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The LDA-+U method is widely used to study the properties of realistic solids with strong electron correlations.
One of its main shortcomings is that it does not provide direct access to the temperature dependence of material
properties such as the magnetization, the magnetic anisotropy energy, the Dzyaloshinskii-Moriya interaction,
the anomalous Hall conductivity, and the spin-orbit torque. While the method of spectral moments allows us
in principle to compute these quantities directly at finite temperatures, the standard two-pole approximation
can be applied only to Hamiltonians that are effectively of single-band type. We do a first step to explore if
the method of spectral moments may replace the LDA+U method in first-principles calculations of correlated
solids with many bands in cases where the direct assessment of the temperature dependence of equilibrium
and response functions is desired: The spectral moments of many-band Hamiltonians of correlated electrons do
not commute and therefore they do not possess a system of common eigenvectors. We show that nevertheless
the spectral function may be constructed from the spectral moments by solving a system of coupled nonlinear
equations. Additionally, we show how to compute the anomalous Hall conductivity of correlated electrons from
this spectral function. We demonstrate the method for the Hubbard-Rashba model, where the standard two-
pole approximation cannot be applied because spin-orbit interaction (SOI) couples the spin-up and the -down
bands. In the quest for new quantum states that arise from the combination of SOI and correlation effects, the
Hartree-Fock approximation is frequently used to obtain a first approximation for the phase diagram. We propose
that using the many-band generalization of the self-consistent moment method instead of Hartree-Fock in such
exploratory model calculations may improve the accuracy significantly, while keeping the computational burden

low.
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I. INTRODUCTION

The LDA+U approach is a very popular method to com-
pute the electronic structure of realistic solids with strong
electron correlations [1-4]. While it is less accurate than dy-
namical mean field theory (DMFT) [5] it is computationally
faster.

Recently, the demand to compute spintronic material prop-
erties such as the Dzyaloshinskii-Moriya interaction [6], the
spin-orbit torque [7-10], and the Hall coefficient [11-14]
at finite temperatures has increased. While LDA+DMFT
provides direct access to the temperature dependence of equi-
librium and response property tensors, the LDA4U scheme
is limited to zero temperature unless it is extended by sub-
sequent calculations of the effects of finite temperature, e.g.,
by Monte Carlo simulations, by classical atomistic spin mod-
els, or by Green’s function theory [15-17]. This poses the
question of whether extending LDA+-U by additional higher-
order correlation functions beyond the mean field level will
allow us to compute these material properties directly at fi-
nite temperature with a computational cost comparable to
LDA+U calculations, i.e., a computational cost much smaller
than the one of LDA4+DMFT. This question is particularly
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important in view of response tensors such as the anoma-
lous Hall effect (AHE) [18-20] or the spin-orbit torque [21],
which often require a much finer k-point sampling to achieve
convergence than the calculation of total energies and mag-
netic moments does, e.g., due to the spiky Berry curvature of
the AHE.

The self-consistent spectral moment method explored in
the 1980s on the basis of a single-band Hubbard model
is an alternative approach able to predict realistic results
for the Curie temperatures in Fe and Ni [22-24] and it is
computationally much less demanding than LDA+DMFT.
Similarly to LDA4+U and LDA+DMEFT, it improves LDA
by adding a Hubbard-type interaction to it. While the Kubo-
Bastin equation for the electrical conductivity [25,26] does
not hold for correlated electrons, the method of spectral mo-
ments can also be used to compute the response functions
avoiding the independent particle approximation of the Kubo-
Bastin equation [27]. In this paper we embark on extending
the self-consistent spectral moment approach to a practical
computational method that can be combined with density
functional theory to study the finite-temperature properties of
realistic magnetic materials and spintronic modules. For this
we need to go beyond the single-band approximation of the
original method. The success of our approach is explicitly
shown for the relativistic Rashba-Hubbard model. Avoiding
the solution of the quantum impurity problem inherent to the
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LDA-DMFT method, our approach to the finite-temperature
problem is expected to be computationally much faster.

We define the nth spectral moment matrix at k point k by
[22,23,28]

n 1 © n
M = 5[ SW(E)E"dE, (M)

o0

where Sy (E) is the spectral density matrix at energy E. Since
the spectral moments may alternatively be expressed in terms
of thermal averages of anticommutators such as [22,23,28]

- 1 Sy
Mgy = 5 22 € lew, M1, gl @)
1

where c;ﬁ creates an electron in state § at lattice site j (po-
sition R}), ¢;, annihilates an electron in state « at lattice site
i (position R;), H =H — uN, H is the Hamiltonian of the
system, N is the number operator, 1 is the chemical potential,
[...]- denotes the commutator, and [. .. ], is the anticommu-
tator, a closed system of equations for Sx(E) may be obtained

by requiring that M,((”) = M,((”). Usually, the first four moments
are considered, i.e., n =0, 1, 2, 3. In Eq. (2) we give only
the anticommutator for the first moment. The nth moment
contains n commutators, which are generated by applying the
equation of motion n times. Explicit expressions are given in
Appendix A.

In the single-band Hubbard model the electron can only
be in the state of spin up (1) or spin down (), i.e., & =1, |,
and one may choose the spectral function and the spectral mo-
ments to be diagonal in the spin indices, i.e., M,EZ)ﬁ = M,ﬁ';)éaﬁ
and Sgop = Skadup. Considering the first four moments, n =
0, 1, 2, 3, one obtains four equations for « =1 and four
equations for o =|. These four equations may be used to
determine the four unknown coefficients agy1, dka2, Erqe1, and
Eto» in the two-pole approximation [28]

Ska(E — 1)
h

of the spectral density. Here, Ey,; and ay,; are the band
energy and the spectral weight of the lower Hubbard band,
while Ey,» and ag,» are those of the upper Hubbard band. The
alternative expression of the third moment M, ;3) in terms of the
thermal average of an anticommutator contains higher-order
correlations such as (c:T ¢;,¢j1¢jt), which lead to a much more
realistic description of the effect of finite temperature than the
mean field level can provide.

In order to replace LDA+U by the method of spectral
moments one might consider to map the electronic structure
of a standard LDA calculation first onto a set of maximally
localized Wannier functions (MLWFs) [29]. c¢;, may then
be considered to be the annihilation operator of an electron
in the MLWF state |R;«x). Note that MLWFs are routinely
used for the Wannier interpolation of response functions such
as the AHE [20] and the spin-orbit torque [21]. When one
wishes to compute such response functions, the mapping of
the electronic structure onto MLWFs is therefore often not an
additional complication because this step will have to be done
in any case. Some implementations of LDA+U already use
Wannier functions as basis set [30].

