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Abstract

Quadratic operators are used in transforming the model Hamiltonian H of one
correlated and dispersive band in a unique positive semidefinite form coopting
both the kinetic and interacting parts of the H. The expression is used in
deducing exact ground states which are minimum energy eigenstates only of the
full Hamiltonian. It is shown in this framework that at half-filling, dispersive
bands can also provide ferromagnetism in exact terms through correlation
effects.

1. Introduction

Exact results for non-integrable many-body models open new perspectives in the description
and understanding of physical systems of large interest, or physical situations capturing
attention through unusual properties. Metallic ferromagnetism [1], superconductivity in ladder
systems [2], exotic phases in polymer chains [3], subtle conducting and insulating phases in
rare earth compounds [4], spontaneous ferroelectricity [5], stripes or checkerboards in two
dimensions [6], and metal—insulator transitions in two-dimensional disordered systems [7] are
some examples in this respect.

On the technical side this field is in fact almost completely open; hence several procedures
have been tested or are under development. Without being exhaustive, we exemplify below
some of these, for example process definition followed by unapproximated treatment of
model conditions [8], Hilbert space properties captured in the low density limit [9], equal
rigorous upper and lower bounds for the ground state energy [10], unitary transformation
of eigenfunctions and Hamiltonians [11], Schrieffer—Wolff transformations effectuated up to
infinite order [12], the optimal ground state method [13], and the use of positive semidefinite
operators and related techniques [14]. In the present paper we concentrate on and develop
the last of these methods since the procedure based on positive semidefinite operators often
penetrates into other techniques as well.

By using positive semidefinite operators (P) in deducing exact ground states (|W,)),

one first casts the Hamiltonian (I:I ) in a positive semidefinite form H=P+C , where
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C is a constant depending on the coupling constants of the starting H. Since zero is the
minimum possible eigenvalue of P, the unapproximated ground state is obtained from the
requirement 13|\11g) = 0. In the process of transforming the starting Hamiltonian into a
positive semidefinite form, mostly one finds or uses P = ZZ“““ }3,1, where the number 7.«
of different types of positive semidefinite terms can often reach even ny,x = 8-10, their
structure being diverse, containing linear, bi-linear, cubic or quartic combinations of the starting
fermionic operators [15]. The requirement for the ground state in the presence of different P,
contributions becomes ﬁn|\Dg) = O for all n € [1, npal; hence the deduced |W,) represents
separately the ground states of different parts of the Hamiltonian, often the ground states
separately of the kinetic and interacting parts of H, which reduces considerably the application
possibilities of the method.

In this paper we overcome this inconvenience by using quadratic, e.g. nonlinear,
combinations of the starting fermionic operators in defining new non-fermionic operators A;.
Here the index i represents a lattice site, but Ai is not local, and has a finite extent since it
captures contributions also from the neighborhood of the site i. The operators A; are used in the
construction of a unique G = > AZ A; positive semidefinite form, leading to the expression for
the transformed Hamiltonian H = G + C, containing a unique positive semidefinite operator,
namely G (the contribution C, as before, being a constant). Excepting the test of this procedure
taken at infinitely large on-site Coulomb repulsion [16], for finite and non-zero value of the
interaction this approach is for the first time applied here in this paper. The gain one achieves
is that now a unique positive semidefinite operator concentrates both the kinetic and interaction
parts of H. Hence the corresponding ground states are not independently eigenstates of the
kinetic and interacting parts, or independently eigenstates of different parts and terms from H,
but only eigenstates with minimal energy of the full Hamiltonian.

Relating the studied Hamiltonian, one concentrates here on one-band correlated itinerant
systems holding as well spin—spin interactions. The model Hamiltonian is in this case
of extended Hubbard type (denoted hereafter by Ho) containing also spin—spin interactions
I:IS; hence H = PAIO + I:IS holds. Such a Hamiltonian structure is particularly often
debated in connection to Kondo lattices [17] or t—J type of models [18], but generally
emerges in the study of strong correlation effects when additional interactions between nearest
neighbours are taken into consideration [19], or real materials [20, 21] are described. We
further note that in the presence of strong correlations, similar models have also been used
in the study of charge-ordered states, and metal-insulator transitions in non-ferromagnetic
cases [22].

