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Interplay of Coulomb interaction and spin-orbit coupling
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We employ the Gutzwiller variational approach to investigate the interplay of Coulomb interaction and
spin-orbit coupling in a three-orbital Hubbard model. Already in the paramagnetic phase we find a substantial
renormalization of the spin-orbit coupling that enters the effective single-particle Hamiltonian for the
quasiparticles. Only close to half band-filling and for sizable Coulomb interaction do we observe clear signatures
of Hund’s atomic rules for spin, orbital, and total angular momentum. For a finite local Hund’s rule exchange
interaction we find a ferromagnetically ordered state. The spin-orbit coupling considerably reduces the size of the
ordered moment, it generates a small ordered orbital moment, and it induces a magnetic anisotropy. To investigate
the magnetic anisotropy energy, we use an external magnetic field that tilts the magnetic moment away from

the easy axis (1,1,1).
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I. INTRODUCTION

In atomic physics, the spin-orbit coupling (SOC) plays an
important role because it determines the value of the total
angular momentum in the ground state according to Hund’s
third rule. After maximizing the total spin s (first rule) and the
total orbital moment / (second rule), the quantum number for
the total angular momentum is j = |l — s| (j = + s) below
(above) half filling (third rule) [1,2]. The third rule applies
in the limit where the SOC is small compared to the average
Coulomb interaction of the electrons, i.e., for all “light atoms,”
including transition metals. Note that the quantum numbers s
and / are, in fact, well defined only in the limit of a vanishing
SOC.

For atoms in a solid, the situation is obviously much
more complicated because neither of the three quantum
numbers s, [, or j is well defined due to a breaking of the
rotational symmetry. Yet, we know that some of the basic
mechanisms of Hund’s rules are still relevant. For example,
the maximization of the spin is a direct consequence of
intra-atomic exchange correlations that are caused by the
electronic Coulomb interactions. The very same Coulomb
interaction is the reason for magnetic order in solids, e.g.,
in ferromagnets. The SOC is only a small perturbation to the
dominant Coulomb interaction in transition metals and their
compounds. Nevertheless, it can have profound consequences,
e.g., for the direction of the magnetic moment, the so-called
“easy axis.”

From a theoretician’s point of view, the analysis of the
interplay and/or competition of a strong local Coulomb
interaction and a (comparatively small) SOC in a solid is
rather demanding. Even the study of simplifying models for
the Coulomb interaction, such as multiorbital Hubbard models,
poses a tremendously difficult task. Any study of such models
is possible with a limited numerical accuracy only, e.g., in
determining the ground-state energy. Given the fundamental
uncertainties in the treatment of the sizable Coulomb correla-
tions it is nontrivial to come to firm conclusions on the effects
of the SOC. Therefore, most theoretical studies on the interplay
of Coulomb interaction and SOC focused on insulating or spin
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states and/or assumed a rather large SOC [3-6]. For the study
of (itinerant) 4d, 5d, or f electron systems, the dynamical
mean field theory has been used frequently in recent years;
see, e.g., Refs. [7-10]. In such systems, however, the SOC
tends to be significantly larger than in transition metals and
their compounds that we have primarily in mind in our present
model study.

In this work, we employ the Gutzwiller approach [11] to
investigate approximate variational ground states for multior-
bital Hubbard models. The analytical evaluation of expectation
values for Gutzwiller wave functions poses a difficult many-
body problem that requires additional approximations. Most
often applied in the context of multiband models is the
“Gutzwiller approximation” which becomes exact for the
Gutzwiller wave functions in the limit of infinite spatial
dimensions [11-14]. It can be used to evaluate expectation
values for a large set of model parameters; see Sec. IIB.
This allows us to study systematically the subtle interplay
of Coulomb correlations and spin-orbit coupling.

We consider a Hubbard model with three degenerate #5,
orbitals on a three-dimensional cubic lattice. In the first part of
our investigation we concentrate on the interplay of Coulomb
interaction and spin-orbit coupling for paramagnetic metallic
ground states. We find that the Coulomb interaction enhances
the effective SOC between the quasiparticles. In addition, we
investigate the significance of Hund’s rules. Only Hund’s first
rule approximately applies in strongly correlated paramagnetic
metallic systems.