= q10(E — Epg1) + aka28(E — Epgn)  (3)

The question now arises of how to modify Eq. (3) when we
have Ny states, i.e., @ = 1, ..., Ny, instead of only the two
states « =1, | in the single-band Hubbard model. An obvious
generalization of Eq. (3) is given by

Sk (E M) 2 Ny
of - "
7 = Z Z Aky pViaypVigy pd(E — Eiyp), (4

p=1y=1

where p = 1 denotes the lower Hubbard band, while p = 2
denotes the upper one, and Vi, is the component o of a
normalized vector associated with the band described by the
indices y and p with the band energy Ej,,. This approxi-
mation for Sg,g(E) is Hermitian, i.e., Sgop(E) = [Skpa(E)]*.
The unknown parameters Ej, ,, dkyp, and Viq,, need to be
determined by equating Eqs. (1) and (2). To demonstrate how
this may be achieved is the central goal of this paper.

The difficulty to determine the unknown parameters in
Eq. (4) may be illustrated by comparing it to the spectral
function of a closed system with Ny independent electrons,
which is given by

Nw
Stap(E — 1) = h Y UrayU 8(E — Ery).  (5)

y=1

where the unitary Nw X Nw matrices Uy describe the
transformation between the basis functions |¢g) and the
eigenfunctions | Yy ),

Vka) = Y Uspalis). 6)
B

which are eigenfunctions with energy E,. Clearly, the Nw
columns of the_matrix U, are the Ny eigenvectors of the mo-
ments M,((”) of Si(E) with eigenvalues (E, — w)". In contrast,
the unknown vectors Vi, , are generally not the eigenvec-

tors of the spectral moments M,((D, M;{z), and M,(f) because
these spectral moments do not commute for correlated elec-
trons and therefore they do not possess a common system of
eigenvectors.

Another argument to formulate this difficulty is as follows:
The band y splits into the lower Hubbard band and the upper
Hubbard band and generally Vigy1 # Viay2. Consequently,
we need to determine 2Ny state vectors, but each spectral
moment matrix M,((") has only Nw eigenvectors. Thus, the
eigenvectors of the spectral matrices are not eigenstates of
the Hamiltonian in the case of correlated electrons, which is
a major difference when compared with closed systems of
uncorrelated electrons.

The interplay of spin-orbit interaction (SOI) with electron
correlations may lead to new and exotic quantum phases
[31,32]. In order to obtain a first approximation for the phase
diagram the Hartree-Fock approximation is frequently used
in order to explore new quantum states that arise from the
combination of SOI and correlation effects [33—35]. Since the
treatment of the higher-order correlation (cja c; 5 ClyCms) Within
the self-consistent moment method goes beyond the Hartree-
Fock level, one may expect that this method may improve the
accuracy of the phase diagram significantly, while keeping
the computational effort low. Broken space-inversion sym-
metry gives rise to Rashba-type SOI, which promotes many
important effects in spintronics [36,37]. The Hubbard-Rashba
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model [35,38] combines the Rashba-type SOI with electron
correlations. Since the Rashba-type SOI couples the spin-up
and spin-down bands, the two-pole approximation (3) cannot
be applied to the Hubbard-Rashba model. Therefore, we take
the Hubbard-Rashba model as an example to demonstrate our
method to construct the spectral function.

The rest of this paper is organized as follows: In Sec. II
we describe how to determine the unknown parameters Ej,, p,
Qkyp> and Viq,, in Eq. (4) in order to determine the ground
state and the band structure of the correlated system. In
Sec. Il we discuss how to compute correlation functions of
the type (c;, cj 5 Cly Cms) using the method of spectral moments.
These correlation functions are needed to compute the third
moments M,S[)ﬂ In Sec. IV A we discuss how to obtain re-
sponse functions based on the method of spectral moments
for systems of independent electrons. This section provides
useful guidelines to determine the response functions for cor-
related electrons in Sec. IV B. In Sec. V we demonstrate the
method for the Hubbard-Rashba model. Section VI provides
an outlook of how this approach may be combined with DFT.
This paper ends with a summary in Sec. VII.

II. GROUND STATE AND BAND STRUCTURE

The moments M,((n) [Eq. (2)] are Hermitian Ny X Ny ma-
trices. A Hermitian Ny x Ny matrix is fully defined by N3,
real-valued parameters because its diagonal is real valued and
the upper triagonal is the complex conjugate of the lower
triagonal. Consequently, we may map each moment M,((n) onto
an N&,—dimensional real-valued vector M;("). To be concrete,
we fill the first Nw(Nw + 1)/2 components of the vector
M,((”) with the real parts of the elements from the upper triag-
onal of M,(cn), and the remaining Ny (Nw — 1)/2 components
we fill with the imaginary parts of the elements from the upper
triagonal. We define the N3, x 4 matrix My by

My = [MP, MP MP M. )
Inserting the approximation (4) into (1) yields
2 My
M =" iy Whapyp(Eiyp — 1" ®)
p=1 y=1

where we defined Wiapyp = ViaypVyg,,- We may consider
Whapyp as the row-o column-f element of a Hermitian matrix
Wiy p. Since y =1,...,Nw and p =1, 2, there are 2Nw
such matrices at a given k point k. As the Hermitian Ny x
Nw matrix Wy, is equivalent to a N&v—dimensional real-
valued vector ka p» we define the N&, X 2Nw matrix Wy =
Wi . ... WkNwz]- Additionally, we construct the 2Ny x 4

matrix Ay by setting the element Apy pm inrow (y, p) and col-
umn m to ax, (Exyp, — )" ~"'. The requirements M,(c") = 1\71,((")

withn = 0, 1, 2, 3 can now be formulated in compact form by
Wi Ay = M. )

The moments computed from the thermal averages of anti-
commutator expressions, e.g., Eq. (2), are stored in the matrix
M. In the step of solving Eq. (9) they are considered as fixed
given input. The unknown band energies and spectral weights

are contained in the matrix 4. The matrix Wy is constructed
from the unknown state vectors Vg, p.

Equation (9) defines 4N, nonlinear equations because this
is the number of matrix elements in M. Each vector Vy,,,
has Nw components and there are 2Nw such vectors. Since
Vi p is required to be a normalized vector and since the gauge
transformation Vi, — ¢'®Vy,,, has no effect on Wiapyp, =
Vkaypv,’:ﬁyp, every Vy,, is determined by 2(Nw — 1) real-
valued unknowns, i.e., 4(N&, — Nw) unknown coefficients
need to be determined to define all vectors Vi, ,. Additionally,
we need to determine the 2Ny unknown energies Ej, , and the
2Nw unknown spectral weights ag,,. Thus, Eq. (9) defines
a system of 4NZ, nonlinear equations for 4N3, unknown pa-
rameters. Since the number of unknowns matches the number
of available equations, our approximation (4) for the spectral
function is justified. This proves that the spectral function
may be constructed from the spectral moments even in the
correlated many-band case, which is a central result of this
paper.

