
to calculate also the grand canonical potential

P T P Ay _ P Ay _
gz_ﬁzln((e 1) e T+ 1))
ko

B

BN osn(P22
2

—T In(4 cosh( 5

cosh( )) — g(nam + namn2)—

—20(57)(53)- (6)

The absolute minima of the ®-function determine the
equilibrium states.

3. Results

The semielliptic density of states, p(€) = 2z VW?2 — €2,
—W < e < W, where W is a half width of the elec-
tron band, was used (W is chosen as the energy unit; in
our calculations, we put W = 1). Using this density of
states, we perform the summation over k in the equa-
tions of self-consistency (5) and in the expression for the
grand canonical potential (6).

As noted above, the stable states are obtained using
the condition of minimum of the function ®. In Figs. 1
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Fig. 2. Phase diagram in the (h — Q) plane at p = —0.7. The
parameter values are: g = —0.4, W = 1, T'= 0.03. The notations
are the same as in Fig. 1. The solid line denotes the phase tran-
sition of the second order and the dashed line denotes the phase
transition of the first order

and 2, the (h — Q) phase diagrams are shown for the
cases 4 = 0 (at the center of the band) and p = —0.7TW
(near the lower band edge).

In the case p = 0 and at small values of the ion hop-
ping parameter 2, the system undergoes the phase tran-
sition of the first order from the uniform to modulated
phase (in the modulated phase, ny # na,m # 12) at
a change of the chemical potential of ions (dotted line
in Fig. 1). In the case p = —0.7W and at small val-
ues of 2, the phase transition of the first order between
two uniform phases with jumps of the average ion and
electron concentrations (and the phase separation in the
regime of the fixed concentration, see [9, 10, 23, 24] for
more details) takes place (dashed line in Fig. 2).

It is easy to see that, at high values of the parameter of
ion transfer (2, the only possible phases are the uniform
phases with (S®) # 0 and (S®) = 0. The phase with
(S*) # 0 appears due to the presence of the ion hopping
between sites; this phase is an analog to a superfluid
phase in the systems of hard-core bosons and can corre-
spond to the state with a high mobility of intercalated
ions. In the case @ < 0, one finds (S7) = (S5), while, in
the case Q > 0, one finds (ST) = —(S%).

In Figs. 3 and 4, the (h—p) phase diagrams are shown
for the cases @ = 0 and Q = 0.25. The dotted line
denotes the first order phase transition between the uni-
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Fig. 3. Phase diagram in the (h—pu) plane at @ = 0. The parameter
values are: ¢ = —0.4, W =1, T = 0.03. The notations are the
same as in Figs. 1 and 2
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Fig. 4. Phase diagram in the (h — p) plane at @ = 0.25. The
parameter values are: ¢ = —0.4, W =1, T' = 0.03. The notations
are the same as in Figs. 1 and 2

form and modulated phases, and the dashed line denotes
the first-order phase transition between uniform phases.

The next four diagrams which are shown in Figs. 5-8
are the (T — h) phase diagrams. In Fig. 5, the first-order
phase transition curve between two uniform phases with
jumps of the ion and electron concentrations is shown.
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Fig. 5. Phase diagram in the (T' — h) plane at Q@ = 0. The param-
eter values are: ¢ = —0.4, W =1, u = —0.7. The notations are

the same as in Figs. 1 and 2
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Fig. 6. Phase diagram in the (" — h) plane at @ = 0.2. The
parameter values are: g = —0.4, W =1, u = —0.7. The notations

are the same as in Figs. 1 and 2

This curve ends at the critical point at some value of
temperature T.,. At high values of Q, this phase transi-
tion disappears (see Figs. 2 and 6). The existence of such
phase transitions (in the regime of a fixed concentration,
it corresponds to the phase separation into phases with
different concentrations of ions) is in accordance with
experimental data for intercalated crystals, where the
appearance of poor and rich ion concentration phases
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Fig. 7. Phase diagram in the (T — h) plane at Q@ = 0. The param-
eter values are: ¢ = —0.4, W =1, up = 0. The notations are the

same as in Figs. 1 and 2
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Fig. 8. Phase diagram in the (T — h) plane at @ = 0.3. The
parameter values are: g = —0.4, W =1, u = 0. The notations are

the same as in Figs. 1 and 2

was observed (see, for example, [6]). The presence of a
modulated phase in intercalated crystals is also indicated
in experiments (for review, see [5]).

The phase transition from the uniform to modulated
phase can be of the second or the first order; this is
illustrated in Figs. 7 and 8 for the cases = 0 and
Q2 = 0.3. We should draw attention to the fact that,
as the temperature increases, the first-order transition
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will transform into the second-order one and then will
disappear (as it is shown in Figs. 7 and 8).

4. Conclusions

In this work, a pseudospin-electron model of ion interca-
lation in crystals has been formulated. The model can
be applied for the description of the thermodynamics of
such a process in materials with electron bands, where
the band filling has metallic or semimetallic character
(in particular, compounds of transition metals such as
TiO; or other similar systems with narrow conduction
bands). The thermodynamics of the model has been
investigated in the mean-field approximation. The effec-
tive interaction between intercalated ions is formed due
to their interaction with the electron subsystem. Such
an interaction is attractive or repulsive depending on the
filling of the electron band (in the first case, the chemical
potential of electrons should be close to the band edge;
the second case is realized near the half filling). The ap-
pearance of a modulated phase or phase transitions of
the first order with jumps of the ion and electron con-
centrations (in the regime of the fixed concentrations,
it corresponds to the phase separation) has been estab-
lished.

An increase of the ion transfer parameter leads to
the disappearance of both the modulated phase and the
phase transition with jumps of the ion and electron con-
centrations. In addition, the new phase with (S®) # 0
appears due to the ion hopping between sites; this phase
is an analog to the superfluid phase in the systems of
hard-core bosons or the superionic phase in crystalline
ionic conductors (the phase with a high mobility of ions).
Such a phase can exist at intermediate values of the
chemical potential of intercalated ions, and the transi-
tion to this phase is of the second order. To investigate
this phase in detail, we should examine the behavior of
the conductivity and other characteristics of the system.
This is the task for future investigations.
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IPATKOBA MOJEJIb IHTEPKAJIAILIIT

T.C. Mucaxosuw, B.O. Kpacnos, I.B. Cmaciox
Peszmome
JMocmigKeHo TepMOAMHAMIKY I'PATKOBOI MO iHTePKAJIAL] 10HIB

Yy KpHCTaJIH B HabGJIM>KEeHHI cepenHbOro mojs. s omucy B3aeMo-
il eJIeKTPOHIB 3 i0HAMY BUKOPHMCTAHO IICEBAOCIIHOBUM (hopMaJIizaM
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Ta BPAaXOBAHO MOXKJIMBICTBH IIEPECKOKY iOHIB MiXK By3JIaMU I'DATKU.
ITo6ynmoBano ¢azosi miarpamu. [Ioka3aHo, mo edeKTUBHA B3a€MO-
Iid MiXK IHTepPKaJIbOBAHMMH i0HAMH MOXK€ IIPUBOIUTH IO PO3Iijie-
HHA da3 abo [0 MOosSBH MOAYJILOBAHOI (ha3u (3ajeXKHO Bif 3aroB-
HEHHs eJIeKTPOHHOI eHepreTu4HOi 30HH). [Ipu mocTaTHRO 3HAYHIN
IHTE€HCHBHOCT] 10HHOTO IEpPEeHOCy MiJCUCTEeMa iOHIB MOXKe IepeiTu

y cTaH, NoAibHUH 10 HAAIIIMHHOTO.
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