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In the present paper we investigate a doubly orbitally degenerate narrow-
band model with correlated hopping. The model peculiarity takes into ac-
count the matrix element of electron-electron interaction which describes
intersite hoppings of electrons. In particular, this leads to the concentration
dependence of the effective hopping integral. The cases of the strong and
weak Hund’s coupling are considered. By means of a generalized mean-
field approximation the single-particle Green function and quasiparticle en-
ergy spectrum are calculated. Metal-insulator transition is studied in the
model at different integer values of the electron concentration. Using the
obtained energy spectrum we find criteria of metal-insulator transition.
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Both theoretical analysis [1-3] and available experimental data [4] point out that
the Hubbard model [5] should be generalized by taking into account orbital degener-
ation and correlated hopping. In the present paper we study a metal-insulator tran-
sition in the recently proposed [6] doubly orbitally degenerate narrow-band model
with correlated hopping. The peculiarity of the model is the electron-hole asymme-
try and the dependence of hopping integral on the average number of electrons per
site, thus the model shows much better properties than, for example, the Hubbard
model with doubly orbital degeneration. The model Hamiltonian is
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where g is the chemical potential, azga, @, are the creation and destruction oper-

ators of an electron of spin o (¢ =1, ]; & denotes spin projection which is opposite
to o) on i-site and in orbital v (v = «, denotes two possible values of orbital
states), Ny, = a’;:yo'a’i’YU is the number operator of electrons of spin ¢ and in orbital
7y on i-site, Ny, = Ny + N4y ; 5 is the hopping integral of an electron from ~-orbital
of j-site to ~-orbital of i-site (we neglect the electron hoppings between - and (-
orbitals), t; (¢;) includes the influence of an electron on 7 (v)-orbital of i- or j-site
on hopping process, the prime at the second sum in equation (1) signifies that i # j,
U is the intra-atomic Coulomb repulsion of two electrons of the opposite spins at
the same orbital (we assume that it has the same value at a- and S-orbitals), U’
is the intra-atomic Coulomb repulsion of two electrons of the opposite spins at the
different orbitals, J is the intra-atomic exchange interaction energy which stabilizes
the Hund’s states forming the atomic magnetic moments, and the effective hopping
integral ¢;;(n) = t;; +nT3(ij) is concentration-dependent due to taking into account
the correlated hopping 77 (ij).

The Hamiltonian (1) describes the model with non-equivalent subbands (the
analogues of Hubbard subbands). The non-equivalence of the subbands leads to dif-
ferent width of the subbands and different values of the density of states within the
subbands. At the same time, the density of states within each subband is symmet-
rical. As a consequence, the chemical potential is placed between the subbands at
integer values of the electron concentration n = 1, 2, 3. In these cases, in the model
described by the Hamiltonian (1), the metal-insulator transition (MIT) can occur.

1. Let us consider the case of the strong intra-atomic Coulomb interaction U’ >
t;; and the strong Hund’s coupling U’ > U’ — J (values U’ and J are of the same
order). These conditions allow us to neglect the states of site when there are more
than two electrons on the site and the “non-Hund’s” doubly occupied states (the
analogous conditions are used for an investigation of magnetic properties of the
Hubbard model with twofold orbital degeneration in [7-9]). Thus, lattice sites can
be in one of the seven possible states: a hole (a non-occupied by electron site); a
single occupied by electron site; the Hund’s doublon (a site with two electrons on
different orbitals with the same spins).

Using the method of works [10-13] we obtain the energy gap (here we neglect
the correlated hopping)

AE = —2w(0.75 — 1.5¢) + (1/2)(F) + Fy),
Fiy = U —J)F0.5w)]2 + 16c2w?, (2)

where w = z|t|, z is the number of the nearest neighbours to a site, ¢ is the hole
concentration. At 7' = 0 K MIT occurs when (U’ — J)/(2w) = 0.75.