The here deduced exact eigenstates characterize dispersive bands at half-filling and are
localized and fully saturated ferromagnetic ground states only of the full H. At this point we
remark that the exact ferromagnetic ground states at finite concentration of carriers deduced up
to this moment are or are related to a specific band structure (flat band ferromagnetism [23],
or Lieb’s degenerate middle band ferromagnetism in a bipartite lattice [24]), or appear given
by the ability of the interaction to select the ground state from the existing minimum energy
eigenstates of the kinetic (not necessarily one-particle!) part [15]. Our results show that
arbitrary dispersive half-filled bands can be ferromagnetic in exact terms. Since only the
whole Hamiltonian provides these ground states, these do not emerge given by a specific band
structure, or appear as interaction selected ground states from existing eigenstates of other parts
of the Hamiltonian, but are created by both kinetic and interaction contributions; hence their
eigenstate nature disappears when the interactions are turned off, or when the kinetic part is
neglected (e.g. in the localized limit).

' We include here also bond-charge terms in the kinetic part of H.
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The remaining part of the paper is structured as follows. Section 2 describes the model
used, section 3 presents the exact transformation of the Hamiltonian in positive semidefinite
form, section 4 gives the general expression for the deduced ground states and presents the
proof of the ground state nature, section 5 describes particular cases when the deduced ground
states hold and analyzes the physical properties of the solutions. Finally, section 6 concluding
the paper, closes the presentation.

2. The Hamiltonian used

Our starting Hamiltonian H = I:Io + I:IS describes in one dimension a correlated band
characterized by

Hy = Z(taé;géprl,a +Hc)+U Zﬁmﬁu + Z Z Vorofli.on Mt 1,055
i,o i

i o,0
+ Z(W],aﬁi,—aézdéi-k—],a + WZ,aﬁi-&-l,—aéi:_],qéi,a +H.c.), (D
i,o
where 5; , creates an electron with spin o at the site i, 7, = 5; ., Ci,o represents the particle

number operator, f, is the hopping matrix element, U represents the Hubbard term, V,, 5, gives
the density—density nearest neighbor interaction strengths, while W, ,, [ = 1, 2, describes the
correlated hopping.

Inside the band, also a nearest neighbor spin—spin interaction is present given by

N PO JI A, A A A
A=Y [stfsigl + %(S;S;H + sis;,)} , )

where S* = §* +i§”, §; = S up é;a&a,ﬂéi,ﬂ, and G, g describes the Pauli matrices. Within
this paper periodic boundary conditions are used.

3. The transformation of the Hamiltonian

A

In order to deduce exact ground states for the Hamiltonian of the problem one transforms H
into a unique positive semidefinite form. In order to do this we introduce a bi-linear operator
Aj defined by
NP PN NS ATt AT AT
Ai =216y 4Gy + 226 | Gy F 2304 1 Cipy, T UGG

+ wiCip1,4Ci,| + Walig1, | Ciip + W3Citr1,4Civ1,y + WaCigCi |, (3)
where the prefactors zp, wy, 6 = 1,2,3,4, are considered site independent numerical

parameters. One observes that ) . AiT A; reproduces the operators contained in
equations (1), (2), and indeed one finds that the exact mapping

A=Y Al —al —a @

holds, if the numerical coefficients zp, wy, a,, ap are defined via the following matching
conditions:

4
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JiL

2 2 2 2

U = lz3]" + |zal” + [ws|” + |wal", 5 = wiwy + 2571,
* * * *

wiwy + 2123 = Wa, |, wyws + 2523 = —Wap,

wiwy + 2524 = =Wy g, wiwy +ziza = Wiy,

wiws + z;z3 = F, wizo + wizi + wizs + wizz =0,

(%)
where N, represents the number of lattice sites, and N is the total particle number operator.
Since the total number of particles is a constant of motion, via equation (4) we matched the
starting Hamiltonian into a unique positive semidefinite form using the conditions presented in
equation (5).

