108 «EPYTMHCKUWE YTEHI$-2022»

with coefficients depended on the velocities Q(Z,t), the conditions and equations like of the
form
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are performed.
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OF SPECTRA OF THE ENERGY OPERATOR
OF THE FOUR-ELECTRON SYSTEMS IN THE HUBBARD MODEL.
QUINTET STATE. TWO- AND THREE-DIMENSIONAL CASE

S.M. Tashpulatov, R.T. Parmanova

The structure of essential spectra and discrete spectrum of the energy operator of four-
electron systems in the impurity Hubbard model in a quintet state in the one-dimensional
case were studied in [1]. We consider the energy operator of four-electron systems in the
impurity Hubbard model and investigated the structure of essential spectra and discrete
spectrum of the system in the quintet state in two- and three-dimensional case. Hamiltonian
of the system has the form

H = AZamﬂ/amﬂ, +B Z Gty 7y + UZamTamTamlamlJr

m,y m,T,Y
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Here A (Ap) is the electron energy at a regular (impurity) lattice site; B (Bp) is the
transfer integral between electrons (between electron and impurity) in a neighboring sites
(we assume that B > 0, By > 0), 7 = *e;, j = 1,2,...,v, where ¢; are unit mutually
orthogonal vectors, which means that summation is taken over the nearest neighbors, U
(Up) is the parameter of the on-site Coulomb interaction of two electrons, correspondingly
in the regular (impurity) lattice site; v is the spin index, v =1 or 7 =/, and a;tw and
am, are the respective electron creation and annihilation operators at a site m € Z£7,
where 7% is a v-dimensional integer lattice.

It is known that the Hamiltonian H acts in the antisymmetric complex Foc’k space
(Has, ()n,.)- Suppose that ¢ is the vacuum vector in the space H,s. The quintet state
corresponds to the free motion of four electrons over the lattice with the basic functions
qﬁwME gy = a;,Ta;TazTa:ﬁOO' The linear subspace H3, corresponding the quintet state is
the set of all vectors of the form ¢§ =7 v f(m,n,k,1)q% , k1ezvs [ € 15°, where [5°

is the subspace of antisymmetric functions in the space l2<(ZV)4>. We denote by Hj the
restriction of operator H to the subspace Hi. Welet ¢ = Ag— A, ¢3 = By — B, and
E3 = Uo - U.

Let F : L((Z")" — Ly((T")* = HY be the Fourier transform, where 7% is the
v-dimensional torus endowed with the normalized Lebesgue measure dA, ie. A(T%) = 1.
We set Hi = FHIF~L.

Theorem 1. The Fourier transform of operator Hi is an operator HI — FHIF~1
acting in the space L*((T")*) by the formula

HE 8 = h(\ 1,7, 0) F O\ 2,7, 0)+

ter| | sy, @ds+ | fONty0)dE+ | FO k0O dk+ | fO w7y, E)dE|+
/ / / /

+2¢9 [/ Z[cos i+ coss;| f(s, p, v, 0)ds + / Z[cos i 4 costy| f(A t, v, 0)dt+

Tv = 1 Tv =1
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where h(\, p,7,0) = 4A+2B "7 [cos A+ cos ji; +cos v+ cosb;], and L4 is the subspace
of antisymmetric functions in Lg((T”)“).

In the impurity Hubbard model, the spectral properties of the energy operator of four-
electron systems are closely related to those of its two-particle subsystems (one-electron
systems with impurity). Therefore, we first study the spectrum and localized impurity
electron states of the one-electron impurity systems. Subsequently, using tensor products
of Hilbert spaces and tensor products of operators in Hilbert spaces and taking into
account that the function (A, u,y,#) is an antisymmetric function and using of results of
investigation of spectra of one-electron systems with impurity, we describe the structure of
essential spectrum and discrete spectrum of the energy operator of four electron systems
in the impurity Hubbard model in the quintet state.