The energy gap width AE as a function of the parameters (U’ — J)/(2w) and
(kT)/(2w) is presented in figure 1 and figure 2, respectively. With a change of the
parameter (U’ — J)/(2w) the system undergoes the transition from an insulating to
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Figure 1. The dependence of energy Figure 2. The dependence of energy
gap width AE/(U’' — J) on the param- gap width AFE/(U" — J) on the pa-
eter (U' — J)/(2w): the upper curve — rameter (k7T)/(2w): the upper curve —
(kT)/(2w) = 0.1; the middle curve — (U — J)/(2w) = 0.74; the lower curve
(kT)/(2w) = 0.05; the lower curve — (U= J)/(2w) = 0.72.

(KT)/(2w) = 0.

a metallic state (negative values of the energy gap width correspond to the overlap-
ping of the Hubbard subbands). In the model under consideration at ' = 0 K, an
insulator-metal transition at n = 1 occurs when (U’ — J)/(2w) = 0.75 (figure 1, the
lower curve).

The transition from a metallic to an insulating state with the increase of tem-
perature at a given value of the parameter (U’ — J)/(2w) is also possible (figure 2).
It can be explained by the fact that the energy gap width AFE given by equation (2)
increases with the temperature 7' increase which is caused by the rise of the polar
states concentration at constant w, (U' — J).

2. The exchange interaction splits some of the bands. If the exchange interaction
is small comparative to the Coulomb interaction J < U, then the splitting is small
and leads only to a weak broadening of the bands. Forasmuch we calculate the width
of the energy gap we can take into account the effect of J by an appropriate shift
of the band center resulting from the inclusion of J into the chemical potential by
means of mean-field approximation (see, e.g., [6,14]).

To describe MIT at the electron concentration n, we can take into account in
the Hamiltonian only the states of site with n — 1, n, n + 1 electrons (the analo-
gous simplification has been used in [15,16]). In the vicinity of the transition point
at the electron concentration n = 1, the concentrations of sites occupied by three
and four electrons are small. We can neglect the small amounts of these sites. For
calculation of single-particle Green functions we use the generalized mean-field ap-
proximation [10]. After transition to k-representation, we obtain the quasiparticle
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energy spectrum:

U ek)+(k) _1 - 1/2
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By use of the mean-field approximation, in the case of t} = ¢ we obtain

e(k), é(k), ¢(k), (k) as functions of t,, = t) + 2t and ¢, b, d being the concentra-
tions of the holes and sites occupied by one, two electrons, respectively, connected
by the relations: ¢ = 6d, b = i —3d. In the transition point, when the concentrations
of the holes and doublons are equal to zero, the energies of the electrons within the
subbands are

El(k) = —ﬁ + tk)
Eyk) = —p+U +t. (4)

From the equations (4) we obtain the criterion of MIT: U = w4+, where w = z|t;;],
W = z|t;;]. With the increase of the correlated hopping at the fixed value of parameter
U/2w, the energy gap width increases and the region of values of U/2w at which
the system is in a metallic state, decreases. In the partial case ¢} = ¢, = 0 (in this
case ty, = ) we have U,/2w = 1.

Let us consider the MIT at electron concentration n = 2. In the vicinity of the
transition point in the case of two electrons per atom, the concentrations of holes and
sites occupied by four electrons are small. For the small values of the intra-atomic
exchange interaction (J < U) we take J into account analogously to the case of
n = 1. To calculate single-particle Green functions we use the generalized mean-
field approximation. After transition to k-representation, we obtain the quasiparticle
energy spectrum:

1/2

. 3U  ek)+¢(k) 1 P

Ba00) = i+ 5+ W 2 Ly )+ ¢ + 4200200}

By use of the mean-field approximation analogously to the above, in the case of ¢} =

t! we obtain €(k), &(k), ((k), ((k) as functions of #y = t) +2t}, ti = tx+4t and b, d,

where b is the concentration of the sites occupied by one (or three) electrons, d is the

concentration of the doubly occupied sites, connected by the relation b = (1 —8d)/6.