Itis well known that for a finite (local) exchange interaction,
multiorbital Hubbard models tend to favor ferromagnetic states
for sufficiently large Coulomb interactions. In the second part
of our investigation we investigate if and to what extent the
ferromagnetic states are modified by the spin-orbit coupling.
We find that the SOC opposes the formation of ferromagnetic
order in metals. While, in the absence of SOC, the ordered
moment has no preferred direction, the SOC aligns it along
the “easy axis” and induces a small ordered orbital moment.

Recently, the Gutzwiller method and the density functional
theory (DFT) were combined in a self-consistent manner
[15,16]; a formal derivation can be found in Ref. [17]. The
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Gutzwiller-DFT was applied to a number of materials, for
example to nickel and iron; see Refs. [17,18], and references
therein. From a methodological point of view, our model study
in this work provides a first step towards a self-consistent
treatment of the SOC within the Gutzwiller-DFT scheme.

This work is organized as follows. In Sec. II we introduce
our model and summarize the Gutzwiller variational approach.
In Sec. III we discuss our results for paramagnetic and ferro-
magnetic ground states. Summary and conclusions, Sec. 1V,
close our presentation. Technical details are deferred to two
appendices.

II. MODELS AND METHOD

In this section, we introduce our model and explain the
Gutzwiller variational approach that we use for its investiga-
tion.

A. Hamiltonian

We study a Hubbard model with three t,, orbitals per site on
a simple-cubic lattice in three dimensions. The Hamiltonian
of this system has the form

I:I = ﬂ0+ﬁC+ﬁ50a (1)

where Hj denotes the kinetic energy of the electrons, Hc
describes their Coulomb interaction, and Hy, models the
spin-orbit coupling.

1. Kinetic energy and density of states

We consider electrons that move between #,, orbitals b and
b’ onsites i and j of our simple-cubic lattice with L sites. In
second quantization the single-particle Hamiltonian reads

o= D 17 ata @

i#j o,0'
where we introduce the combined spin-orbital index

o=(,s), be{l,2,3}, se{tl} 3)

The crystal-field energies are set to zero, tl.”;"’ =0.
We use the standard parametrization for the hopping
amplitudes in (2) with some generic Slater-Koster parameters

[19]

D@3 = 03¢, —0.1¢,0.025¢, 4)
123 = 0.1¢,0.01t, 5
1@ = 011, — 0.025¢,0.02¢, (6)

for the electron transfers up to third-nearest neighbors. By
including hoppings beyond the nearest neighbors we make
sure that there are no artificial features in our band structure,
such as nesting vectors or particle-hole symmetry. In transition
metal compounds, the value of 7 is of the order of 1 eV. In our
pure model study in this work, we will simply set# = 1 as our
energy unit.
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FIG. 1. Density of states at the Fermi energy Er as a function of
Eg (blue) and the orbital occupation n, (black).

The single-particle Hamiltonian (2) can be readily diago-
nalized in momentum space,

o= thioolh sl 0 (7

k o,0'

with the bare dispersion

1 ;o
— > k(R;—R;
Ekivol = Z E tgjff otk( ,)’ (8)
i#]

and k from the first Brillouin zone. The remaining task is
the diagonalization of the 6x6 matrix &g, for each k to
obtain the (bare) band structure. For noninteracting electrons,
all energy levels up to the Fermi energy Ef are filled in the
ground state. The corresponding density of states at the Fermi
energy Er is shown in Fig. 1 as a function of both Ef and of the
average orbital occupation 0 < n, < 1. The total bandwidth
is W= 34

Apparently, the Hamiltonian for the kinetic energy is not
particle-hole symmetric, as can be seen from the density
of states at the Fermi energy. Figure 1 clearly shows that
DOS(n,) # DOS(1 — ny,). To study the influence of the
spin-orbit coupling, we shall later investigate a particle-hole
symmetric kinetic energy. For this case, we use the some-
what artificial Slater-Koster parameters for electron transfers
between nearest neighbors only,

M =02 =01, 9)

which lead to a symmetric density of states of bandwidth
W =2.

