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Using a second-quantized many-electron Hamiltonian, we obtain (a) an effective Hamiltonian suitable
for materials whose electronic properties are governed by a set of strongly correlated bands in a
narrow energy range and (b) an effective spin-only Hamiltonian for magnetic materials. The present
Hamiltonians faithfully include phonon and spin-related interactions as well as the external fields to
study the electromagnetic response properties of complex materials and they, in appropriate limits,
reduce to the model Hamiltonians due to Hubbard and Heisenberg. With the Hamiltonian for narrow-
band strongly correlated materials, we show that the spin-orbit interaction provides a mechanism for
metal-insulator transition, which is distinct from the Mott-Hubbard (driven by the electron correla-
tion) and the Anderson mechanism (driven by the disorder). Next, with the spin-only Hamiltonian,
we demonstrate the spin-orbit interaction to be a reason for the existence of antiferromagnetic phase
in materials which are characterized by a positive isotropic spin-exchange energy. This is distinct
from the Néel-VanVleck-Anderson paradigm which posits a negative spin-exchange for the existence
of antiferromagnetism. We also find that the Néel temperature increases as the absolute value of the

spin-orbit coupling increases. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4945705]

. INTRODUCTION

To study the electromagnetic response properties of
complex materials, it is frequently useful to employ
effective Hamiltonians,'™! notable examples of which are
the Hubbard’s model for strongly correlated electrons'~ and
the Heisenberg’s spin-only model for magnetic materials.*”
What remains mostly absent in the contemporary discourse
on effective Hamiltonian based theory of correlated electrons,
notwithstanding a number of studies in the past,'>? is a
systematic account of various spin-related interactions. In
fact, it is not very obvious as to how one may systematically
improve starting from the model Hamiltonians such as those
of Heisenberg, Hubbard and others that faithfully takes
into consideration a variety of spin-related interactions. The
objective of the present work is to bridge this significant gap.
Why is this important? To be specific, it is today urgent to fully
understand the detailed nature and the exact mathematical
expressions for interactions involving the spin angular
momentum of electrons such as the spin-orbit, spin-phonon,
and the spin exchange couplings among others, for they
herald a rich variety of physical processes within the complex
material which are amenable to external control (mechanical
as well as electromagnetic) and a complete understanding
of which would unravel the necessary mechanistic paths for
designing smart materials of well-defined functionalities, as
recent works on quantum magnetism, spintronics, and other
research areas have revealed.?*° The importance of spin-
orbit interactions has also been emphasized in condensed
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matter wherein such interactions lead to exotic topological
insulating electronic phases observed in real materials.*!~*3
To fulfil the objective, therefore, we systematically reduce
the many-electron Hamiltonian in the frequency-specific
Lorentz gauge to advance a variety of effective Hamiltonians
suitable for complex materials that include important spin-
related interactions in a rigorous fashion. To this end, we
have followed the minimalist program of Hubbard' and
Heisenberg* among others,>>>744 but with a number of
significantly new ideas. We first use, following the works
of Hubbard' and Anderson,® a complete set of one-particle
Wannier states and obtain the Hamiltonian in the second-
quantized form. To reduce the dimensionality of the Hilbert
space, we follow two distinct lines of approaches keeping in
view the present day interests on complex materials. In the
first, following Hubbard and others,'>*1? we specialize in
materials for which interacting electrons form a disjoint set
of strongly correlated narrow energy bands and, through a
sequence of well-defined approximations, we finally obtain
an effective Hamiltonian, especially suitable for insulators
and poor conductors, that rigorously includes important
spin and phonon related interactions. Next, we reduce the
second-quantized Hamiltonian to obtain an effective spin-only
Hamiltonian, akin to the Heisenberg model,*”’ that faithfully
includes the effects of spin-orbit and spin-phonon interactions.
By definition, the effective Hamiltonians obtained here, in
appropriate limits, recover the Heisenberg, Hubbard, and
related Hamiltonians that are in frequent use today.!~7%1

As immediate applications of the effective Hamiltonians
advanced here, we address two important classes of problems
in complex materials. First, we use the Hamiltonian for
strongly correlated narrow energy bands and ask: Does

Published by AIP Publishing.
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the spin-orbit interaction play a role in metal-insulator
transitions? As the present work reveals, the spin-orbit
interaction tends to favour the material to be insulating
in character and therefore it provides a mechanism for
metal-insulator transitions, which is distinct from the
well-known Mott-Hubbard (driven by the strong electron
correlations of electrostatic origin)'*® and the Anderson
mechanism (driven by the disorder).*” Next, we use the
effective spin-only Hamiltonian and address the question:
Does the antiferromagnetic phase exist in a magnetic material
that is characterized by a positive-definite spin-exchange
coupling between the nearest neighbour lattice sites? As
we will see presently, the answer is in the affirmative and
it is the spin-orbit interaction that provides the necessary
mechanism for the existence of the antiferromagnetic phase in
magnetic systems if the exchange couplings are positive. This
is significant for it has long been believed, through the works
of Néel,*® Van Vleck,* and Anderson,® that the exchange
coupling parameter in the standard Heisenberg model must
be negative for the existence of the antiferromagnetic phase.
The paper is organized as follows. In Section II, we introduce
a many-electron Hamiltonian that includes electron-phonon
interaction. In Section III, we construct effective one-electron
states (delocalized as well localized) for periodic crystalline
lattices and use the set of localized states to obtain a second-
quantization form of the many-electron Hamiltonian, which
is specially suitable for insulators. In Section IV, we obtain
a variety of effective Hamiltonians for complex materials. In
Section V, we use the effective Hamiltonians to study the
role of spin-orbit interaction in metal-insulator transitions and
magnetic phase transitions. Finally, we close the paper with a
brief discussion on the future outlook.