In the transition point, when the concentrations of the singly and triply occupied
sites are equal to zero, the quasiparticle energy spectrum is

- - ~ 1/2
_3U ATt b1 17t — 012t + B2
Eip(k) = =i+ - + == kﬂF—{[U+—k k} +[k k}} - (6)

2 18 2 2 18 2 18

Using the quasiparticle energy spectrum (6), we find the energy gap width. In
the point of MIT the energy gap is equal to zero. From this condition we find the
criterion of MIT. With the increase of the correlated hopping at the fixed value of
parameter U/2w, the energy gap width increases faster than at n = 1 and the region
of values of U/2w at which the system is in the metallic state, decreases, analogously
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to the case n = 1. In the partial case of t} =t = 0 (in this case t} = #;) we find
U/2w = 2v/2/3.

In a similar way, we consider the case of electron concentration n = 3. In the
vicinity of the transition point in the case of three electrons per atom, the concen-
trations of holes and sites occupied by one electron are small. Neglecting the small
amounts of these sites, we can calculate the single-particle Green functions analo-
gously to the above. We find the values of e(k), é(k), ¢(k), {(k) using the mean-field
approximation. They are functions of t = tx+4¢}, ty. = tx+6t, and d, ¢, f being the
concentrations of the sites occupied by two, three and four electrons, respectively,
connected by the relations: f = 6d, t = 1/4 — 3d.

In the transition point, when the concentrations of the holes and single electrons
are equal to zero, the energies of the electrons within the subbands are

Ey(k) = —p+2U +tg,
Ey(k) = —p+3U +ty. (7)

From the equation (7) we obtain the criterion of the MIT at the electron con-
centration n = 3: U = w* + w*, where w* = z[t};], w*® = 2|t};|. With the increase of
the correlated hopping at the fixed value of parameter U/2w, the energy gap width
increases faster than at n = 1,n = 2 and the region of values of U/2w at which the
system is in a metallic state, decreases. In the partial case t{ = t;. = 0 (in this case
ty = fk) we have U./2w = 1. This result coincides with the corresponding critical
value at the electron concentration n = 1 due to the electron-hole symmetry of the
model without the correlated hopping.

The peculiarities of the expressions for the quasiparticle energy spectrum are the
dependences on the concentration of polar states (holes, doublons at n = 1; single
electron and triple occupied sites at n = 2; doublons and sites occupied by four elec-
trons at n = 3) and on the hopping integrals (thus on external pressure). At given
values of U and hopping integrals (constant external pressure), the concentration
dependence of AFE permits to study MIT under the action of external effects. In
particular, AE(T')-dependence can lead to the transition from a metallic state to
an insulating state with the increase of temperature (see figure 4). The described
transition is observed, in particular, in the (V;_,Cr,)203 compound [4,17] and the
NiSy_,Se, system [18,19]. The similar dependence of the energy gap width can be ob-
served at the change of the polar states concentration under the action of photoeffect
or magnetic field. The strong magnetic field can lead, for example, to the decrease
of the polar state concentration (see [20]) initiating the transition from a paramag-
netic insulator state to a paramagnetic metal state. The increase of the polar state
concentration under the action of light, stimulates the metal-insulator transition,
analogously to the influence of temperature change. At the increase of bandwidth
(for example, under the action of external pressure or composition changes) the
insulator-to-metal transition can occur.