4. The exact ground state at half-filling

Let us consider the bond operator
At At AT AT AT
B = oy¢iy + a6y + BrCipyp +B1Ch (6)

where «, and 8, are numerical prefactors. One observes that {I§:, I§jT} = 0 holds for all i, j
and all o, Bo-
Let us analyze the wavefunction

Na
lw,) =[] 510 (7)
i=1

where |0) is the bare vacuum with no fermions present. Since in equation (7) one introduces
N, electrons into the system, |W,) is defined at half-filling.
If for all i one has
Ailwy) =0, ®)
then clearly |W,) represents the ground state wavefunction of H. Since the fermionic operators
from A; in equation (3) are present in ]_[j IéjT only in é:, éill , it results that in order to satisfy
equation (8) one must have for all i sites

AiB[B] B} 10) =0, ©)
from where one finds

2By — 3y =0, 2B+ + 2304 =0,

ziay — 2484 =0, 20, + 4B, =0,

w](a%,& —ayay By) + w3(,3%ot¢ - BrBLay) =0,
wa (e} By — aray B)) — w3 (Blay — BrBlay) =0,
w4(ai,3¢ — oo B)) + wi(Bloy — BrBiay) =0,
—wy(e} By — aray By) +wa(Blery, — BrBiay) =0,
—wa(Blay — BrBray) — wiBlBr — waBl B =0,
wa(Bia, — BrBray) — wiBi B, — waBiB) =0,

2 2 2
wi(a) By —oray B) — wiajory — woorjory =0,

(10

—w3(a%ﬂ¢ — OITOQ,BT) — wla%ow — wz()l%()Q =0.
In equation (10) the first row comes from the coefficients of the terms containing three creation
operators created by the product Aié:, while the remaining equations are provided by the rest
of the terms from equation (9).
On the basis of equations (4), (8), the ground state energy is given by E; = —ag — aiN.
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5. The deduced solutions

In the following one presents the obtained solutions for the system of equations (5), (10)
denoted by solutions I and II which describe two different regions of the phase diagram.

5.1. Solution I

Taking into consideration W; , = W, , = W, the parameters of the Ai, I§i operators become

2 = —21, 3 = qzlei“, 4 = Zq—]e_ia,
w]:Z_n(ICIF—l)’ 0y — —wy. ug:—ﬁe‘“’, (11)
2 q q

wy = 71, oy = hay, B1 :)\q(xleio‘, By :qalei“,
where zi, o, ¢y, A, g remain arbitrary coefficients at the level of (11). The Hamiltonian
parameters turn out to have the property t = t,, V) = V5, Vo = V5 5,00 = UNp, a1 = —U,
and one has

w=-2  wvi=-Z  w="TE g o2
where U > 0, t and J, can be arbitrarily chosen, and the parameters |z;[, |¢|, @ become
determined by |z1| = [¢|/~/U, (1 + 1g1)/Igl = ltl/lz1]% and e™@ = (q/Iq|) sgn(®).

The coefficients A and « remain arbitrary, and the operator constructing the ground state
wavefunction from (7) becomes

Bl =y, +2el) +qe @, +rel, DL (13)

5.2. Solution II

If one considers Wy , = Wy, W, , = W, and takes v = z3/w4 = —w}/z} non-zero and real,
the parameters of A;, B;j operators become

—ix

i €
72 = —21, 23 = Pe 21, 4 = P 21, w; = —21,
efia 1 ) 14
wy =271, w3 = —V 21, w4=—Pe‘°‘zl, ( )
P v
OlTZ)»Oll, ,BTZ)LPGWOQ, ,B¢=Pe‘“a¢,

where P = \/|v|/(\/§ + sgn(v)), « is given by sgn(z) = —e % and gz, oy, A, v are arbitrary
non-zero coefficients. Furthermore one has a; = ag/Ny = VWi W»/2(2 + P2 + P~2), and
the Hamiltonian parameters become