Il. MANY-ELECTRON HAMILTONIAN

To obtain the Hamiltonian for a system consisting of N
electrons and M nuclei (spin 1/2) in the presence of external

J
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Eq. (5) is the complete many-body Hamiltonian for a
collection of spin-1/2 charged particles in the presence of
external electromagnetic fields. As it stands, Eq. (5) is too
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electromagnetic fields, we begin with the one-particle Dirac-
Pauli equation which reads as follows (see supplementary
material, Section I for the derivation of semi-relativistic

Hamiltonian®®):
A= (- 0d) - an (5 B)] + a0
hg . 1= . >
+ 4m§c2‘7' [V x (5-q4)]. (1

We now decompose the scalar and vector potentials
as follows: ¢(7) = ¢©U(F) + ¢"(7) and A(F) = A7)
+ Ay = A0 4 /ﬁgﬁe 7) + AS;?(?) where ¢*9(7) and
X(°Xt)(f), respectively, are the scalar and vector potentials due
to the external electromagnetic fields. ¢0(7) is the scalar
potential, and Asggge(?) and Aiﬁg(f’) stand, respectively, for
the vector potentials due to the spatial and spin degrees
of freedom of the dynamic charged particles, the explicit
expressions of which, in the frequency-specific Lorentz gauge
V- A@Fw) - (iw/c?) ¢ (F,w) = 0), are as given below (see
supplementary material, Section VII for electromagnetic

potentials in the Lorentz gauge”)
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We now use the Lorentz gauge to evaluate the kinetic energy
operator as (p— q/f)2 =p?>—q(p- A+A-p)+ q*A? = p?
—ih(V-A) + 24 - F + ¢*A? = p* — (ghw /D¢ — 2qA-F + ¢>A?
and express the total Hamiltonian as a sum of one-particle
Hamiltonians in Eq. (1) as follows:
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general and complex, and therefore it is important to identify
terms that may be frequently useful for a variety of materials
of interest. For example, the 3rd term in Eq. (5) is quadratic
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in the vector potential whereas the 10th-12th terms are a
product of spin angular momentum and spin/orbital angular
momentum. These quadratic terms may safely be ignored in
the first approximation. In 13th-14th terms, the external vector
potential A©*(7), which is expected to be small in magnitude
under the weak-field limit, interacts with the spin via the
gradient of the scalar potentials, which is also expected to be
small for slowly varying fields, and hence we ignore them here.

J. Chem. Phys. 144, 144107 (2016)

As we are here concerned with problems involving electrons,
we now substitute the expression for the scalar and vector
potentials due to the dynamic electrons from Egs. (2)-(4)
in Eq. (5) and ignore the nuclear kinetic energy (justified
under the Born-Oppenheimer scheme) and the nuclear-nuclear
repulsion energy which is just a constant number for electronic
problems. The simplified operator for correlated electrons is
then given as follows:

(@)
= 9F) + —ACF) - p + 25 BV - S50 [{Vo0F)) x pi]

M 1 )

=1

) N N ) Wz 7.
P LR (G ARTA N EDIPY {; s
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= GRS A =) x Bt + 775 A - 7 x )]
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a, cos [ 21F; - 7jl]
+ B 3 [
=7
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- 1 cos(2Fi-7) w  (w. .
FE) = o | @ (27|
|I’i—l’j| |r,~—rj| ¢ ¢
2

Here, af,]) = e 5,2) = #, and a, = a,(ll) X af) (the Planck
constant, h = 2rmh; m = the rest mass of the electron,

e = the modulus of the electronic charge, ¢ = the speed of
eh

light in vacuum, up = 7.~ = the Bohr magneton, and €, = the
dielectric constant in vacuum). In Eq. (6), we have dropped
the many-body momentum correlation that arises due to
ngl;ge (7) as given in Eq. (3), which may be of importance
for diamagnetic materials. The first seven terms in Eq. (6)
are one-electron operators and they, respectively, represent
the kinetic energy, electron-nucleus attraction (at finite
frequency), interaction of electrons with the external scalar
potential, interaction of the electronic momentum with the
external vector potential, interaction of electron spin with
the external magnetic field, the coupling of electronic spin
with the linear momentum of the electron that is mediated
by the external scalar potential, and the spin-orbit coupling
(SOC) in which the spatial angular momentum refers to
the axis formed by the coordinate of the electron relative
to the coordinate of the nucleus. Other physically distinct
mechanisms of SOC are given by the last two terms of
Eq. (6) wherein the spatial angular momentum refers to the
axis formed by the coordinate of the electron relative to the
coordinates of other electrons and therefore these SOCs are
in essence mediated by the electron correlations which are
expected to be significant particularly for strongly correlated
materials. We parenthetically note that the last two terms of
the Hamiltonian in Eq. (6), respectively, give rise to the idea of
what is frequently known as the spin-own-orbit and spin-other-
orbit interactions. Finally, the eighth term of Eq. (6) is the

SOAG =) x By + 59 {7 - ) x ﬁi}]} : 6)

(

repulsion between electron-pairs, which is a finite frequency
extension of the Coulomb’s law of electrostatics. To account
for the dynamical nature of the lattice, we follow Bardeen and
co-workers*** and introduce a mechanism of the electron-
phonon interaction, the final expression of which, in terms
of phonon annihilation (bz,) and creation operator (bi . /1)’ is
given as follows (see supplementary material, Section III for

the derivation of electron-phonon interactions>°):
N
3 _ ryle-p:a) | yyle—p:b) T
Helectron—phonon = [H{i,g,/l} + H{i,g’,/l} (bg/l + b_gﬂﬂ) .

i=1 g1

)

Finally, we add Eq. (7) in Eq. (6) to obtain the complete
many-electron Hamiltonian that recognizes the non-adiabatic
phonon-related electronic processes in the material.

lll. BASE KETS AND SECOND QUANTIZATION

To obtain a second-quantized form of the Hamiltonian,
one must first choose a complete set of one-particle base
kets and such a choice in a many-electron theory is often
dictated by the physical problem at hand. For example, it
is frequently convenient to use localized functions (Wannier
construction,>2 for example) to describe the insulators and
poor conductors, whereas the delocalized Bloch waves are
generally found useful for conducting materials. In other
situations, one may also use a mixed set of kets that include
both localized and delocalized functions. We here discuss
the explicit construction of a set of effective one-electron
quantum states (both localized and delocalized) for a periodic
crystalline material, to be used in the second quantization
framework. As it is well-known, effective one-electron states
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for a periodic lattice take the Bloch’s form as follows:
U (7.K) = i)y, (7.k). ®)

where % stands for the Bloch wave vector (real-valued),
spanning the first Brillouin zone (FBZ) and 7,,(7, k) satisfies
the periodicity of the lattice, that is, n,(F + chz) = (7, 1?)
where d is a lattice vector. ¢(l€) is a phase (real-valued)
associated with the kth Bloch state and the integer n stands
for a triplet of quantum numbers, defining the energy band.
We here adopt the orthonormality condition: <¢,1,(1}")|wn(1€)>
= 6(k — k’) 8y, which implies (270)3 (1, () 1,(K))y = VS,
the integration over the primitive unit cell volume, V. For a
particular k, (7, E) is the solution of the following effective
one-electron equation:

[%(6 + ”;)2 + Ey (k) - %5(7)] na (F.K) =0, (9)

where m is the mass of the electron and En(l?) is the
allowed electronic band energy. Vig(7) in Eq. (9) is the
effective potential energy, which may be taken as the sum
of electron-nucleus attraction, nucleus-nucleus repulsion and
the (non-linear) Hartree-Fock potential, Vyr (#) or a Kohn-
Sham potential of the density functional theory. As one can
easily show, Viyr (7) satisfies the periodicity of the lattice. To
solve Eq. (9) algebraically, we expand |nn(%)) as follows:
|n,,(l?)) =N Cnm(%)|xm> where the ket | y,,,) must satisfy
the periodicity of the lattice, that is, (7 + d) = Xm(P).
Assuming orthonormality over the primitive unit cell volume,
it is convenient to choose (7| x ) = V™2 exp(ig,, - '), where
&m is the reciprocal lattice vector (real-valued). Using | x,,,) as
a basis, we now diagonalize Eq. (9) to obtain the eigenvalues
En(£) and the eigenvector elements cnm(E), and therefore
Eq. (8) takes the following form:

wn (7. ”226 (k) e (e Fesm) 7 (10)

Following Wannier,”' we now construct a linear combination

of Eq. (10) as follows:

> >

®, (F) = anm (F-d) eism, (11)

where

. 1 ik (7-d) ip(k r
Snm (r - J) - W /FBdek e ( j)e ¢(k)cn'" (k) >
(12)

where the vector d locates the lattice point at which
®; (F) is centred. Also, the set ®; (7) is ortho-normal
over the energy bands as well as the lattice vectors, that is,
(®,|® ;) = 6,00 7. Evidently, it is the quantity Cnm(E),
and hence V.q(7) in Eq. (9) that finally determines the
extent to which the function ®; () will be localized in
the region around F=d. Let us suppose that ¢(/?)=o
and c,,m(E) is a constant, say, (27)*2, in which case
Egs. (11) and (12) yield: ®;, (7) = Sinc(x — d,)Sinc(y

d,)Sinc(z — d;), where m(x — dy)Sinc(x —dy) = sin[(2N
+ Dr(x — dy)/ay] and a, is the length of the primitive unit
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cell in the Cartesian x-direction. For a general situation, when
Cnm(l_c)) is not a constant, |® ; ) will fundamentally inherit the
oscillatory and simultaneously decaying feature of the tail of
the Sinc function, albeit in a subtle form, and this, in fact,
is necessary to ensure that the set |, ) remains orthogonal
over the lattice vectors.”® In any event, Egs. (10) and (11),
respectively, represent a complete set of delocalized and
localized effective one-electron quantum states, which may be
used, within the second-quantization framework, to study the
electronic properties of metals and insulators, respectively.

As we have noted above, the function @ ; (7) in Eq. (11)
may exhibit, for a given V.g(¥) in Eq. (9), an oscillatory
and simultaneously decaying feature, away from the lattice
point ¥ = d.Ina specific application, it may be desirable to
suppress this oscillation, particularly in the region beyond the
individual primitive unit cell volume. Such a localization, as
we discuss below, may be achieved by using an appropriate
filter in Eq. (12). An ideal filter, in the present context, would
produce a new set of one-electron states, all well-confined in
the real space within the primitive unit cells located at various
lattice sites. However, a necessary consequence of the filter is
that the new set of states will no longer be orthogonal over
the lattice vectors d. If so desired, then, one may use the
method of symmetric orthogonalization due to Lowdin>* and
transform the new set to yet another new set of states that are
orthonormal over the lattice vectors, cZ as well as the band
indices, n. Let us now introduce a filter F,,m(lz ; €) and redefine
Eq. (12) as shown below

7 > 7 _ 1 3, ik-(F-d
fnm(r—d,F)—(2ﬂ)3/2/FBzdke’ (7-d)

X T (K:€) €20)C, (K) . (13)

That is, the essentlal effect of a filter is to rescale the
elements Cnm(k) of Eq. (10), such that the resulting function
Fam(F — d: F) W111 have the structure of the Sinc function
centred at 7 = d, superimposed with an envelope, which is
decaying with a characteristic length scale as defined by the
damping variable € of the filter function, an(k €). With
Frum(F = d: I')in Eq. (13), Egq. (11) produces a non-orthogonal
set of one-electron states @ - n(r, I'), which, upon symmetric
orthogonalization, defines a new set of one-electron states as
follows:

o0 (7; r)—Z(S V)10 g, B, (14)

where
(Sn) gz = (@4, (DD 4, (). (15)

It is easy to verify that (CD(new)(l")|(D(new)(l")> = 6und 77 We
may now use one-electron states in ﬁq (14) as a basis to
construct a second-quantized form of the many electron
Hamiltonian, suitable particularly for insulators. For the
symmetric orthogonalization process in Eq. (14) to succeed,
we note, the overlap matrix in Eq. (15), if required, must be
made non-singular, using, for example, the method of singular
value decomposition. The nature of the overlap matrix in
Eq. (15) and the consequent localization characteristics of
the resulting one-electron states |<I>i;§w)(l" )) in Eq. (14) are
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critically dependent upon the choice of the filter function
rnm(i; €). In what follows, we discuss the possible choices
for the filter function that one may introduce in a specific
application.

We first note that the filter, beside the damping parameter
€, is a function of the Bloch wave vector k and the
indices n and m, as displayed in Eq. (13). In the first
approximation, we may consider the filter to be the same
for all n and m, that is, an(lz; €) = F(lz; €) = exp(ln[l"(l?; a).
Formally, therefore, this filter results by simply adding an
imaginary quantity, —i In[I" (E; €)], to the real-valued phase,
¢(l_c)), of the Bloch states in Eq (10). For example, the
choice In[['(K; €)] = —(2k2 + e,k + €2k2) amounts to a filter
function that is Gaussian in nature. Accordingly, fpm(7F — d)
in Eq. (13) will exhibit a curve that is centred at 7 = d with
a Gaussian-like profile, and therefore |® jn)» Tesulting from
Eq. (11), would be localized like a Gaussian, within the
primitive unit cell, located at the lattice point d. We may now
use this |® 7o) in Eq. (14) to obtain a new set of orthogonal
one-electron states.