In our ferromagnetic calculations we focus on the filling
ne ~ 0.4 where the (paramagnetic) density of states has a
maximum at the Fermi energy. At such a maximum we
can expect a stronger tendency towards ferromagnetic order
according to the Stoner criterion [20].

035116-2



INTERPLAY OF COULOMB INTERACTION AND SPIN- ...

2. Local interactions

The Coulomb and spin-orbit interaction are assumed to be

purely local,
I:IC = Z I%;Cv

The local Coulomb interaction for a model with three degen-
erate t,, orbitals reads [21]

I:Iso = Zlqz’;so- (10)

2ch - Uznlbsnlbs +Z(U/_8ss J)ntbsnlb’ /
b(#)b’

S, s’

A At 4 N
+J Z |:(Ci,b,¢Ci,b,¢ci,b',¢ci,b',¢+H~C-)
b(FY

A At A A
+ § :Ci,b,sCi,b/,ﬁci,b,ici,b’,s . 1n
S

where we use the convention 1 = |, | =1, and A;,, =
éj’b’séi’b’s counts the electrons with spin s in orbital 4 on
site i. Note that for 7, orbitals the three parameters in (11)
are not independent because they obey the symmetry relation
U =U-2J[21].

For the SOC we use

150 _Zelo'ﬂ/clo‘él(f (12)

When we work with the following order for our local basis
lo),

1) =lyz.1), 12) =1lyz,d), 13) =Ixz,1),...,16), (13)

the six-dimensional SOC matrix €% in (12) has the well-known
form

0 —6; (o3 ~
e =—izlg; 0 -6 |=¢E (14)
(o)) 51 0

with the standard two-dimensional Pauli matrices &y, 65, 63,
and the SOC constant ¢ .
The local Hamiltonian

I:Ii;loc - I:Ii;C + I:Ii;so (15)

in the 64-dimensional local Hilbert space is readily diagonal-
ized,

HigoclT)i = Er|T);. (16)

For parameter values that are typical for transition metals,
¢/J =02...1.0and J/U = 0.2, the atomic spectrum has a
generic form. In Table I we list the degenerate eigenspaces of
I-?,-;loc, ordered by increasing energy for given particle number
0 < njee < 6. We give the degeneracy g of each level, its total
spin s, orbital moment /, and total “angular momentum” j.

Since the rotational symmetry is broken in our cubic
environment, the quantum numbers / and j do, in fact, not
label eigenstates of the total “angular momentum” operator. It
is well known, however, that in the #,, sub-space we have

= > I= a17)

ie{x,y,z}
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TABLE 1. Degenerate eigenspaces of I:Ii;]oc, ordered by energy
for a given particle number 0 < nj,c < 6 with a specification of
the degeneracy g, total spin s, orbital moment /, and total “angular
momentum” j.

No ne g s [ j No ne g K [ j
1 1 0 0 0 1 6 1 0 0 0
1 1 4 12 1 32 15 2 12 1 1)2
2 12 12 1 12 25 4 12 1 32
1 2 5 1 1 2 1 4 1 1 1 0
2 2 3 1 1 1 2 4 3 1 1 1
3 2 1 1 1 0 3 4 5 1 1 2
4 2 5 0 2 2 4 4 5 0 2 2
5 2 1 0 0 0 5 4 1 0 0 0
No Nioc 8 s l ]
1 34 32 0 32
2 34 12 2 312
3 36 12 2 52
4 3002 12 1 12
5 34 12 1 312
for the vector I of the three matrices
0o 0 O
L,=10 0 1],
0 —i O
y 0 0 —i
=0 o o], (18)
i 0 O
0O ¢ O
I,=1-1i 0 O
0O 0 O

Hence, the orbital moment behaves like that of [ = 1 states
(“T-P equivalence”) [21], because ( ) =1(1+1)=2.Tobe

more precise, one finds
I =-1"7", (19)

where on the right-hand side we introduced the representation
of the orbital momentum for (/ = 1) p orbitals. Due to the
T-P equivalence we can label the multiplet states |I') by a
quantum number j that formally corresponds to a total angular
momentum of / = 1 orbitals. Table I shows that Hund’s rules
are still valid for the ground states of all particle numbers if
we make the replacement / — —/ in Hund’s third rule, as a
consequence of Eq. (19). In particular, as seen from Table I,
the local spectrum is not particle-hole symmetric. As we will
show in Sec. III A 1, the particle-hole asymmetry induced by
the SOC is visible in our itinerant three-band lattice model
even when we work with a symmetric density of states.