If the correlated hopping is absent in the case n = 2, the MIT occurs at the
smaller value of U/2w than in the case n = 1 (figure 3). This result is in qualita-
tive accordance with the results of work [14], in distinction from [16,21]. Using the
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Figure 3. The electron concentration Figure 4. The dependence of critical
vs. interaction strength phase diagram value (U/2w). on the parameter of cor-
showing the paramagnetic metal (PM) related hopping x = t;j /tij: the curve
and paramagnetic insulator (PI) in the 1 —n = 1; the curve 2 — n = 2; the
absence of correlated hopping. curve 3 —n = 3.

critical values of the parameter U/(2w) at which MIT occurs for different integer
electron concentrations (see figure 3) we can interpret the fact that in the series of
disulphides MS,, the CoS; (one electron within e, band corresponding to n = 1) and
CuS; compounds (three electrons within eg,-band corresponding n = 3) are metals,
and the NiS; compound (two electrons within e, -band corresponding n = 2) is an
insulator. Really, for 0.94 < U/2w < 1 at the electron concentration n = 2 the
system described by the present model is an insulator, whereas for the same values
of the parameter U/2w at the electron concentrations n = 1, 3 the system is a metal
(according with the calculations of [22] the ratios U/2w in these compounds have
close values).

We have found that in the case of the strong Hund’s coupling at n = 1, the metal-
insulator transition occurs at a smaller value of the parameter (U —J)/2w). = 0.75
than in the case of the weak Hund’s coupling ((U — J)/2w). = 1.

At nonzero values of correlated hopping, the point of MIT moves towards the
values of parameter U/2w at which the system is a metal (figure 4). The non-
equivalence of the cases n = 1 and n = 3 is a manifestation of the electron-hole
asymmetry which is a characteristic of the models with correlated hopping.

Thus, both orbital degeneracy and correlated hopping are the factors favouring
the transition of the system to an insulating state in the case of half-filling with
the increase of intra-atomic Coulomb repulsion in comparison with the single-band
Hubbard model.
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Mepexip meTan-pienekTpuk y ABivi opGiTanbHO
BUPOAKEHIN Moaerni 3 HeekBiBalIeHTHUMM Nig30HamMu

N.4inyx, KO.CkopeHnbkui, 0. Josron’atuin

TepHONiNbCbKNM AEPXaBHUM TEXHIYHWUI YHIBEPCUTET iMeHi |.IMynios,
kadeapa Pisnkm
46001 TepHoninb, Byn. Pycbka, 56

OtpumaHo 14 cepnHsa 2000 p., B OCTaTO4HOMY BUMMSAI —
21 nuctonaga 2000 p.

Y po60oTi MM BUBYAEMO OBOKPATHO OpBiTanbHO BUPOAXEHY BY3bKO30OHHY
MopAesib 3 KOpenboBaHNUM NepeHOCoM efnlekTpoHiB. OcobnumeicTio moae-
Ni € BpaxyBaHHSA MAaTPUYHOIO EfleMEHTA ENIEKTPOH-ETIEKTPOHHOI B3AEMO-
aii, 9K ONNCye MixKBY3/10Bi Mepexoan enekTpoHiB. Lle npnesoauTtsb, 30-
Kpema, 40 KOHLEHTPAaLINHOT 3aNeXHOCTI epeKTUBHOroO iHTerpana nepe-
Hocy. Po3rnsiHyTi BUNaakmy CUbHOro Ta cnabkoro ryHaiBCbkoro 3B A3ky.
3a 4onomMoroto yaaranbHeHoro HabNMXKXeHHs cepeaHbLOoro NoJis po3paxo-
BaHi 0g4HOYacTMHKOBA yHKLUIA piHa Ta eHepreTuyHUn cnekTp. MNepexig
MeTan-aienekTpuk y Mogeni 4OCNIAKEHNI NMPU PI3HUX LiNIMX 3HAYEHHSX
€/IeKTPOHHOI KOHLEHTpPaLLi. 3a 4ONOMOrol OTPMMaHOIro EHEePreTUYHOro
CrekTpa 3HanaeHo KpuTepii nepexony MeTas-aienekTpuk.

Knio4oBi cnoBa: By3bki 30HU rpoBiAHOCTI, 0POITasibHE BUPOLAXKEHHS,
nepexig metas-aiesIekTpuK, KopesiboBaHU NepeHoc

PACS: 71.28.+d, 71.27.+a, 71.10.Fd, 71.30.+h
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