As an alternative, let us choose an arbitrary function,
h,(¥), which is localized within a primitive unit cell, located
at the lattice point d. Let us now obtain the filter, using the
information available in Eq. (10), as defined below

D ComK) o
T ()= 21 ¥ )

As we have noted above, the effect of the filter is to simply
rescale Cnm(IE) of Eq. (10) and therefore we have the following
expression for a non-orthogonal one-electron states of the
Bloch class, emerging from Eq. (10)

1/22 an

With Eq. (16), Eq. (17) takes the following form:

hn) . (16)

a,b,, rk 1?) i(K) i (K+gm) 7 (17)

N
)= anp (k) vy (RK), (18)

p=l1

where an[,(lz) = <wp(E)|hn). As Eq. (18) reveals, the effect
of the filter as given in Eq. (16) is to linearly transform the
orthogonal set of Bloch states in Eq. (10) to a non-orthogonal
set of the same Bloch class. We now use the method of
symmetric orthogonalization®* to obtain, using i,(7, /E) in
Eq. (18), a new set of orthogonal states of the Bloch class as
follows:

N
v (7.K) = Z;(S;EUZ)"P Jy (7.K). (19)
p=
where
(Shnp = Gl p(K)). (20)

Finally, we use Eq. (19) to construct the Wannier-like one-
electron states, localized at the lattice point d, as given below

O (7) = / Py (). @D
" FBZ

J. Chem. Phys. 144, 144107 (2016)

We may now use [®"") in Eq. (21) as a basis to construct
a second-quantized t%rm of the many electron Hamiltonian.
Now, if we restrict the summation in Egs. (16), (18), and (19)
to a subset, J, of the energy bands (that is, p = 1,J), where
J is less than N, and accordingly the index n in Eqs. (18)
and (19) is restricted to the number J, then we will obtain
the class of localized Wannier-like states, as advanced by
Vanderbilt and co-workers.>2 It should, however, be noted that
the symmetric orthogonalization process for a subset J of the
energy bands, as shown in Eq. (19), may sometimes fail due to
the presence of singularities in the overlap matrix in Eq. (20).
A notable example of the occurrence of such singular overlap
is the topological insulator.>>> In such circumstances, the
filter function as given in Eq. (16) may not be optimal. As
yet another alternative, one may use other filter techniques
such as those based on distributed approximating functionals,
as pioneered by Kouri and co-workers,®>7 to obtain a set
of orthonormal one-electron states, which are well-localized
within the primitive unit cell volume. We parenthetically note
that the use of filters to suppress the oscillatory behaviour and
localize the Wannier-like one-electron base kets completely
within the volume of the unit cell, located at various lattice
sites, is not essential, though it may be desirable in specific
instances. In any event, the complete set of orthonormal one-
electron base kets as given in Eq. (11), the localization features
of which are determined, if the phase ¢ (E) is zero, solely by

the coeflicients, C,,, (E), which are the eigenvector elements
of Eq. (9), would, in general, continue to serve the purpose,
we stress.

Finally, assuming Eq. (11) or Eq. (14) or Eq. (21)
as a basis, we obtain the second-quantized form of the
Hamiltonian in Egs. (6) and (7), which is suitable, in particular,
for insulators. The details of the second quantization are
presented in the supplementary material (see supplementary
material, Section I'V for the derivation of the second-quantized
Hamiltonian®”) and the final results are summarized in Tables I
and II.

IV. EFFECTIVE HAMILTONIANS

The Hamiltonian as given in Tables I and II is still
too complex and it may not be necessary to include all
the terms in a specific application. In the following, we
outline a set of approximations for the Hamiltonian in
Tables I and II, reduce the Hilbert space and finally derive
a number of effective Hamiltonians suitable for a variety of
materials.

A. Strongly correlated narrow energy band systems

We here advance, in the spirit of the classic works of
Hubbard' and others,>>%° a simplification scheme for the
Hamiltonian in Tables I and II which may be suitable for
materials that display strong electron correlations among a
set of bands within a narrow energy range. Let us first
consider the one electron operators in Table I. The 1st term
represents a combination of the kinetic energy, electron-
nucleus attraction, the coupling of electronic momentum with
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TABLE L. One-electron operators of the total Hamiltonian.

S.No. Terms of the Hamiltonian Remark®
(1) A
: Z171 ni d]nl ‘?lnl Hpiag
2) T 3
2 t H,
dvorr, (dniding dor iy dioin ot
ni#ny
3) T ’y
H .
3 Zdﬁtdz, {dlnl}\{dznz}cd]a-]n] ‘dhorpins Hopping
ny,n,o
N (4) z 2
4 Zdl,nl dl"l d]n] HZeeman
5 ) ( L Cgam—Ch g )
Z:‘71 n|¢n2 {d\n}{dn2} dl(t;nlcdla’;"Z Ctllﬁ;nlcdlﬁmz
; e el cnn)
Zdl#d% {din1}{dny} Cd]a;nlcdz";”z Cdlﬁ:nchZB;"z
ni,ny,
@ .z A
7 ZJl,nlt@nl‘sjlnl socl
8 2t *
Zdl,n] ({5’11 din
? Zjl,nltd'lnléjln]
(10) i T
1 . 0 . 3 . —ct, N
0 Z‘il’"1¢"2t{dln1}|{d]n2}( dla;nlc‘7117§"2 Cdlﬁ;nlcdlﬁinz)
(11 L
11 >
Zdl’"1¢nzt{d1"1}\{d1"2} dyain; Cdipin,
(12) et
12 >
Zd"m#nz {dlnl}\{dlnz} d\pin, Cdiainy
(13) T ¥
1 N X . T . —c' .
3 Zd#‘zz,t{dlm}l{dznz}( dln;nlc‘h‘“”z Cdlﬁ;mcdz'&"l)
ni,ny
14 t(M)
Ly, i dan dyaim Eoins
ni,ny
(15)
15
Zdlfl‘ZZ’ {JInIH{JZ’lZ} dlﬁ ny Cdyain;
16 2 S w® (b~ +b1) f . A
Zle“ﬁz’Zg’”(&nl}uc?znz)um) EAT222) € dor i oo rina kP
L,
17 Yoo S w® (bn+bi )ct ¢ Agp
d,do, =8 d o i Yoo} 12 1) #4)  doryim, droaina
o

HD,G\g = diagonal energy, HBT electronic band transition at a lattice site,
H].[(,ppmg = electron hoping among the lattice sites, HSOC 1 = spin-orbit coupling
HZeeman = interactions of electron spin with the external magnetic field,

HEp electron-phonon interaction and ng = spin-phonon interactions.

d = lattice vector, n =band index and o~ = spin.

the external vector potential and the acceleration of electron
due to the external scalar potential. As the bands belong to

a narrow energy range, the term t;) in the 1st term is not
L

expected to vary appreciably when the lattice vector 57] and
the band n; change and therefore it may be approximated as
1)