In order to solve Eq. (9) numerically one may use the
standard equation solvers available in many mathematical li-
braries. These equation solvers typically require the user to
formulate the problem in the form

fm(x) =0, (10)

where the components of the 4N&,-dimensional vector x are
the unknown coefficients and the 4N\§v functions f,,(x) may
be obtained by rewriting Eq. (9) as

Fr = WiAp — M, (1)

and setting the mth function f,(x) to the mth entry of the
matrix Fj, which has 4N3, entries in total. From the equa-
tions above it is clear that it is straightforward to obtain
expressions for the derivatives df,,(x)/dx;. Thus, one may
also provide the Jacobian to the equation solver.

The calculation of the moments M,ﬁ’;)ﬁ requires the ther-

mal averages (c} cjs) as input. These thermal averages can
be computed easily from the spectral function Si(E), which
we discuss in the next section. However, since the spec-
tral function itself needs to be computed, a self-consistency
scheme is required: a starting guess for (c! c;s) needs to be
chosen. Using this starting guess, one may then evaluate the

spectral moments Mli';)ﬂ for n =0, 1, 2, 3. Examples for the

expressions of M, ,Eg)ﬂ are given in Appendix A for the Hubbard-

Rashba model. The moments Mlg’;) determine the right-hand
side of Eq. (9) completely. Next, one solves Eq. (9) for the
unknown coefficients Ey,, aky p, and Vy,,,, which determine
the left-hand side of Eq. (9). Using these, one evaluates the
spectral function according to Eq. (4). Now, one may compute
new averages (cjac ;p) employing this spectral function. This
completes the first iteration of the self-consistency loop. At
the beginning of the next iteration, one uses the new averages
(cL cjg) to compute the moments M,Eg)ﬁ The procedure is re-
peated until self-consistency is reached, i.e., it is repeated until

the averages (c;c i) used as input to evaluate the spectral
moments M,gz)ﬂ agree with the output averages (ch i)

For the calculation of the moments 1\7[,5; )/3 we may need in
F

addition correlation functions of the type (ciac'j‘r 5ClyCms). Their
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computation is discussed in the next section and it may require

correlation functions (c;a,c;, ﬂ,clly/cmrl;/) as input. Therefore,

in order to compute (cj;xcjfﬂclycm,g) we use a self-consistent
procedure as well and we include the correlation functions
(cjac;ﬂcl},cm5> into the self-consistency scheme: Not only
(cl cjp) but also the correlation functions (CLC;/SC[VC,”(;) are
computed self-consistently, i.e., the calculation 1s considered
converged when their computed output agrees to their input.

The question poses itself if one may interpret Eq. (9) as
a generalization of the well-known eigenvalue problem of
matrix diagonalization, which needs to be solved in the case
of closed systems of independent particles. Therefore, let us
recall this noninteracting case. Inserting Eq. (5) into Eq. (1)
yields

Nw
MY =" Uy Uiy, [Ery — 111" (12)
y=1

Therefore, one may pick any value n > 0 and obtain the
eigenvalues from the spectral moment matrix M,((”). Since
the eigenvalue problem of matrix diagonalization is an im-
portant problem in linear algebra, one usually uses linear
algebra algorithms to diagonalize M,(c") and to find thereby the
eigenvalues [Ey, — ]" and the eigenvectors, which are the
columns of the unitary matrix Uy.

However, one may easily cast the problem (12) into the
form of Eq. (9): We may consider V_Vka/gy = L{ka},u,fﬁy as the
row-a column-f element of a Hermitian matrix W, rewrite
itasa NVZV -dimensional vector, and collect all these Ny vectors
(y =1,...,Nw) in the N&, x Ny matrix Wy. If we map the
moment M,((”) onto an N7 -dimensional vector M,(c”) , We may
write Eq. (12) in the form of Eq. (9):

Wi AP = MO, (13)

where the yth entry in the vector A,(‘") is the eigenvalue
[Exy — 11",

Equation (13) defines N, equations. The unitary matrix Uy
contains Ny normalized vectors. Since their phase does not
matter, only ZN&, — 2Ny real parameters are needed to deter-
mine these vectors. However, the columns of the matrix Uy
are mutually orthogonal. This reduces the number of indepen-
dent real parameters needed to determine U by N&, — Nw.
Thus, we need only N&, — Nw parameters to determine We.
Since we need to find the Ny eigenvalues [Ey, — u]" as well,
N&, parameters need to be found in total, which matches the
number of available equations. Therefore, one may argue that
Eq. (9) is a generalization of the standard eigenvalue problem,
which needs to be used when the bands of correlated electron
systems split into lower and upper Hubbard bands, while it
is equivalent to the standard eigenvalue problem when the
independent particle approximation is used, i.e., when the
upper Hubbard bands are not considered.

III. CORRELATION FUNCTIONS

In Appendix A we give explicit expressions for the first
four moments of the single-particle spectral function for the
example of the Hubbard-Rashba model. In these expressions

correlation functions of the types (c! c;s) and (CLC-]:}SC[yCm(s)

occur. These correlation functions may be computed from the
corresponding anticommutator spectral functions using the
spectral theorem [39]

+ 1 [
(CraCrp) = ﬁ/ dE f(E)Skpa(E — 1) (14)

and

P 1 [
(ChaCipClyCms) = 5/ dE f(E)Siymsjpka(E — 1), (15)
—00
where f(E) is the Fermi-Dirac distribution function.
In the case of (CZaCk;}) the corresponding anticommutator
spectral function is simply the single-particle spectral function

N
SipolE) = o / di e i egoch O14), (16)

[o¢]
which we discuss above in the preceding section. However,

o0

—e
Siymsjpka(E) = dt
Tyms jpka (E) /_OO oy

Et

([C;ﬂcly Cms» cl.:a (t )]+> (17)
in Eq. (15) still needs to be determined.

For this we may use again the method of spectral moments,
i.e., we compute

n 1
Kl(yl)néjﬂkoz =7 / dE[E — u)"Siymsjpke(E — ) (18)

for n = 0 and 1 and require them to be equal to

i sipka = ([CTg€ty Cns, i 14) (19)
and
k]()izmSjﬁka = ([C;gclycméa [H, C]Ia]—]-‘r)’ (20)

respectively. We need an approximation of Sj, s jgke(E) in
analogy to Eq. (4). The poles of Sjy s gro(E) arise from the
time dependence of the operator c,Tm(t), i.e., the poles are
simply the energies Ej,,, discussed in the previous section. For
each of these 2Nw poles a prefactor needs to be determined.
When «, 8, y, é run from 1, .. ., Ny the number of prefactors
is 2Ny,. However, there are only 2Ny, equations, if we use the
first two moments. This suggests that we need to make use
of Vg, p as well in order to arrive at an equality between the
number of available equations and the number of unknown
coefficients.
Therefore, we approximate Sjy s jgka (E) by

Slym&jﬂka (E - I‘L)

; =Y " 8(E — EtyryWaay pyymbis- (1)

vy
When we fix the orbital indices y, 8, B, the site indices [, m, j,
and the k point k we obtain 2Ny equations if we consider
the first two moments and compute these moments for o =