Theorem 2. Let v = 2. Then
a). If ¢g = —B and g1 < —4B (respectively,ey = —B and ¢, > 4B ), then the
essential spectrum of the operator HJ consists of the union of four segments:
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ess(HY) = [4A — 16 B,4A + 16 B| U [3A — 12B + z,3A + 128 + z]U
U[2A — 8B 4+ 22,2A +8B +22J]U[A— 4B+ 32, A+ 4B + 32|,

and discrete spectrum of the operator HY consists of a single eigenvalue: oo HY) = {42},
where z = A+ e1, lying the below (respectively, above) of the essential spectrum of the
operator HY.

b). If 61 <0 and €3 = —2B or e3 =0 (respectively,e1 > 0 and o = —2B or e =0),
then the essential spectrum of the operator }NIS consists of the union of four segments:

Oess(HI) = [4A — 16B,4A + 16 B] U [3A — 12B + Z,3A + 12B + Z|U

U[2A — 8B + 2%,2A + 8B + 23| U [A — 4B + 3%, A + 4B + 33],

and discrete spectrum of the operator HY consists of a single eigenvalue: s HY) = {43},
where Z, same concrete real number, lying the below (respectively, above) of the essential
spectrum of the operator }NIS .

c) If e4=0 and e3> 0 or e =0 and s < —2B, then the essential spectrum of the
operator }NIS consists of the union of ten segments:

Gess(HI) = [4A — 16B,4A + 16B] U [3A — 12B + 71, 34 + 12B + %|U

U[BA — 12B + Z3,3A + 12B + Z3] U [2A — 8B + 2Z1,2A + 8B + 27U
U[2A — 8B +2%,,2A + 8B + 2% U[2A—8B + % + %,2A + 8B + % + %U
UA—4B + 321, A+ 4B+ 32|U[A — 4B + 32, A+ 4B + 32,|U
UA—4B + 221+ 2, A+ 4B + 221 + 2| U[A— 4B + 21 + 22, A+ 4B + 21 + 223,

and discrete spectrum of the operator }NIS consists of a five eigenvalues: adisc(flg) =
= {4721,4%5,321+ 22, 21 + 322,221 + 225, } where Z1, and Z», are same concrete real number,
lying the outside of the essential spectrum of the operator Hj.

d). If —2B < g9 < 0, then the essential spectrum of the operator }NIS consists of a
single segments:

Ooss(HY) = [4A — 16 B, 4A + 16B],
and discrete spectrum of the operator }NIS is empty set: adisc(flg) = 0.

Theorem 3. Let v = 3. Then
a). If eg = —B and 1 < —6B (respectively,co = —B and 1 > 6B ), then the
essential spectrum of the operator Hy consists of the union of four segments:

Oess(HI) = [4A — 16B,4A + 16 B] U [3A — 12B + z,3A + 12B + z]U

U[2A — 8B 4+ 22,2A + 8B+ 22J]U[A— 4B+ 32, A+ 4B + 32|,

and discrete spectrum of the operator HY consists of a single eigenvalue: o45.(HY) = {42},
where z = A+ ey, lying the below (respectively, above) of the essential spectrum of the

operator HY.
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6B
b). If ¢4 < —% and €9 = —2B or €y = 0 (respectively,e; > W and ¢4 — —2B

or €9 = 0 ), then the essential spectrum of the operator }NIS consists of the union of four
segments:

Oess(H19) = [4A — 16B,4A + 16 B] U [3A — 12B + %, 3A + 12B + Z|U
U[2A — 8B + 23,24 + 8B + 23| U[A — 4B + 3%, A + 4B + 33],

and discrete spectrum of the operator HY consists of a single eigenvalue: ogis.(HY) = {43},
where Z, same concrete real number, and W ~ 1,516, lying the below (respectively, above)
of the essential spectrum of the operator }NIS
¢). If e1 =0 and e2 >0 or ¢1 =0 and 3 < —2B, and the condition EW < 36 B2
(B -+ 82)2
(8% + 2382) ’
consists of the union of ten segments:

18 implements, where F = then the essential spectrum of the operator }NIS

Ooss(HI) = [4A — 16B,4A + 16B] U [3A — 12B + 7, 34 + 12B + %,|U

UBA —12B + %3,3A+ 12B + 2| U [2A — 8B + 2Z1,2A + 8B + 2z1|U
U[2A — 8B +2%,2A+ 8B + 22| U2A -8B+ 21 + %,2A + 8B + 21 + 2|V
UA—4B + 33, A+ 4B+ 33| U[A — 4B + 3%, A+ 4B + 33U
U[A—4B + 221+ 2, A+ 4B + 221+ 2] U[A — 4B + 21 + 22, A + 4B + Z1 + 23],

and discrete spectrum of the operator HJ consists of a five eigenvalues: oge.(HY) =
= {4721,4%5,321 + 22, 21 + 322,221 + 225, } where Z1, and Z3, are same concrete real number,

lying the outside of the essential spectrum of the operator }NIS
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