Jlnl’
when summed over d| 1 and n;, measures the total number of
electrons within the narrow energy range. Consequently, the
1st term would effectively give a constant energy contribution
to the total Hamiltonian which we can safely ignore from
further considerations. Physically, this means that there is no
escape for electrons from the band belonging to the narrow
energy range. The 2nd and 3rd terms, respectively, stand for
the inter-band electronic transitions (within the narrow energy
range under study) at the same lattice point (a non-adiabatic
process) and the electron hopping from one lattice point to
the other, both are mediated by a number of sources such as
the electron-nucleus attraction, the external scalar potential,

a constant. With a constant ¢ the number operator 7 diny

and the external vector potential (see supplementary material,
Section IV for the detailed expression®?). The 2nd term may be
ignored if we consider only adiabatic processes in the material,
whereas the hopping term gets simplified if there is no external
electromagnetic field. Terms 4th, 5th, and 6th in Table I
display the interactions of external magnetic field with the
spin angular momentum of electrons; of these the 5th and 6th
terms are non-vanishing only when the external magnetic field
is spatially dispersive (see supplementary material, Section IV
for the detailed expressionso). And therefore, in the first
approximation, we may assume the external magnetic field
to be spatially non-dispersive (#*) is then simply equal to
2up B®Y) and accordingly we retain only the 4th term. Terms
from 7th to 15th stand for a variety of physical processes
that arise due to the interaction of spin with the spatial
motion of electrons. Of these, the 7th-9th terms refer to the
Thomas precession of the individual spins interacting with the
internal magnetic field originating from the orbital motion of
the charged particles and they are therefore analogous to the
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TABLE II. Two-electron operators of the total Hamiltonian.

S.No. Terms of the Hamiltonian Remark?®
1 4 A N
! Zdlnl dyny v dgin Heon
2 > u(z) i
d, 01,002, {dn}{d\n2} dioin dl(fznz
ni#ny
(3) -
3 Zd]#-dz,u{dlnl}|{d2n2} diopin dzlrznz
nip,ny
01,072
4 N M(4) CT I'
di,01,02, {d\n\}{diny} dyoin, Cdroyn J,<r2n2 dioiiny
ni#ny,
IR S )} JF
> Zd1¢d2 u{dlnl}Hdan}cdlo'lnl (Zlf"znl d20'2n2 JZ("I"Z
ny,n
oo
6 N ( (6) (7) )ﬁ,a SZJ I:I
Zamitno\"“tdmiding " dmiding) 1 dint di, soe
7 Yoo ( ®) u® )
di#do, \" {dn }{dans} {472"2}\{671"1} M ddon,® Jlnl
np,ny
3 . (uag) ) an. )ﬂﬁ st
Zdlv”'I?t”Z {dinif{dina}  {dindl{dini}) 42" din,
9 > (u(lg) . as . )ﬁ» st
ZJ’I;&d% {din}{dany}  {dyna}l{din} 22 din
ni,ny
0 T R P
Zdl’"ﬁtnz (dinldiny Adinpdiny) A2 din,
11 5 o (u(lg) . u(lz) R )ﬁ S
glfldb {dinidanay  Adanayl{diny) | dan” dim,y
1,12

a flc(m = electron-pair repulsion and Hsoco = spin-orbit interaction.

d =lattice vector, n = band index and o~ = spin.

standard [ - § coupling in the atomic system. We must retain
these terms to study the effects of the interaction between
the spatial and spin angular momenta on material properties.
Analogous to the 3rd term, 10th-12th terms describe the
inter-band transitions (nonadiabatic) involving spins (¢ — «,
B — B, B — aand @ — B) occurring at a given lattice point
and hence may be ignored in the first approximation. The 13th-
15th terms give a further mechanism of hopping from one
lattice point to another with and without spin-flip processes
that are mediated by the spin-orbit coupling, which we ignore
here. Finally, 16th and 17th terms, respectively, provide the
mechanism of electron-phonon and spin-phonon couplings,
of which the former plays an important role in the charge

J

transport processes and the latter is significant for magnetic
properties of matter and therefore we consider them here in
the Hamiltonian. We next consider the terms that involve the
coordinates of two-electron as given in Table II. In general, we
intuitively expect the repulsion among electrons belonging to
the same lattice site and the same band, which the 1st term in
Table II represents, to be much more profound in comparison
to other processes involving two-electrons. And hence, we
may neglect Table I, except the 1st term, completely. Finally,
the Hamiltonian may be further simplified if we consider
the interactions only between the neighbouring lattice points.
With the series of approximations outlined above, a much
simpler effective Hamiltonian is given below

(z)

& T A A (ext) z
H= Z cl, Z u N3 am + 2up B Z + Z A
2y Mm@ g, Sy ¥ 20 My My piny T HB Sdny diny” diny
( 1d> dinj dyny dyny
ni,ny,o0 |
- (ep) I
+ZA» sto+ +ZZeq . byy+ b
4 " dyny NS, L @ D) T 222) €y imy “drrima
dy,ng dy,ny di,d>, &
ni,ny,
ol
+ Z A(ep) ) (b bT ) T ng - (22)
L La7 {dyopndyoamoHI{g A} € droryimy Cdoriny
dy,dy, 81
ni,ny,

01,072

where the symbol (di, dz> in Eq. (22) means that the inter-site
hopping takes place only between the neighbouring lattice
points. To be consistent with the standard notation in the
literature, we have changed the symbols while writing Eq. (22)

[

as follows: (a) 1® =1, (b) u = u, (¢) t¥ =2up BV, (d)
1 =AD, (&) t® = A, () 19 = A%, (g) w® = €P), and (h)
w® = AP) A* is the complex conjugate of A. We note
that the Hamiltonian in Eq. (22), in the absence of phonons
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and spin-orbit couplings, reduces to the Hubbard model for
strongly correlated electrons where the symbols ¢ and u,
respectively, stand for the hopping and electron repulsion.
Eq. (22) thus represents a minimal extension of the Hubbard
model,' which may be fruitfully utilized for practical studies
on complex materials.

B. Effective spin-only Hamiltonian

To study the magnetic properties of complex materials, it
is frequently desired to have a Hamiltonian that involves only

J

A== 20 2 JiaSuSet Z

dy#dy €592

+ 2, Daay

dﬂlidﬁz

(84, % 52] +

where J;L = Ui _ jlind) _ F’ ' D+, and Flfj, respec-
2

dyd>, “ddy didy
tively, are the antlsymmetrlc an(f symmetric amsotroplc spin
exchange involving a pair of lattice sites.””"®%° B s the
external magnetic field and Q 7,72 Stands for the spin-phonon
coupling energy. The term A 4 S d, in Eq. (23) arises due
to the Thomas precession of the individual spins interacting
with the internal magnetic field originating from the orbital
motion of the charged particles and therefore 7\ » is analogous
to the standard spin-orbit coupling energy of the atomic
system. To our knowledge, the importance of A S a, has not
been fully recognized in the literature. Eq. (23) represents a
generic spin-only Hamiltonian that may fruitfully be utilized
in a practical study on magnetic materials. A remark on the
sign of J 4\, in Eq. (23) is in order here. J(fhi) is related

l 2
(10) .
to w see supplementary material, Eqs.
{din Hdonat{d, é}{tfznz}( PP Y q