1, Nw. The number of unknown coefficients az(%g,is is like-

wise 2Nw because (y'p’) may take 2Ny possible values. Thus,
o (

the requirement Kz(ffna,- ko = Kl;mSj ske PrOvides 2Ny linear
(ey'p)

equations for 2Ny unknowns a lymdjp-
The evaluation of the anticommutators

Ripns i = ([€]g€tCmss [M, ¢l 1-14) (22)
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may require correlation functions of the type
(cja ],ﬂ,c,r ‘¢wvs).  Therefore, the calculation of the
correlation functions (cjacjﬁc,ycm[g) has to be performed
self-consistently, as explained in the (prev1ous section. In

Appendix B we provide examples for K l)/sz] Bk

IV. RESPONSE FUNCTIONS

A. Independent electrons

It is instructive to consider first the derivation of response
functions of independent electron systems using the method
of spectral moments because the standard procedure [25,26]
of evaluating the Kubo formula does not make use of this
method. Considering independent electrons first will allow us
to establish the basic steps needed to evaluate the response
functions based on the method of spectral moments for corre-
lated electrons in the next section.

To be concrete, we consider the response function of the
anomalous Hall effect, i.e., the AHE conductivity oy,, which
is given by

62 Il’n(;ll:uxvv (E)
Oy == Lo; — (23)

in terms of the retarded velocity-velocity correlation function
GY , (E), which is defined by

oo
G, (E) = —i / dt e ([v, (1), v,(0)]-). (24)
: 0
Here, v, and v, are the x and y components of the velocity
operator, respectively, e is the elementary charge, V is the
volume of the unit cell, and N is the number of k points.

One standard derivation of the AHE conductivity uses
Wick’s theorem in order to evaluate G,va o (E) for independent

electrons. In order to use the method of spectral moments, one
instead needs to employ the spectral representation [39]
& Zkv v(E /)
E) = dEl ————— 25
G, (B) = /,oo E —E'+i0* >

to express G}}u ,.(E) in terms of the corresponding spectral
function

Ziepo, (t — 1) = Z ?—;(wkyl[vx(t), vy (t)]-1Yy)  (26)
Y

with Fourier transform
o0
Zio (E) = / dt 174, (1), @7)
—00

where fi, is the Fermi factor for eigenstate y at k point k.
Zi,v,(t —t') is a commutator spectral function in contrast to
the single-particle spectral function (16).

For independent electrons, the first two commutator mo-
ments are easy to evaluate:

by, = kay Vi [0, vy 1 [V )

= Z[fky — Jioy KWy [0 [ Wy ) (Wkey [0y [ Yk ) (28)

vy'

and

Dl(clvivy = Z Sy (Wey [Ty, H1—, vy]- Vi)

Y
= Z[fky - fky/][Eky’ - Eky]
124
X AWy Vx| iy Y Wiy [Vy [ Yk ) - (29)

Clearly, the spectral function

Zieor,(E) = 1Y [ fiey — fiey']

124
X 8[E - (Eky’ - Eky )](kalvxlwky’ﬂlhky’
X |y [Py ) (30)

reproduces these first two moments. Using Eq. (25) we get the
corresponding retarded Green function

(Vky [V [ Wiy ) (ke [0y [ Yok )
E — (Exy — Ex,) +i0T
(€29)
Plugging Eq. (31) into (23) we obtain the literature expression
for the intrinsic AHE conductivity [18,19]:

Glljvxvv(E) = hZ[fky - fky’]

vy

ezh[fky _fky’]
=Ly
kyy’

Im[(¢ky|vx|wky )(ka |U»|wky>]
(Exyr — Exy)* +0* '

(32)

Obviously, the derivation above is not entlrelgf satlsfactory,

because we used only two moments, namely D andD{" |
kv, vy kv vy

in order to guess the spectral function in Eq. (30), which
contains up to Nw(Nw — 1) + 1 different poles. In order to de-
rive the transition rates for Nw(Nw — 1) + 1 poles rigorously
instead of simply guessing them requires the same number of
equations, but the number of moments D(") v, that we can eas-

ily compute will generally be much smaller than the number
of these poles. Therefore, we consider instead the moments

Dy s = ([cycup- cipyCis]-) (33)
and
Dl s = (llctycrp, H1- ¢, crs]-). (34)

The moments D,(c'f)) ,. considered so far are simply contractions
of these new moments with the velocity operators:

_ R
Y Dy sVsapvyys = Dy (35)
afys

The indices «, B, y, and § may be the band indices of the
eigenstates |Yq), but they may also be the indices used to
label the basis functions |¢g, ). We do not introduce different
notations for labeling eigenstates on the one hand and basis
states on the other hand. The basis-state representation and
the eigenstate representation are connected by the unitary
transformation (6).
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In the eigenstate representation we obtain particularly sim-
ple expressions for these moments:

Dy s = Lfew — fiplSusdyp (36)
and
kaﬁytS [fkoz fkﬂ][Ekﬁ - Eka]gaégyﬁ' (37)

Using these two spectral moments we may easily obtain the
corresponding spectral function

([eh Derp(), e, (¢ ers ()]

Zrapyst —1') = o (38)
as
Zka%m = [fxe — fxpldas8ypS[E — (Exp — Eka)].  (39)
Employing
Zieoo,(E) =Y Zaapys(E)rapvyys (40)
aBys

we obtain Eq. (30) from (39), which completes the rigorous
derivation of the AHE conductivity of independent elec-
trons based on the method of spectral moments. Certainly,
Eq. (26) may also be evaluated easily directly for independent
electrons, without using the method of spectral moments.
However, the purpose of this section is to establish the nec-
essary guiding principles to find the commutator spectral
function of correlated electrons in the following section.

Using the unitary transformation (6) we may transform the
spectral moments and the commutator spectral function given
in the eigenstate representations in Eqgs. (36), (37), and (39)
into the representation of basis functions:

Dl(c,;)’ﬂ’ 5 = Z[fka — fipllExp — Ekal”
ap
X L{ka/au,fﬁ,ﬁl/{kyr,gu,;,a (41)
and
Zkorprys (E)
HIPEEEZE = 3 Wk — SugBLE — (B — Fi)]
af
X Unor ol gUicy Uy - (42)

B. Correlated electrons

When we treat the correlated electron system with the
method of Sec. II there are Ny basis functions but up to
2Nyw energy bands due to the splitting into the lower and the
upper Hubbard bands. Consequently, the labels «, 8, y, § in
Egs. (33), (34), and (38) refer now only to the basis functions
and not to the energy bands, i.e., o, 8,y,86 =1, ..., Nw.