V2z

2
! VP, Wy = —sgn()v2|z1 P vV P1,

Wi = —sgn(¢)
[v] ; ;
Ji = —2W W, Vi= —Zz, V) = f —Ju, (15)
1 (W, 1+ |v]? , W}
t=—— —+|U|W1), U= ———— MW +—]),
V2 (|v| |v]/ZW; Wa T

where v, J, remain arbitrary, sgn(W;) = sgn(W,) must hold, and one has |z; > = VW, W, /2.
The operator present in the expression for the ground state wavefunction (7) is given by

B =[], + ¢ ) — Psgn()héf,, 46, ). (16)

so its form is similar to that given in equation (13).
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5.3. Physical properties of the deduced solutions

For the ground state (7) in both obtained cases (13), (16) descrlblng different regions of the
phase diagram, the B operator is constructed from /; [ (kc 4 +c ) type of blocks, for which

8 [ 8 [ = 0 holds for arbitrary A. Consequently, apart from a normalization constant, H B |0)

from (7) becomes [ £]0); hence the normalized ground state in both cases of solutions I
and II can be written as

Na
W) = (1+ AP M2 e, + ¢ lo), 17
i=1

where A is arbitrary, and N = N, in (17) fixes the filling at half. Denoting by (---) =
( ol -+ |W,) ground state expectation values, and usmg as usual SZ = 1/2(niy — niy),

(S ) = cl TC, 1 S. Sx 1Si and S Zi Sl for the spin operators, one finds

(Sz) = (NA/2)(Np/2 4 1). This result is motivated by the fact that since A is the same on
each i, the local spin orientations are the same on each site. Hence the ground state represents a
fully saturated ferromagnetic state. Furthermore, since only local Hamiltonian terms contribute
in the ground state energy, and independent of i, (n;4+) = 1 — (n;,) = A2/ + A7),
(ni+n3y) = 0, the ground state is localized [4]. Consequently, the obtained ground state at
half-filling of the studied model with one (dispersive) band is a localized and fully polarized
ferromagnet.

Note the important aspect that |W,) is the ground state only of the full Hamiltonian. Hence
no specific band structure produces here the ferromagnetic behavior (as for example in the
case of the flat band ferromagnetism [23], or Lieb’s degenerate middle band magnetism in a
bipartite lattice [24]), nor do the interactions select the ground state from the minimum energy
eigenstates of the kinetic part? (see footnote 1). In the described case the ferromagnetism at
half-filling can appear in exact terms in an arbitrary dispersive band being only the ground state
of the full Hamiltonian, e.g. is provided by an incontestable correlation effect.

As described previously in detail [4, 6], for a non-integrable model such as that studied
here, exact ground states can be obtained only on different cuts of the phase diagram
corresponding to different decompositions in positive semidefinite form of the starting
Hamiltonian. Since for the two solutions presented in sections 5.1, 5.2, the expression for
the operator A; is different, these solutions correspond to different decompositions, and hence
provide the deduced ground state in different regions of the phase diagram. The fact that the
same solution appears in different regions underlines the stability of the ferromagnetic phase,
since finite H parameter modifications lead back to the same ordered phase. However, the
ferromagnetic localized phase has a finite extension. This is seen from the fact that since |W,)
is not an eigenstate of the non-interacting Hamiltonian, turning off the interactions one recovers
the conducting behavior of a non-interacting dispersive band, e.g. a paramagnetic metal to
ferromagnetic insulator transition must be present in the phase diagram of the system.

We further note that resembling ferromagnetic states have been found in similar systems
by other methods as well [25-27].

6. Summary and conclusions

Single-band extended Hubbard models containing spin—spin interactions are studied by a
positive semidefinite operator technique, leading to ferromagnetic and localized exact ground

2 This is the case when several positive semidefinite operators are used in the expression for the transformed
Hamiltonian.
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states in different regions of the phase diagram via quadratic operators used in the positive
semidefinite decomposition leading to a unique operator term in H. Hence the deduced ground
states are minimum energy eigenstates only of the full Hamiltonian, e.g. are not connected to a
specific band structure, nor are they separately eigenstates of the kinetic and interacting parts.
The ferromagnetism emerges at half-filling in an arbitrary dispersive band, being provided by
clear correlation effects.
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