(66), (86), and (94)°%) which is given as follows:

s[ -—r,]|

|ri_rj|

X {Jml}<f>{cfznz}<”> : (24)

w? = <{d1n1

The one-particle Wannier state ‘cfn> appearing in Eq. (24) is
expected to be strongly localized at the lattice point d. As an
example of a localized state, let us consider the sinc function,

. . . . . A d(X)_x
which in one dimension reads as e e i sin | |
|d x —xl-| Ly

where d™) is the x-component of the lattice vector J, Xx; 18
the x-coordinate of the ith electron and L, is much less than
the lattice constant. In fact, L, — 0 limit will yield the ideal
localization. It is then clear that the dominant contribution
to the integral in Eq. (24) will come from the values of
the integrand in the small region surrounding the lattice
points, and in this small region the frequency-modulated
Coulomb repulsion and the product of four sinc functions,
for example, should be positive definite. As a result, w1 in
Eq. (24) and hence Jg,?';z is expected to be a positive quantity.

7t 2usp
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the spin degree of freedom of electrons (or quasi-particles),
and that, at the same time, includes other essential physical
processes of interest in magnetism. We implement such a
program here by a systematic reduction of the Hamiltonian
in Tables I and II. The reduction program, in essence,
follows the classic works of Heisenberg and others,* 78 but it
differs in the detailed physical content of the Hamiltonian we
advance here. As detailed in the supplementary material (see
supplementary material, Section V for the derivation of the
spin-only Hamiltonian"), the final expression for the effective
spin-only Hamiltonian takes the following form:

|

plext) 0 ¥ .S
B 4 Qafﬂ (bé?’l-i_bg/l)

ga

Z Z F;ldeS’ lSf (23)

I£j€X,Y,2 d1¢d2

(

Furthermore, the indirect exchange coupling J (in‘i) here arises

from the second- order perturbatlon correctlon and therefore

the magnitude of Jun *d” is expected to be smaller than the
did;

magnitude of J & li) , at least for insulators and poor conductors.
didy

That means, the total exchange coupling J; 7 = = Juin _ jind

didy, “did,
is expected to be a positive quantity. ThlS 1s in contrast to
the interpretation of J; ; in the Heisenberg model*® where
it is treated both as a p031tive entity and a negative entity.
We finally note that Eq. (23), in the absence of spin-orbit and
spin-phonon couplings, reduces to the Heisenberg model for

magnetic materials.*°

V. APPLICATIONS

As definite applications of effective Hamiltonians
presented above, we now consider two simple problems of
complex materials wherein the role of spin-orbit interactions
is manifestly distinct and non-trivial. In Section V A below, we
study a simplified one-dimensional form of the Hamiltonian
for strongly correlated materials as given in Eq. (22) and
address the question if the spin-orbit interaction provides a
possible route for metal-insulator transition. In Section V B,
we use a simplified one-dimensional form of the spin-only
Hamiltonian as given in Eq. (23) and demonstrate the spin-
orbit interaction to be a reason for the existence of the
antiferromagnetic phase in materials that are characterized
by a positive spin-exchange couplings between the nearest
neighbour lattice points.

A. Spin-orbit interaction: Metal-insulator transition

We consider an one-dimensional from of the Hamiltonian
in Eq. (22) with nearest neighbour hopping interaction
wherein the system is half-filled (that is, the number of
lattice points is equal to the number of unpaired electrons)
and the phonon-related processes are absent. In such
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a situation, the Hamiltonian takes the following simple
form:

N
A=t Z Z h oCmiio

m=1 o
N N
+t* Z Z CLchm(r +u Z Amalimp
m=1 o m=1
A@ N
+ ( 5 + ug B®Y Z (c:gmc,m - c;ﬁcmﬁ)
m=1
N N
+A D hatmp+ A D el soma. (25)
m=1 m=1

Notably, the Hamiltonian in Eq. (25) carries a simplified
treatment of SOC (represented by the symbol A), in the
absence of which it reduces to the standard one-dimensional
Hubbard model in the presence of the external magnetic
field.! To get an insight into the nature of metal-insulator
transition, we compute the electronic band-gap as a function
of a dimensionless variable that depends upon the spin-orbit
coupling. The third term of the Hamiltonian in Eq. (25),
which represents the electron pair repulsion at a lattice point,
is quadratic in the one-particle density operator and this

A®
- BEx0
( o )

keB.Z.

J. Chem. Phys. 144, 144107 (2016)

makes the exact diagonalization of the Hamiltonian a difficult
mathematical task. To circumvent this, we here use the mean
field approximation as explained below. Let us first consider
the following operator identity involving the product of two
number operators:

ﬁmaﬁmﬁ = fima <ﬁm[5> + ﬁmﬁ (ﬁma> - (ﬁma> <ﬁm[ﬁ’>
+ [<ﬁm(1> - ﬁma][<ﬁmﬂ> - ﬁmﬁ]~ (26)

In the mean field approximation, the last term that represents
a product of fluctuations in the densities is negligible.! We
also assume (fi,,,) = n, for all lattice indices m. Next,
we introduce the Fourier transformation of the fermionic
operators as below

1 .
T T —ikdm
Coo = \/—_ Z kge !
N keB.Z
and
1 ikd
Cmo = —F— Z Cko€ " 27
VN Bz
where d,, = ma with m = integer and a = lattice constant.

We now substitute Egs. (26) and (27) in Eq. (25) and use the
definition of the number operator iy, = c,’“rckg to obtain the
Hamiltonian in Eq. (25) in the following form:

’k“)nk + ung, Z fikg + ung Z fire — D(T)

keB.Z.

Z (flka - flkﬁ) + A Z ckackﬁ + A" Z cZﬁck“ (28)

keB.Z. keB.Z. keB.Z.
A® n m
tka * —lka (ext) A

+ —+ B +u— +u—| g

; [ 5 THB 5 5 | ke
i ik A(Z) n m + "
+ Z te'™® + et — - " up BEY + Uz - uE fikg + A Z Cralip + A Z CILBCk“' (29)

keB.Z. keB.Z. keB.Z.