In general, the commutator spectral function exhibits the
following properties: It is Hermitian, i.e.,

(Zapys (EDI" = Zsypa(E), (43)
and it fulfills
Zyapys(E) = —Zyysap(—E). 44)
One may additionally combine Egs. (43) and (44) to obtain
Zkapys(E) = —[Zipasy (—E)]™. (45)

The differences between the single-particle spectral func-
tions of correlated electrons on the one hand [Eq. (4)] and
independent electrons on the other hand [Eq. (5)] are the
additional spectral weights ag,, and the replacement of the
unitary matrix Uy by the matrix Vj of the state vectors. It is
therefore plausible to guess the commutator spectral function
of correlated electrons by adding spectral weights to Eq. (42)
and by replacing Uy by Vy, which yields

2 Nw
Zrapys(E)=h ) D" SIE -

p.P/=1p, =1

(Ek/,dp’ - Ekup )]

X Ay p hepp [ fiewp — S p']
X Vko‘ﬂpvljéu,pvljﬂu’p/ Vieywp - (46)

In order to test the quality of this guess (46) we may com-
pute the first two moments from it, i.e., evaluate the energy
integrals similar to Eq. (1) [see Eq. (57)], and subsequently
we may compare these moments to those obtained from eval-
uating the alternative commutator expressions (33) and (34).
The zeroth moment obtained by integrating Eq. (46) over the
energy is simply

2 Ny
0) _
Dk(xﬂyé = Z Z iy p Wppl Srepp — Srwp'l
p.p'=1p,p'=l1

* *
X VkaMPVkéukaﬁu’p’ Vk}’M/P/

2 Ny
§ ,E :akupfk/w

p=1 pu=1

— VigupVirupdas).  (47)

The commutator expression in Eq. (33) evaluates to

X [Vkall-ﬁv;ck&upg)’ﬂ

Diovs s = (ChyChs)8py — (ch, Chp)ous, (48)
where we made use of the identity
[A4,BC]- =[A,Bl.C — BIA,Cl, (49)

(where A, B, and € are operators) to convert the commutator
into anticommutators, which are simply given by

;
[Clta’ Crplt = 0

le s ckpls = Saps  [Chas crpls = O,

(50)
for fermionic creation and annihilation operators. Inserting
2 Ny
Cka Ckp) Z Z akupfkupvkaupvkﬁup’ (61
p=1 pn=1

which may be derived easﬂy using the spectral theorem (14),
into Eq. (48), we obtain D kaﬂya Dkaﬁy5, i.e., our guess (46)
describes the zeroth moment cons1stently

The first moment D,((L)ﬁys =3 L [dE Zpap,s(E)E is given
by

Nw
(1)
DkaﬂyS Z Z (Expwp — Ekpp) ik p Ghepup
p.p=1pp'=1

X [fkup - fk/t/p’]Vkawvlzmpvzﬂ;up'kat’p’- (52)
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Formally, the alternative commutator expressions (34) differ
considerably from Eq. (52), while they yield similar numerical
results for the model considered in Sec. V. In Appendix C
we give some examples of these first moments obtained by
evaluating the commutator expressions (34).

While the numerical differences between D;c;)ﬂy

D,(cz)ﬁy s are sufficiently small to consider Eq. (46) as a useful
approximation, one may obtain almost perfect agreement be-
tween D,(ci;ﬁ /5 and D,(CL)IS 45 DY simple modifications of Eq. (46).
One possible improvement of Eq. (46) is the replacement
of the two known spectral weight factors by a single more

general unknown coefficient matrix:

s and

akufp/akup d akﬂrprup. (53)

This unknown coefficient matrix may be determined by mini-
mizing the deviation

2
— Fy(n) (n) 2
A= § : § :|Dkr(;ﬁy8 _Dk:;ﬁyéi : 54
afys n=1

The generalization (53) removes the problem of Eq. (46) that
the state p p always contributes with the weight ay,,, irrespec-
tive of the partner state u'p’ of the transition. In order to satisfy
Eqgs. (43)—(45), these generalized transition weights need to be
real valued and they have to satisfy

G pup = Gkppp'p' - CR)

In Secs. II and III we solved systems of coupled equa-
tions in order to determine anticommutator spectral functions.
Therefore, the question arises if we may also obtain an ex-
pression for the commutator spectral function by solving a
system of coupled equations instead of starting with the guess
(46) and successively improving it through the modification
(53). The expression (39) of the commutator spectral function
of independent electrons suggests the following form for the
commutator spectral function of correlated electrons:

2 Nw

ZkaﬂyB(E) = Z Z S[E - (Eku’p/ - Ek//.p)]blotgl;(gp/-
p.p'=1p,p'=l1
(56)
For fixed n the moment
n 1 > n
DYy = [ ZranaEIEdE (57)
—oQ

has Né, components. Consequently, considering the first two
moments provides 2Ny, equations to determine the unknown
wpp'p'

parameters b, 5 . However, the number of components

bﬂ:g’;({’ is 4NS. Without imposing additional constraints on the

form of bgg’;:{’ " we therefore do not have a sufficient number
of equations to determine bgl’;’;;‘” g

In Sec. III above we describe a similar difficulty for the
anticommutator spectral function, which we solve by using
additionally the state vectors Vy,, in the approximation of
the spectral function. Therefore, it is plausible to make use
of both Ey,, and Vj,,, to formulate a suitable approximation
for the commutator spectral function. However, this is what
we describe above already. The main difference between our
solution above and the previous solution strategies in Secs. 11

and III is that we minimize Eq. (54) instead of solving systems
of coupled equations because there is no obvious modification
of Eq. (56) which requires as many unknown parameters as
the number of equations provided by the first two moments.
The number of unknown coefficients ag;py,.p is Nw(2Nw — 1)
in total. Since the moments are Hermitian, the first two mo-
ments may be expressed in terms of 2Ny, real numbers. This
number is sufficient to obtain ai,, ., unambiguously by min-
imizing the deviation A in Eq. (54).

Using Egs. (40), (23), and (25) we obtain the following
expression for the AHE conductivity from Eqs. (46) and (53):

Eh oo
Oxy = ﬁ Z Z aku’p’up[fkﬂp _fle'P']

p.p/=1 =1

Im[vsagVyys Viaun Vi, Vigiw Vieyw v
% Z BUyys YVkaup Yisup Y kpu p Vky ' p . (58)

apys (B = Eiup)® + 07

V. APPLICATION TO THE HUBBARD-RASHBA MODEL

In Sec. IT we explained that 4Ng, unknown coefficients
need to be determined in order to obtain the spectral function.
While the one-band Hubbard model has spin-up and -down
bands, one may obtain these bands separately when there is
no spin-orbit interaction (SOI). Therefore, effectively Ny = 1
for the one-band Hubbard model without SOI, i.e., 4NZ,
evaluates to 4. This is indeed the number of parameters in the
two-pole approximation (3). Without SOI, one computes the
spin-up and -down bands separately and four parameters are
needed for each of them.

