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Amnorarisi. B maniit pobori po3rismaeTbest MCeBIOCIIH-€IEKTPOHHA MO-
JieJib 3 IBOMa OpbiTabHUMEU cTaHaMmu Ha By3ui. Lls momens moxe OyTn
3aCTOCOBAHOIO JIJI ONUCY 1HTEpPKAJIil i0HiB B Kpuctaau. Bukopucrano
IICeBIOCIHOBHUH (popMaJIi3aM JIJIsT OIUCY B3AEMO/II] €/IEKTPOHIB 3 i0HAMM.
Hocmizkeno TepMoauHAMIKY MO B HaOJIUKEHHI CEPEHHOTO IOJIs.
IIpoanasizoBaHo MOXK/IUBICTH, BUHUKHEHHS B cUCTeMi (pa30BOTO po3Iiia-
pyBaHHS.

Pseudospin-electron model of intercalation
T.S.Mysakovych, I.V.Stasyuk

Abstract. The pseudospin-electron model with two orbital electron
states per site is considered in this work. This model can be employed
for the description of the intercalation of ions in crystals. Pseudospin for-
malism is used for the description of interaction of electrons with ions.
The thermodynamics of the model is investigated in the mean field ap-
proximation. The possibility of the appearance of phase separation in
the system is analyzed.
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1. Introduction

Transition metal oxides are intensively investigated as hosts for lithium
insertion, they are promising electrode materials and can be used in
batteries. One of such materials is titanium dioxide, TiOs. Such systems
are semiconductors, gap is approximately 3 eV. These materials are the
subject of intensive experimental and theoretical investigations in the
last years.

The crystal structures of three lithium titanates (Lig 5 TiO2 - anatase,
LiTiz Oy - spinel, obtained by heating Lig 5 TiO5 - anatase, and LiaTi2Oy4)
were investigated by neutron diffraction powder profile analysis [1]. It
was found that inserted Li ions in Lig 5TiO2 occupied octahedral inter-
stices. In LiTisO4 - spinel lithium occupied tetrahedral sites, while in
LisTisO4 lithium filled the octahedral sites and was displaced from the
tetrahedral sites [1]. In [2] quantum chemical Hartree-Fock calculations
were done to study lithium intercalation in rutile and anatase. Equilib-
rium geometries and atomic charges were calculated. It was established
that Li lost its valence electron (electron occupying Li 2s atomic orbital)
which transferred to Tiion (calculated Li charges were ~ 0.8). Li-induced
local one-electron energy level was found in the gap between the upper
valence band and the conduction band, this level was composed mainly
of Ti 4s atomic orbitals. A conclusion was made that lithium can be in-
tercalated with larger probability in the anatase structure than in rutile.
Using pseudopotential plane-wave formalism calculations of [3] indicated
a distinct preference for intercalation of lithium into the octahedral sites
in anatase. There was shown that fast diffusion of lithium along c¢ axes
and slow diffusion in the ab plane took place. In [4] density-functional
calculations were performed to investigate lithium intercalation into ru-
tile. It was shown that effective Li-Li interaction was highly anisotropic,
the computed lithium diffusion constants were anisotropic also. Their
calculations revealed the tendency of the valence band to narrowing and
increasing of the band gap at the lithium intercalation.

The dynamics of lithium in lithiated anatase TiO, was also investi-
gated (see [5]). Analysis of neutron diffraction data revealed two available
Li-ion positions within the oxygen octahedron in lithiated anatase [6],
these sites were never occupied at the same time (the distance between
the sites was 0.7-1.8 A depending on lithium concentration). The intra-
octahedron dynamics was investigated using molecular dynamics method
and quasi-elastic neutron scattering [6]. The hopping of lithium between
different octahedra was investigated also. It was shown that lithium dif-
fused more easily through the Li-rich phase (activation energy for Li-rich
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phase was less than activation energy for Li-poor phase). At intercalation
of lithium in anatase TiOs phase separation in Li-poor (Lig.01TiO2)
and Li-rich (Livg.5-0.6TiO2) phases occurred, Li-rich phase grew with
increasing of content of lithium [6,7]. Such two-phase behaviour leads
to a constant electrochemical potential. In [8] the structural properties
of Li, TiO4 spinel were investigated using a cluster expansion (based on
pseudopotential ground state energy calculations) and a Monte Carlo
simulation. Coexistence of two phases (when 1/2 <2 < 1) Li; TiOs (Li
on tetrahedral sites) and LiTiO2 (Li on octahedral sites) was established.
Insertion of Li first resulted in filling of the tetrahedral sites (which are
energetically more favorable), when x=1/2 all tetrahedral sites are filled
and at x>1/2 additional Li filled octahedral sites. It was shown that
Li is fully ionized once intercalated. Electronic structure calculations re-
vealed that in LiTiOs Fermi level was situated near the bottom of the
conduction band, in the valence region the energy states are represented
by three sets of bands: the s-bands (dominated by O-2s states), the p-
bands (dominated by the O-2p states) and the d-bands (dominated by
the Ti-3d states).