In Eq. 28), D(T) =uyV

1 {Aima) (Aimp) may be considered as a constant energy term and hence we have neglected it
completely. To go from Eq. (28) to Eq. (29), we have introduced ny +ng = n and ng —nq =

m = —2(s%*), where n and m

represent the average number of electrons at each lattice site and the effective spin magnetic moment (dimensionless) along the
z direction at each lattice site, respectively. The term ¢ in Eq. (29) is related to the hopping probability amplitude which, in
general, is a complex number (¢ + it;) and hence we write te’*¢ + t*e~ik¢ = 2 X (tg cos ka — t sin ka) and simplify Eq. (29) as
follows:

A= 3" Ao+ Y Biiug+A D cloap+ A D cf scra (30)
keB.Z. keB.Z. keB.Z. keB.Z.
AR
with Ag = |2 X (tgcos ka — t; sinka) + — + up BV + ug + u% G1)
and
A® n m
By = |2 % (tgcos ka —t;sinka) — 5 " HB B 4 Uz = ME] . (32)

We note that the Hamiltonian in Eq. (30) is now fully decoupled in the k-space. To diagonalize Eq. (30) for a given wave vector
k, we choose the base kets to be cza |vac) and CZ 5 |vac) and consequently the Hamiltonian in Eq. (30) takes the form of a 2 x 2
matrix whose eigenvalues are as given below
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B =5 [+ Bo = Ja+ B? -4 (A - 1AF) | (33)
)
+ ~ ~ . 1 ~ ~ m 2 ~
=>e;:Zx(tRcoska—tlsmka)+Eni (A(Z)+B+E) + A2, (34)

where €f = A%/u, g =1tgfu, i =t;/u, A®=A9/2u, B
= g B®Y/u, and A = |A| /u. We now compute the band gap
to ascertain if the spin-orbit coupling can lead to the metal-
insulator transition. It is clear from Eq. (34) that e,’; > €
that is, e,’g and € respectively, refer to the energies of the
upper and lower bands. The band gap will then be given by
the difference of the minimum of €; and the maximum of
€,- Upon differentiating Eq. (34) with respect to (ka) and
equating to zero, we find the extrema to be of following
types.

Type-1:1ffg > 0and 7; > O and if 7g > 0 and 7; < 0, then
we have the following solutions for the extrema (/ = integer):

. 154 _ tr
ka = Ilm + sin No— = I+ cos N —=—
2 2 2 2
tR+t1 tR+t1

The second derivative of e,f then determines that both €; and

€, have a maximum when / = 0 and minima when / = +1.
Type-2:Ifig < 0and7; < O and if /g < 0 and 7; > 0, then

we have the following solutions for the extrema (/ = integer):

. 1y _ tr
ka=Ir+sin”'| —— | =Ir+cos | - —=—
2 2 2,2

tR+t, tR+t,

The second derivative of €, then determines that both €; and
€ have a minimum when / = 0 and maxima when [ = *1.

In both situations, within the first Brillouin zone, we
thus  find that the minimum value of € is

—2,\|R+ 12+ \/(/~\<Z) +B+ %)2 +A?2 and the maximum
value of € is 2./fx+17 - \/(Z\(Z) +B+ %)2 + A2 The

; [2 . »
is then equal to —4./th +1

+ -
band &ap; Ek|min Eklmax’ 1

+ 2\/ (A®+ B + %)2 +A2. We recall that the model
Hamiltonian being studied here defines a material system
that is half-filled and therefore we expect the system to be an
insulator if the band gap is positive. On the other hand, if the
bands are overlapping (the gap being negative) then we expect
the system to be a metal. For the materials to behave as an
insulator, then, the band gap measure, M, must be greater
than unity, where

~ ~ 2 ire
My, = [(A<z>+3+§) PR AR, G)

In Fig. 1, we schematically show the regions of metal and
insulator as a function of the band gap measure. It is evident
from Eq. (35) that the spin-orbit interaction favours the
material to be insulating in character and this is certainly
so if the effective magnetic moment m is zero and there is no
external magnetic field. The present finding is consistent with
a recent study on Mott physics which predicts electrons to be
in metallic and topological band insulator phases at weak and

(

strong spin-orbit interaction, respectively.®’ To conclude, the
spin-orbit interaction provides a viable mechanism of metal-
insulator transition, which is distinct from the well-known
Mott-Hubbard (driven by the strong electron correlations of
electrostatic origin)'*® and the Anderson mechanism (driven
by the disorder).*’ This may be further verified in experiments.

B. Spin-orbit interaction: Magnetic phase transition

Here we study the spin-only Hamiltonian in Eq. (23) for
an one-dimensional spin-S chain with N lattice points in the
presence of external magnetic field which is directed along
the z direction with nearest neighbour exchange interactions,
to understand the significance of spin-orbit interaction in
magnetic phase transitions. It is to be noted that the exchange
parameters J in Eq. (23) is greater than zero. Let us first
consider the situation when the SOC parameter A is greater
than zero, in which case the Hamiltonian simplifies as follows:

N N
I:I(eﬁ) ==-2J Z §m . §m+1 + A(z) Z S,Zn
m=1 m=1

spin

N
+2upBEY Z S2. (36)

m=1

To diagonalize the Hamiltonian in Eq. (36), we first introduce
the Holstein-Primakoff approximation for the spin angular
momentum operators as follows:®!

1
S = =S+ 300+ G- ),

37)
Sy = \/Ec}m, and S/, = —\/Eﬁm,
n
Metal Insulator

0 1
My,

FIG. 1. Metal-Insulator phase transition. My, is the band gap measure, see
Eq. (35).
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where the operators §,, and p,, satisfy the following
commutation relations: [§p, Pnl = i6mn> [Gm>Gn] =0 and
[Pm,>Pn] = 0. The first term of the Hamiltonian in Eq. (36) is
manifestly quadratic, the z-component of which we linearize
using Eq. (37) as shown below

SZ SZ —

m+1 "~

1
S+§(ﬁfn+@i—1>]

[ PX .
-S+ z(piu—l + q51+l - 1)]

NPR R S
__(pizn-"qrzn_l)_z r2n+1+qm+l ])' (38)

We next use the penodlc boundary condition on the one-
dimensional lattice with SN+1 Ky 1 and express the operators
gm and p,, in the Fourier series as shown below®!

.1 kma s oL ~ikma
Gon = — & man and P, = — e tkmap, (39)

where the k’s lie within the first Brillouin zone and a
is the lattice constant. Notably, the operators Py and Qj

J
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satisfy the following commutation relations: [Qx, Pr/] = i6i,
[Ok,Ox’] = 0 and [Py, Pi/] = 0. We now use Egs. (37)-(39) to
transform the Hamiltonian in Eq. (36) to the following form:

H(eff)

spin

—2JNS? - QugB®Y + AO)NS
+(4JS + 2upB™ + A®))

| PN A A
x zk] 3 PePoic+ 00k = 1)
~2JS Y (PePi+ 00-0). (40)
k

We next introduce the magnon creation (a]t) and annihilation
(ay) operators as shown below

0y = %(ak v’ )and By = ‘\er(“k —a). @D

They are manifestly bosonic in character for they satisfy
the commutation relations: [ay, ;;,] Ok, |ak,ar’] =0,
and [ k,] 0. In terms of the magnon operators, the
Hamlltoman in Eq. (40) assumes the following form:%!