However, when we add SOI to the one-band Hubbard
model the spin-up and -down bands are coupled. Conse-
quently, we need to use Nw = 2, and 4N, = 16 is the number
of unknown coefficients. Therefore, we may demonstrate the
spectral moment approach with noncommuting spectral mo-
ment matrices developed in this paper for the single-band
Hubbard model with additional Rashba-type SOI because the
standard two-pole approximation cannot be used in this case.

We consider the Hubbard-Rashba model [38] with the
Hamiltonian

_ i to ot
H= ) tyeje, +U D cjyepcyey,
(G)s j

+it" Y e (o xd )l (59)
(Jul),s,8

where ¢ il is the hopping amplitude, U is the strength of the

Hubbard interaction, tR® quantifies the Rashba-type SOI, and
dj = (R; — R;)/a is the distance vector between sites j and
[, where a is the lattice constant. The notation (j, /) means that
j and [ are nearest neighbors. We consider a two-dimensional
square lattice with lattice translation invariance and &, is a unit
vector perpendicular to the lattice.

For this model we give explicit expressions for the mo-
ments in Appendix A. The moments needed to evaluate the
correlation functions of Sec. III are discussed in Appendix B,
while explicit expressions for the moments required for the
calculation of the AHE are given in Appendix C.
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FIG. 1. Dependence of the magnetic moment on the Hubbard
parameter U at temperature 7 = 23 K. Two values of SOI strength
are considered: t® = 0.01 eV (blue circles) and R = 0.02 eV (red
squares). The magnetic moment is given in units of the Bohr magne-
ton (up).

We set the nearest-neighbor
—0.2 eVéy 14, +14,;> the site occupation

hopping to 1=

n=n;+n, = <C:¢Ciﬁ) + “ilcii) (60)

ton = 0.675, and we vary the Hubbard U parameter between
2 and 5 eV. We perform calculations for two SOI strengths,
tR =0.01 and 0.02 eV. We use an 80 x 80 k mesh in the
calculations.

In Fig. 1 we show the magnetic moment as a function of U
at the temperature 7 = 23 K. Around U = 2.7 eV the system
becomes ferromagnetic when tR = 0.01 eV. When SOI is
larger, i.e., tR = 0.02 eV, the onset of ferromagnetism occurs
at a higher U of around 3 eV. Therefore, SOI suppresses the
onset of ferromagnetism in this system.

In Fig. 2 we show the band structure in the nonmag-
netic phase at U = 2 eV. The lower Hubbard bands describe
electrons that hop between empty sites, while the upper Hub-
bard bands describe electrons hopping between sites that are

N
T
1

Band energy [eV]
T
1

=}
<
" 1

FIG. 2. Band structure for U =2 eV at T =23 K when R =
0.02 eV. For this value of U the system is nonmagnetic. The Rashba
splitting is larger for the upper Hubbard bands than for the lower
ones.
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FIG. 3. Band structure for U =4 eV at T =23 K when R =
0.02 eV. For this value of U the system is ferromagnetic.

already occupied by an electron. Consequently, the lower and
upper Hubbard bands are separated in energy by roughly
U. Surprisingly, the Rashba splitting is larger for the upper
Hubbard bands than for the lower ones. The band structure in
the ferromagnetic phase at U = 4 eV is shown in Fig. 3. Both
the upper and the lower Hubbard bands are exchange split,
while the effect of Rashba SOI on the band structure is not
visible directly.

In Fig. 4 we show the temperature dependence of the mag-
netic moment at U = 4 eV. The magnetic moment decreases
monotonously with temperature. The Curie temperature is
smaller when SOI is larger. This is consistent with the finding
in Fig. 1 that SOI suppresses ferromagnetism in this system.

In Fig. 5 we show the temperature dependence of the
intrinsic AHE conductivity. Since AHE requires SOI, higher
SOI leads to larger AHE. Interestingly, oy, increases with
increasing 7. Phenomenological theory usually assumes that
oyy is proportional to the magnetization. However, from zero
temperature up to the Curie temperature the magnetic moment
decreases, while the AHE conductivity increases according to

S o
(9] N
n_

=)
~
—

001V
== =002 eV

Magnetic moment [W,]
o o
NSO
T T T T

o
—
T

(=)
S T

1 " 1 " 1 1 "
100 200 300 400 500
Temperature 7 [K]
FIG. 4. Temperature dependence of the magnetic moment at
U = 4 eV for SOl strength t® = 0.01 (circles) and 0.02 eV (squares).
Stronger SOI suppresses the Curie temperature.
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FIG. 5. Temperature dependence of the intrinsic AHE conductiv-
ityatU =4eV.

Fig. 5. This increase of the AHE conductivity with decreasing
magnetic moment is therefore surprising at first.

An explanation may be found by recalling in which cases
the AHE is predicted to be proportional to the magnetic mo-
ment. When the intrinsic AHE is generated predominantly
by the term «L,S; in the SOI (L, and S, are the orbital and
spin angular momentum operators, respectively) and when
the magnetic moment is sufficiently small we may argue
that the spin-resolved AHE conductivity has opposite sign
for spin-up and -down electrons, i.e., sign(axTy) = —sign(oxly),
because LS, = L, for spin-up electrons and L,S, = —L, for
spin-down electrons. As a consequence, a pure spin current is
generated from the intrinsic spin-Hall effect when the magne-
tization is zero: o5 " = 0.}, — o} = 20\ For small magnetic
moment the spin- resolved AHE conductlvmes do not satisfy
ol = —o}, any more [40] and it is plausible to assume that
both depend linearly on the magnetization M in the leading
orders,

(0) 30(}?)

(M) = M , 61
ol (M) = sol) + —= ©1)
where s = 1 for spin up and s = —1 for spin down. This yields

oo (M) =0 (M) —

xy

s
oM

0
ol (M) =20

AHE(M) = aT M) + ai(M) =2 M. (62)

Thus, one may expect (TQ}HE (M) o< M when only the term LS,
from SOI is relevant. However, this is often not the case, i.e.,
spin-flip transitions may be important for the AHE [41].

In fact, the Rashba SOI does not contain any term that
preserves the spin S, i.e., in the language of Ref. [41] it
generates only spin-flip transitions. However, when all virtual
transitions that give rise to the AHE are of spin-flip type, there
is no reason for Eq. (61) to be valid. The spin-flip transitions
occur between up and down states, and their energy difference
decreases when the magnetic moment decreases. Therefore,
the spin-flip transitions become more important in Eq. (58)
when the energy denominator decreases due to the decrease
of the magnetization.

30 T T T T T T T T T T

25

Hzizo.m eV
== R0.02eV

20

(107 8]

Xy
—_
)

1

AHE o
=
T

N " N N I N N
2 2.5 3 3 5 4.5 5
Hubbard U [eV]

FIG. 6. Dependence of the intrinsic AHE conductivity on Hub-
bard U at T =23 K.