B. Gutzwiller wave functions and energy functional
1. Wave functions

For the variational investigation of the Hamiltonian (1) we
use the Gutzwiller wave functions

We) =[] 2Iwo), (20)
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where |Wp) is a normalized single-particle product state
(Slater determinant) and the local Gutzwiller correlator is
defined as

Pi="Y irr D)l =) dir,ITa)ii(Tal.

r,r Iy

ey

Here, we introduce the matrix A; of (complex) variational
parameters A;;r,r- which allows us to optimize the occupation
and the form of the eigenstates |I'q); of P.

We assume that the matrix A; is Hermitian which ensures
that the eigenstates |['4); exist and form a basis of the
local Hilbert space. Without SOC it is usually a sensible
approximation to work with a diagonal (and hence real) matrix
;. For a finite SOC, however, it is essential to include at least
some nondiagonal elements in A;. In this work, we will take
into account all nondiagonal parameters in A;.r r with states
IT); and |T"); that have the same particle number.

The evaluation of expectations values with respect to the
wave function (20) poses a difficult many-particle problem that
cannot be solved in general. As shown in Refs. [11,22], it is
possible to derive analytical expressions for the variational
ground-state energy in the limit of infinite spatial dimen-
sions (D — 00). An application of this energy functional to
finite-dimensional systems is usually termed the “Gutzwiller
approximation.” It will also be used in this work. One should
keep in mind, however, that the Gutzwiller approximation has
its limitations, and the study of some phenomena requires
an evaluation of expectation values in finite dimensions
[23,24].

Since the energy functional of the Gutzwiller approxima-
tion has been derived in detail in previous work, we will only
summarize the main results in this section. In the following
we are only interested in systems and wave functions that
are translationally invariant. Hence, we shall drop lattice-site
indices whenever this does not lead to ambiguities.

2. Constraints
As shown in Refs. [11,22] it is most convenient for the
evaluation of Gutzwiller wave functions in infinite spatial
dimensions to impose the following (local) constraints

v — 1 =g, |¥)) =0, (22)

(@ PTP &, wy — Corg = 855 (A1 W) =0, (23)
for the local correlation operators P = 13,-. Here, we introduce

the local density matrix C = C; with the elements

Ci;a,a’ = (24)

Note that the order of indices in (24) has been chosen
deliberately because it slightly simplifies the analytical results
in Sec. [ B 5.

The constraints can be evaluated by means of Wick’s
theorem; explicit expressions are given in Appendix A. In
systems with a high symmetry, the matrix C is often diagonal,
e.g., for d orbitals in a cubic environment. In such a case,
one usually has to take into account only the diagonal
constraints (23), because the left-hand side of (23) for o # o’
is automatically zero for all values of A; that are included in
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the variational ansatz. Here, the matrix C is nondiagonal in
our system with a finite SOC. Even if one introduces a local
basis which has a diagonal local density matrix with respect to
|Wo), see Appendix A, one still has to take into account some
nondiagonal constraints.

3. Expectation values

Each local operator Oi, e.g., the operator I:Ii;so, can be

written as
0 = Z Or i, (25)
rr
e = 0T (26)

In infinite dimensions the expectation value of O; has the form

<0i)\[lG = Z OFz,Fs)‘Fz,rl)‘rg,r4 (mi;rl-H)‘PQv (27)
INBEN NP
where the remaining expectation values
0 _
Mg = (Mi;rr)w, (28)

can readily be evaluated using Wick’s theorem; see
Appendix A.
The expectation value of a hopping operator in infinite

dimensions reads (i # j)

(él]L (o] j 02 Z qu q(fz

01,03

(29)

lO'l ja)ﬂlo’

where an analytical expression for the (local) renormalization
matrix qJ "is also given in Appendix A. Note that the matrix
qg/ is, in general, neither real nor Hermitian. Any symmetries
among its elements are caused by those of the orbital basis
states |o) and the form of the Gutzwiller wave function.
For example, if we have no SOC and no magnetic or orbital
order in our degenerate three-band system, the renormalization
matrix has the simple form qg/ = 84,5'4/q With only one
renormalization factor for all orbitals.