Hfgf? =-2JNS?— 2upB™ + A)NS - 2J8 Z cos ka
k
-3 [450 ~coska + s+ A s = 4+ 3 Euala “
k 3
with Ei = [47S(1 - coska) + 2B + AP ~ 275k%a’ + 2B + A®, (43)

where A = —2JNS? — 2ugB®Y + AO)NS —2J8 3, cos ka,
which is just a constant energy and hence we ignore here.
Eq. (43) provides the necessary expression of the energy for
computing the thermal properties of the spin system. The total
spin angular momentum operator of the system along the z
direction, using Eq. (37), can be written as follows:

tolal Z Sm=-NS+ Z (p2 A -1
=-NS+ Z ala. (44)
k

Hence the total spin angular momentum of the system at a
finite temperature is computed as shown below.

(Sia) =—NS+ Z <a;£ak>
k
=-NS+ Z [exp(Ex/kpT) - 117, (45)
k

where kp = Boltzmann constant. We note that exp(Ey/kgT),
in the low temperature limit, is greater than unity and
therefore [exp(Ex/kgT)—1]"" may be approximated as a
exp(—Ex/kpT). Consequently, (SZ ), in the low temperature
limit, takes the following simple form:

< 0la1>

~NS+ Z exp(—Ey/kgT). (46)
k

(

We now substitute the expression for the energy Ej from
Eq. (43) in Eq. (46) and compute the total magnetic moment,
M= —2up( total> as given below

tntal
ug(N —Da | nkgT
=2NugS —
Mg =2Nus Pis 2JSa?

2upB©Y + A@
]

X exp [— 47
The change in total magnetic moment due to the external
magnetic field is an observable quantity which is easily
obtained with Eq. (47) as follows: AM? = MZ  (B©Y)
Mtf)tal (B®Y = 0). Finally, the magnetic susceptibility of
the spin system as a function of temperature is computed as
shown below.

X(T)| /JO ]m AMli)tal
Blew=0 = volume of the material glexy—0 B(ext)
H BﬂO(N -1

"~ volume of the material

2 A 48
“\ 7uSkgr P (_kTT) (48)

As Eq. (48) reveals, y(T') has a maximum at T’ = Tiyicq) Which

we compute as follows:

9 X(T) o A
a—;lo =0=T ZE = Teritical- (49)
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0.5 } Antiferromagnet . i
0.4

0.3

Magnetic Susceptibility

0.2 Paramagnet
0.1 E
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Temperature (K)

volume of the material
4p%po(N-1)
V8rJSA®) as a function of the temperature (K). The solid line (red), the
dashed line (blue), and the dotted line (black) curves are for /}{(: =25 K,
35 K, and 45 K, respectively. The Néel temperature (7 ritical) for the curves is
indicated by the vertical lines at 50 K, 70 K, and 90 K, respectively.

FIG. 2. The magnetic susceptibility, y(7') multiplied by

In Fig. 2, we show the magnetic susceptibility, for a given J
and S, as a function of the temperature for different values
of spin-orbit coupling strengths. It is evident from Fig. 2
that the susceptibility first increases with the temperature
and this demonstrates the existence of the antiferromagnetic
phase. Beyond a certain temperature which is determined
by the spin-orbit coupling strength, the susceptibility falls
as the temperature increases and this signals the onset of
a paramagnetic phase. The temperature at which the y(7T')
curves in Fig. 2 assume a maximum value is known as the
Néel temperature which, as also evident from Eq. (49), is a
function of the spin-orbit coupling strength. We note that the
antiferromagnetic phase depicted in Fig. 2 ceases to exist if
the spin-orbit coupling is zero. This result is understandable
as the Hamiltonian in Eq. (36), in the absence of spin-orbit
coupling (A@ = 0), simply reduces to the standard Heisenberg
model with a positive exchange coupling (J) and this model
is known to admit only the ferromagnetic or paramagnetic
phase. The present study thus demonstrates the possibility of
an antiferromagnetic to paramagnetic or ferromagnetic phase
transition that is driven by the spin-orbit interaction. This
is distinct from the Néel-VanVleck-Anderson paradigm 5447
which posits a negative spin-exchange for the existence of
antiferromagnetic phase in the material.

VI. CONCLUDING REMARKS

We now briefly discuss how the present theory of
correlated electrons may be further extended and utilized to
study the structure and various electromagnetic properties
of complex materials. We first note that the many-
electron Hamiltonian in Eq. (5) contains all possible
interactions, within the semi-relativistic regime of quantum
electrodynamics, for a collection of dynamic spin-1/2 charged
particles in the presence of external electromagnetic fields
and hence it is formally complete. In the present study, we
have used Eq. (5) as a starting point to devise, through a
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series of simplifying approximations, effective Hamiltonians
that are expected to be useful for studying strongly correlated
materials and interacting quantum spin systems. The model
Hamiltonians that we have presented in Eqs. (22) and (23)
are relatively simple, yet rich in physical content and they
go beyond the models that are frequently being used in the
present day discourse on this subject and therefore we expect
the models in Egs. (22) and (23) to be useful in addressing
a range of research problems related to the magnetic and
electron transport properties of complex materials, beyond
what may be possible now. For applications here, we have
used simple analytical methods such as the mean-field
approximation to diagonalize the Hamiltonian in Eq. (22)
and the spin wave theory while using Eq. (23) to compute the
magnetic susceptibility. For more accurate studies, it would
be necessary to develop sophisticated analytical tools such
as those based on Green’s functions,’? Bethe ansatz,®® and so
forth. It would also be important to develop accurate numerical
techniques such as matrix diagonalization, time propagation,
Monte Carlo, and so forth involving the model Hamiltonians in
Egs. (22) and (23) to study large systems. We envisage further
applications of the many-electron Hamiltonian in Eq. (5) in the
following manner. For example, one may choose a number of
necessary terms from Eq. (5) that are expected to be involved
in the physical processes of interest and construct a variety of
model Hamiltonians to study specific classes of phenomena in
complex materials, either by analytical or numerical means.
Model Hamiltonians and their applications in the present study
have been confined mostly to insulators and poor conductors.
It would be of interest to extend the present theoretical
approach to study the dynamics of correlated electrons in
metals. We will report such studies in future. In conclusion,
we have presented a complete quantum mechanical structure
that would be useful to study various electromagnetic response
properties of complex materials.
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