To verify this hypothesis we investigate the dependence of
the AHE conductivity on the Hubbard parameter U at a fixed
small temperature of 7 = 23 K. Thereby we modify the mag-
netic moment without changing the temperature. The result is
shown in Fig. 6. Indeed, oy, increases when lowering U from
4.5 eV down to 2.8 eV. Therefore, the dominant mechanism
for the strong increase of o,, with increasing temperature in
Fig. 5 is indeed the decrease of the magnetic moment.

VI. OUTLOOK

In order to judge if the self-consistent spectral moment
method may replace LDA+U while keeping the compu-
tational effort low, we briefly discuss the differences to
LDA+U. The orbital-resolved occupation matrix, which
needs to be computed self-consistently in LDA+U calcu-
lations for all atomic orbitals for which correlations are
included, corresponds to the correlator (cjac jp) in the self-
consistent moment method. In LDA—|—U only the onsite
elements are considered, i.e., only (c()acoﬂ) However, in-
cluding the nearest neighbors will often not pose problems.
Clearly, the matrix structure of (c;ac jp) resembles the one of
the hopping matrix elements, i.e., the matrix elements of the
Hamiltonian between Wannier functions [29]. Therefore, for
all systems where the calculation of the hopping matrix does
not pose problems, e.g., computer memory issues, we do not
anticipate issues concerning the correlator (c! c;p).

The higher-order correlators of the type (c; c; 5ClyCms) are
often only needed for special cases such as i = j and [ = m.
Therefore, while the most general form (c?ac;ﬁclycma) has
four independent site indices, i, j, [, m, it will often be suf-
ficient to compute it only with one site index. Moreover,
when we consider only onsite Coulomb interactions, similar
to standard LDA+U., the range of the orbital indices «, 8, v, §
can be restricted significantly. Thus, while the number of
basis functions in LDA calculations based on full-potential
linearized augmented plane-wave (FLAPW) method increases
proportionally to the system volume, leading to a quadratic
increase of the memory requirement of the Hamiltonian
with system Volume we expect that the computer memory

needed to hold (cla c' i ﬂcl), cms) scales only proportionally to the

045135-9



FREIMUTH, BLUGEL, AND MOKROUSOV

PHYSICAL REVIEW B 106, 045135 (2022)

number of correlated atoms in the system, i.e., often propor-
tionally to the volume and not to the square of the volume.
This is similar to the scaling of the orbital-resolved occupation
matrix with system size in LDA+U, which is proportional to
the number of correlated atoms.

Thus, while in LDA+-U one needs to compute the orbital-
resolved occupation matrix for all correlated atoms, in the
self-consistent spectral moment method one has to compute
several correlators of the type (CLCjﬂ) and (c;ac;ﬂclycm(;).
Since their structure and memory requirement is similar to
the one of matrix elements computed for Wannier interpo-
lation [20,21,29], we expect that this is feasible for a large
range of realistic materials without a dramatic increase of
the computer time or memory requirements, because experi-
ence with Wannier functions suggests that the calculation of
such matrix elements is much faster than the duration of the
LDA self-consistency cycle if only orbitals for the occupied
and first few unoccupied states are considered. In contrast,
a recent comparative study of several electronic structure
codes estimated that eDMFT takes 5000 times more com-
puter time than meta-GGA with the modified Becke-Johnson
potential [42].

Finally, in LDA+U the orbital-resolved occupation matrix
is used to compute the potential matrix, which is employed to
supplement the Hamiltonian by correlation effects. This step
may be performed as a second variation step, i.e., one may
first compute the LDA eigenvalues and eigenfunctions in first
variation, followed by the calculation of the LDA4-U eigen-
values and eigenfunctions in second variation [43]. Similarly,
in the self-consistent moment method one may first compute
the LDA eigenvalues and eigenfunctions in first variation,
followed by the construction of the spectral function from the
first four moment matrices in second variation. This second
variation approach is expected to take only a fraction of the
computing time of the first variation step.

In comparison to LDA+DMFT, one drawback of the self-
consistent moment method is that it does not give access
to the imaginary part of the self-energy. However, since the
self-consistent moment method has been used before success-
fully to study finite-temperature magnetism [22-24], we do
not expect this to be a major drawback for this application.
Moreover, many response properties of interest in spintron-
ics are not strongly dependent on the electron correlation
self-energy in a large range of realistic materials because
they are at most sensitive to the electron lifetime at the
Fermi surface, which is often determined by scattering rather
than electron correlation effects. In such cases, the transfer
of spectral weight between states of different energy might
be more important for the accurate computation of the re-
sponse function than the imaginary part of the self-energy.
For example, already simple band shifts due to electron cor-
relation effects may sometimes improve the agreement of
AHE to experiment [44]. Concerning the description of mag-
netism at finite temperatures LDA+DMFT studies suggest
that missing long-wavelength spin waves may lead to an over-
estimation of the Curie temperature in some cases [5]. We
suspect that the self-consistent moment method suffers from
a similar problem whenever the smallest possible magnetic
unit cell is chosen and when translational invariance is thus
enforced.

In comparison to LDA+U the self-consistent spectral mo-
ment method is not only expected to improve the description
of magnetism at finite temperatures, but additionally it is ex-
pected to capture spectral features that arise from the splitting
of bands into lower and upper Hubbard bands, similarly to
LDA+DMFT. For example, it has been shown [23] to repro-
duce the valence band satellite in Ni.

VII. SUMMARY

We show that for a general crystal lattice Hamiltonian
which describes Ny electronic orbitals and which includes
the Coulomb interaction the spectral function may be found
within an approximation that assumes that the electronic
structure is given in terms of 2Ny bands and 2Ny spectral
weight factors: Ny band energies and spectral weights de-
scribe the lower Hubbard bands, while Ny band energies and
spectral weights describe the upper Hubbard bands. For this
purpose we generalize the standard two-pole approximation of
the self-consistent moment method to the case of many bands.
We argue that the problem of constructing 2Ny bands and
2Ny spectral weights from four Ny x Nw spectral moment
matrices may be considered as a generalization of the well-
known problem of finding the Ny eigenstates of an Ny X Ny
single-particle Hamiltonian matrix of a closed quantum sys-
tem. We describe how the higher correlation functions of the
type (cjac;ﬂclycmg) may be obtained consistently within this
approach by employing the state vectors and state energies
of the single-particle spectral function. Moreover, we discuss
how the response functions may be computed. We present ap-
plications of this approach to the Hubbard-Rashba model. Our
findings suggest that the many-band spectral-moment method
may replace the standard LDA+U approach to correlated
electrons when the temperature dependence of the electronic
structure or of the response functions needs to be determined.
We propose that the many-band spectral-moment method may
also be used instead of Hartree-Fock in exploratory model
calculations of phase diagrams in the search of new quantum
states that arise from the interplay of SOI and correlation
effects.
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APPENDIX A: SPECTRAL MOMENTS IN THE HUBBARD-RASHBA MODEL
In this Appendix we give explicit expressions for the moments (2) of the single-particle spectral function evaluated for the
Hubbard-Rashba model introduced in Eq. (59). The zeroth moment is given by
. 1 : _
mY, = v D e R (), cT14) = B, (A1)
Lj
where s, 5" =1, |.
The spin-diagonal first moments are given by
. 1 . _
Myl = 5 D e O e, M-, cyl) = [€t) — pl + U n) (A2)
lj
while those that couple opposite spins are
_ 1 (R — . v
M) = 5 e O e, M- ¢ ) = Rele®)] = silmlato)] — > (] _ers)- (A3)
1j !
Here, we defined
I & ik-(R;—R .
alk) = -t Ze ®=RO[d, ) + idy 1], (A4)
3]
where d, j; and d,; are the x and y components, respectively, of the distance vector d j; used in the Rashba-type SOI in Eq. (59).