4. Structure of the energy functional
In a translationally invariant system, the expectation values
that we introduced in the previous section lead to the following
variational energy functional (per lattice site)

Ec(L %) = 3 a5 (452)"

)
Es, ,02,01,0,

01,02
a{,0}
* 0
+ z : Erkrsplkr,rzmrlyrz‘ (30)
Iy,
Here, we introduce the tensor
L= gy, 02 AT ~
E01,02,01,02 - 2 :t 101 ]r72>\110
l#J
(3D

1 f
- Z 8k201v<’2<ck,al’ck,az/>\po
k

with the bare dispersion &g, ,» from Eq. (8).
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The energy (30) is a function of Ar v and |Wy) where | W)
enters (30), (31) solely through the (noninteracting) density
matrix p with the elements

Do oy = (€} 3G g Dy (32)

Note that the nonlocal elements of p (i # j) determine the
tensor (31) while its local elements

Plio),(ic") = Ci;a,(r’v (33)

as introduced in Eq. (24), enter the elements q(‘,’/ of the
renormalization matrix, the expectation value (28), and the
constraints (22), (23).

The energy

Eg = Eg(1,5,0) (34)

has to be minimized with respect to the variational parameters
Ar r and the density matrices p and C obeying the constraints
(22), (23), (33), and

pr=p. (35)

This additional constraint ensures that g corresponds to a
Slater determinant |Wy). Note that introducing the local density
matrix C as an independent variational object in (34), at
the expense of the additional constraint (33), is actually not
necessary. Instead one could consider the energy solely as a
function of A,3. Our form of the energy functional, however,
will turn out to be slightly more convenient because, in the
Gutzwiller approximation, g enters the energy in a nonlinear
way only through its local elements.

5. Minimization of the energy functional

We introduce the real and the imaginary parts of the
variational parameters

Arr = )\(r r Tt l)‘r - (36)

Due to the Hermiticity of A we have

A = A0 (37)
We ==L - AP =0, (38)

which leads to a number n, of independent (and real)
variational parameters A(r/ ) They will be considered as the

components v, of the n,- d1mens1ona1 vector

v=(vi,...,v)" (39)

The (in general) complex constraints (22), (23) are not all
independent, e.g., because of the Hermiticity of g°. We denote
the set of all independent real and imaginary parts of (22), (23)
by the n. real constraints
ga(w,O)=0 (=1,....n). (40)

The constraints (33), (35), and (40) are implemented via
Lagrange parameters 14,57, $2(i0),(jo’)» and A;. This leads to
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the Lagrange functional

Lo = Ec(v,p,C) — ZAzgz(v )

- Z No,o’ Z(CU o — Pio’), (m))

o,0'
- Z Z Qio).(jon[B° = Bljjoriorr (A1)
i,j o0’

which provides the basis of our minimization.
As shown, e.g., in Ref. [25], the minimization of (41) with
respect to o leads to the effective single-particle Hamiltonian

A=Y

i,j o,0'

7 4 85, 00) 8 5 (42)

with the renormalized hopping parameters

Y al@OZ@O) " @3)

01,03

7% w,C) =

The optimal Slater determinant |Wy) is the ground state of
I_’Igff’

H§"1Wo) = E§T|Wo). (44)

From the minimization of (41) with respect to C we obtain an
equation for 7, o in (42),

d d
oo = Ec — A . 45
Mo, TR El '3, 8 (45)
Finally, the minimization with respect to v
d d
PR E P (46)

determines the Lagrange parameters A; and the optimal value
of v. Equations (42)—(46) need to be solved self-consistently.
In Appendix B we explain in more detail how we solve this
problem numerically. Note that our minimization algorithm
does not require the constraints g;(v,C) to be independent. This
is a major advantage over the method that we had proposed in
the earlier work [25].

III. RESULTS

In the following we discuss the paramagnetic and the
ferromagnetic cases separately.