Intercalation of lithium in cubic-spinel Li[Ti5/3Li; /5]O4 was investi-
gated in [9] with the help of a Monte Carlo method. According to their
model, the Hamiltonian included interaction between Li ions. They did
not take into account interaction between Li ions and electrons. It was
proposed that the potential plateau indicated the coexistence of Li-poor
and Li-rich phases due to the repulsive interactions between lithium ions.

The reconstruction of electron spectrum in such crystals upon in-
tercalation means that interaction between lithium and conduction and
valence electrons may play an important role in such systems. In the cur-
rent study we take into account the interaction of Li ions with electrons
and investigate the possibility of appearance of phase separation in such
systems.

2. The model

The Hamiltonian of the model is defined as

H = Y dcf, o0+ Z epaf,axe + Y g5, (57 + %) (2.1)
ko ko ijo
+Zgzj za SZ Nzn +n
ijo
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4= ZJ” (S7+5)(SF + )—hZ(Ser—

The pseudospin variable S? takes two values, S7 = 1/2 when lithium
ion is present in site ¢ and S7 = —1/2 when lithium is absent. We take
into account two electron orbital states per site (conduction and valence
band electrons, the first and the second terms in (2.1), as usually, ¢, a
and ¢, a™ are electron creation and annihilation operators respectively),
their 1nteraction with lithium ions (¢¥ and ¢¢ terms) and direct inter-
action between Li ions (J-term); p and h play the role of the chemical
potentials of electrons and Li ions respectively.

Models of such type were formulated in recent time and are inten-
sively investigated in the theory of the strongly correlated electron sys-
tems, for example they are used to take into account the presence of the
locally anharmonic structure elements in the high temperature super-
conductors [10,11].

To investigate the thermodynamics of the model we use the following
approximation:

gniS; — g(ni) S5 + gni(S7) — g(ni)(S;) (2.2)
JSFSE — J(S7)S; + JS7(S7) — J(ST)(S})s
where the pseudospin-electron and pseudospin-pseudospin interactions
are taken into account in the spirit of the mean field approximation
(MFA) through an internal self-consistent fields which act on electrons
and pseudospins. We suppose that direct interaction between pseu-
dospins and pseudospin-electron interaction is nonlocal and may be long-
ranged, this enable us to use MFA.
We will consider the uniform case (spatially uniform, independent on
the site number electron and ion concentration): (3~ _n,) =n, (S7) =
7. The Hamiltonian of the model in the MFA has the following form:

1
HVPA = S = it 6057+ )tk (2.3)
ko

1
+Z — 1t 9" (8* + 5)) o, o

ZSz—gn (S*)N

1 h
—g"n"(S*)N — 5<SZ>2NJ + gNJ - -N

+(gn°+g"'n" — h+ J(S* +

2
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here N is the number of the lattice sites. The electron conduction and
valence bands Ef = €, + ¢°(n + %), Ey = €}, + g*(n + %) change their
positions depending on the average value of pseudospin 7. This means
that bands are shifted at intercalation. The mean values of pseudospin
and electron concentration obey the following equations:

1 1
(8% = 3 tanh(g(h —g°n® —g’n" — J(S* + §>)) (2.4)
o1 1
"TN %; 1 + eBlei—ntge(S=+3))

= 1
N 1 4 ePlekmntor(553))

n

In addition to the equation (2.4) we should take into account the follow-
ing condition

nC:2—n”+<Sz—|—%>. (2.5)
This condition ensures the neutrality of the system. We suppose that
lithium is fully ionized and the number of electrons in the conduction
band is equal to the number of holes in the valency band (the first term in
the right side of the equation (2.5)) plus the number of lithium ions (the
second term in the right side of the equation (2.5)). We take into account
that at intercalation the chemical potential is situated in the conduction
band (see, for example, [4,8]). This means that at room temperatures
valency band is fully occupied, n¥ = 2 (the band gap in titanium dioxide
is approximately 3 eV).