For equal spins the second moments are

~ 1 .
M = = 0 T, - TH, €)1

Lj

2 2 1 T 2
= [ee) = P + 20 () (€k) — ) + U (n5) = 2U Re| ) 3 (] enp) | + o), (A3)
!
while they are
_ 1 .
Mg = < D e N lers, M- (1, € T)e)

Lj

= [2¢(k) — 2 + nU|[Rea(k)] — siIm[a(k)]] — [U* + 2U[e(k) — u]]}\, > el e (A6)
!

for opposite spins.
The third moments are

_ 1 )
3) ik-(R—R,
My =~ lee"(R R (s H1-y H1- [H, ¢ 1-14)

= [e(k)—u]® + 3U (n_y)[e(k) — ul* — 3U*(n_s) i + 2U*e(k)n_s + 2Utgon—s + U’n_

1 . . 1
2 k-(R,—R i 2
-U N ; e R ’)flj(Cl,—scj,—scl,—sc_i,—s) +U N Ez' {2y — I)CIT,—sc.i,—s)
J J

1 , P 1 :
2 k-(R—R; ] 2 k-(R/—R;
+U N E et R ’)tlj(ijcl,_sclxcj,—ﬁ+U N E ek i ’)t;j(c;_vc;’_sclscl,_x)
1j lj

+U213V2Re[a(k)<c,*ﬂc,,s>] 3aPIe) — 1]+ [Pt 1)
!

1 . 2 . _ P
+6U[e(k) — M]Re[a(k)ﬁ E (C},SCIS):| + UZZV E Re[etk'(Rl_R’)alj<C)!,SC},,5clst,fs>]s (A7)
I 1j
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when the spins are parallel, and
M, = Z R (Mery, M-, HI-, [H, ¢ 114)
lj

= —3[a k)] [e(k) — u]z—[aac)]*|a(k)|2—U2[a(k)]*n — Ble(k) — p]* + 2la(k))* + 2U[e(k) — ul)
U

1 .
X~ 2{:<c, L) U= Zrz, clyei) = Ul (ol ;<c;¢cu> — 3U[a(k)]"[e(k) — pln

1 B
—[U3 - Uu+ 2U2t00]]V > e en) - UZ]v > e RRYy (el cinejr)
1 1j

1 , 1 ; +
2 k-(R,—R; 2 k-(R;—R; i
-U N E ek ’)tlj(C;rlC;¢CjTCl¢) +U N E ek i ’)05?}<C;TCNCJ'TCI¢>
lj lj

1 . 1 )
2 k-(R—R;) 2 k-(R,—R;) oot
-v Nzel ajicjieg enen) = U ﬁZe‘ T ajlep e einet)
lj lj

1 1
+ Uzﬁ Z tlj(c%chcmc_m) — Uzﬁ Z tzj(chc;icmcu) (A8)
1j lj

when they are opposite. Here, we defined
aj = [dej + idyji]. (A9)

The correlation functions of the type (c; cj. ClyCms) in the expressions of the third moments may be obtained from the spectral
theorem in Eq. (15) and Fourier transformation.

APPENDIX B: CORRELATION FUNCTIONS IN THE HUBBARD-RASHBA MODEL

In this Appendix we provide examples for explicit expressions of the moments Kz ms Pl and Kl ms jpke US€d in Sec. III. The
zeroth moment is explicitly given by

Kiym o = ALejperyCms: e} = —llejgen e dus — (cjpems)e™ 8y ] (B1)

The thermal averages (c; ﬁcly> and (cj: 5 cms) 1n this expression may be obtained from the spectral theorem (14).
The explicit expression for the first moment

R s ipka = ([ehgciycms, [H, cf,1-14) (B2)

depends on the Hamiltonian H. We list some examples for K, that we obtain for the Hubbard-Rashba model discussed in

Sec. V. From

lym&jﬂkut

(] cinejy, IH, ¢l 1 1e) = —talcl cj1) + ajilc] cin) = Usudijic) ciy) + Uil ciney) + U] efieincry)  (B3)

we obtain KtT/iwkT

moment is required in order to compute the thermal average (c;T CL circjy ). However, according to Eq. (B3) additional correlation

by performing a Fourier transformation from the site R; to the k point k. As explained in Sec. III this

functions are needed, namely, (cch] 1C11Cj i1) and {c; ¢CZTCZTCZ ). As explained in Sec. III we therefore use a self-consistent

procedure that determines all necessary correlation functions (cfac 8 ClyCms)-

The correlation function (c;chlchc,-T) vanishes without SOI when the spin-quantization axis is chosen to be along the z

direction, but it may be nonzero in general when SOI is present. We obtain the corresponding first moment I?I(E rilkt from

([} crcins [H, ¢f1-1e) = tulc] e — tjn(c] cir) + USlel cf cnery) — Usulcl el cirejy) (B4)
by performing a Fourier transformation from the site R; to the k point k.
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APPENDIX C: FIRST MOMENTS FOR RESPONSE FUNCTIONS

In the following we give a few examples for explicit expressions of the first moment of the commutator spectral function

obtained by evaluating Eq. (34) for the Hubbard-Rashba model:

D’(flT)TTT = [(x(k)]*(cglcoT) + oz(k)(chcoi) + U Zef"k'[RfR“](chchcncoL)

J

KRRy, A U kR, + A
+UZe’k s =Rol (¢ ed corcoy) — ZNZe’k =Rt ef erpeoy) (el)

J

and

pw
J

Jl

ik R~ U ik-[R— o
rlir = 2a(k)(cg¢co¢) + UZe k(R RO](chcgichcoi) + N Ze’k R R’](c;TCOTcoTCm)

Jil

) U ) .
kR —Rol; & k[—R—R)1 | .0 T
+U E MR eg 0l coroy) — ~ E MM e copcincin)

J

U ik-[R;—R
_NZ‘?I e € eoen) =

Jl
The correlation functions of the type (c],
and Fourier transformation.

Bl

ik-[R;+R, T
Ze’ RiHRI (T e coycay). (C2)
Jsl

cjﬁ Cly Cms) In these expressions may be obtained from the spectral theorem in Eq. (15)
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