3. The phase transition and phase separation

We have solved the set of equations (2.4) taking into account the condi-
tion (2.5). We have used semielliptic density of states (for the conduction
band), p(€°) = =25 /e(2W —€), 0 < €© < 2W, W is a half width of the
conduction band. In Fig. la the dependence of the mean pseudospin
value 7 on the chemical potential of ions is shown (the regime of the
fixed chemical potential). We have chosen the following set of parame-
ters: g¢ = —0.4, 9" = —0.8,J = 0.2, W = 1.5; here we suppose repulsion
interaction between lithium ions, J > 0. We have also taken into account
that at intercalation the band gap increases (see, for example, [4]). As it
was noted above the conduction band Ef = ef+¢¢(n+3) and the valence
band EY =€} +g°(n+ %) change their positions at intercalation and at
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the chosen values of parameters (¢¢ = —0.4,¢9* = —0.8) the band gap
increases. From Fig. 1la we can see that the system undergoes the first
order phase transition with jumps of the mean values of the pseudospin
(m and 72) at the change of the chemical potential of the ions h. The
phase transition point (dashed line) is calculated using the Maxwell rule.
In the regime of the fixed ion concentration the phase separation into
two phases with different values (11 and 72) of ion concentration takes
place. At the increase of temperature the possibility of phase separation
disappears, this is illustrated in Fig. 1b.

04 f n: 04
02t 02t
o O0f o 0r
02t 02t
04 | ne -04 |

L L L L

49 18 17 16  -15 -25 2 15 1

h h

Figure 1. The dependence of the mean pseudospin value on the chem-
ical potential of the ions. The parameter values are: g¢¢ = —0.4,g" =
-0.8,J=02,W =15.a) T=0.024b) T =0.1.

Now we will illustrate some interesting effect which takes place when
we consider the regime n = 1+ 1/2 = const. We will demonstrate
the possibility of phase separation into two charged phases, when the
neutrality condition n =n + % is fulfilled for the whole crystal only and
n; # n;+ % This means that two phases (n1,71) and (ng, 72) are charged.
To obtain phase separation we consider the following equations:

1
n=an +(1—anz; n=am+(1—ajp; n=n+ > (3.1)
where n1,ns,n1,n2 are mean values of electron concentrations and pseu-

dospins of two coexisting phases. To solve the system 3.1 we at first
did not take into account the neutrality condition and found values of
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n1,na, 11, 12 for two coexisting phases (when we do not take into account
the condition (2.5)). These values depend on the chemical potential of
electrons p and ions h, so we have n;(u, h), n;(u, h). Then we take into
account the neutrality condition and we can find n}(u*, h*), nf(u*, h*),
which ensures the fulfillment of the condition n* = n* + 1/2 = const, so
we can build phase separation regions. They are shown in Fig. 2; rect-
angular density of states was used for simplification of calculations. It
can bee seen from Fig. 2 that at the increase of temperature the phase
separation region narrows. However, it should be noted that such phase

1 1
A nr+1/2
08 | \oun# 1 08 | 1
e n&1/2
06 [ 1 o 06 1
[ ;c 1 ‘E 1
04 - ns 2 04t 5
02| . 02} 1
nF+1/2
0 ‘ 0 ‘
-18 h* -16 -14 -1.8 h* -16 1.4
h h

Figure 2. The phase separation regions (dashed lines) in the regime
n = n+1/2 = const are shown for two temperatures, 1: T = 0.0166,
2: T = 0.01. The parameter values are: g¢ = —0.5,¢" = —0.7,J =
0.1, W =1.5.

separation into charged phases should be considered more carefully, in-
troducing the electrochemical potential, so obtained above results have
only illustrative character.

4. Conclusions

In this work the pseudospin-electron model of ion intercalation in crys-
tals is formulated. The thermodynamics of the model is investigated in
the mean-field approximation. The effective interaction between ions is
formed due to pseudospin-electron interaction. The appearance of phase
separation is established. In general our results are in accordance with
experimental data where the coexistence of two phases was revealed [6,7].
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The obtained results can be considered as the first step to the descrip-
tion of the LiT ion intercalation in semiconducting crystals. It should be
noted that the ion transfer was not taken into account in our model.
This is the task for future investigations. Introducing of electrochemical
potential is also the task for such study.
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