A. Paramagnetic ground states
1. Effective spin-orbit coupling

Without any breaking of spin or orbital symmetries, the
minimization of the Gutzwiller energy functional leads to
effective on-site energies (45) that have the same form as the
SOC (14) but with the coupling constant ¢ replaced by ¢°.
This change from the bare to an effective coupling constant
also changes the quasiparticle dispersion of I-Algff. Therefore,
the energy splittings at certain high-symmetry points as seen
in ARPES experiments are a measure for the effective,
not the bare, spin-orbit coupling. Note that extracting the
quasiparticle dispersion from our Gutzwiller approach relies
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9

FIG. 2. SOC renormalization rS°C as a function of the orbital
occupation n, for J =0, { = 0.05 (red), { = 0.1 (blue), ¢ =0.2
(black), and U = 2,3,4 (in ascending order).

on a Fermi-liquid interpretation [26]. However, all changes of
the effective single-particle Hamiltonian, e.g., energy shifts,
are related to changes of certain ground-state expectation
values. Since the latter are variationally controlled, it is very
likely that the exact single-particle spectrum reflects the same
trends.

In Fig. 2 we show the renormalization of ¢,

rSOC = ;Cff/é., (47)

as a function of the orbital occupation n, for the three bare
values ¢ = 0.05,0.1,0.2 and interaction parameters U = 2,3,4
and J = 0. Apparently, the effective spin-orbit coupling
increases as a function of U, apart from a small region
of an almost filled shell where ¢(U) < ¢. For U = 4,
which is approximately equal to the bandwidth, the spin-
orbit couping can be renormalized by a factor two or more,
rSOC(U = 4,n, =2/3,; =0.2) ~ 2.3. This substantial in-
crease is clearly visible in the quasiparticle band structure, see
Fig. 3, where we show the bare (U = J = 0) and renormalized
band structures (U =4,J/U = 0.2) for n, =2/3 and ¢ =
0.2. For example, the splitting of the bands at the I" point and
the R point is noticeably enhanced in presence of the Coulomb
interaction.

The renormalization r is not monotonic as a function
of the bare coupling ¢{. Moreover, it is not particle-hole
symmetric; i.e., it is not invariant under the transformation
ne — 1 — n,. This is only partly caused by the particle-hole
asymmetry of the bare density of states in Fig. 1. As discussed
already in Sec. IT A 2, the SOC inherently breaks the particle-
hole symmetry. To illustrate this point, we show the results
for a symmetric density of states that results from the nearest-
neighbor electron transfers (9), displayed in the inset of Fig. 4.
As seen from the figure, the SOC alone induces a particle-hole
asymmetry in the renormalization of the effective spin-orbit
coupling. We note in passing that band structures with a
fairly similar density of states may, nevertheless, display a
very different n, dependence of rS°C. Apparently, the full

SOC
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T R

FIG. 3. Quasiparticle bands along high-symmetry lines for { =
02,n, =2/3,U=0,J =0 (red),and U =4, J/U = 0.2 (black).

momentum dependence of the band structure determines the
details of the r5°€ curves.

For finite values of the exchange interaction J, the effective
coupling constants are smaller than for J =0, in general.
This can be seen in Figs. 5 and 6 where we show the
renormalization for J/U = 0.2 and U = 1,2 (Fig. 5) and
U = 2.5 (Fig. 6). Note that for U = U, < 2.5 there appears
a Brinkmann-Rice type of insulating phase [27] at half filling
where the renormalization matrix § is zero. Therefore we could
perform our calculations shown in Fig. 6 only away from half
filling.

The dependence of the renormalization on the band filling
n, appears to be even more complicated for finite J, in
particular in the region around half filling. One must keep
in mind, however, that there is a “trivial” contribution to the
renormalization of ¢ which simply stems from the bandwidth
renormalization induced by the renormalization matrix g2 . To

1.8

1.6

1.4

rSOC

1.2

! | ! | ! | ! |
0.8 02 04 0.6 0.8

(e

FIG. 4. SOC renormalization rS°C for the symmetric density of
states from the nearest-neighbor electron transfers (9), as a function
of the orbital occupation n, for ¢ = 0.1, J =0, U = 3 (black) and
U = 4 (blue); inset: density of states at the Fermi energy.
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SOC
r

| | | |
0.9 02 0.4 0.6 0.8

ne

FIG. 5. SOC renormalization 5°C as a function of the orbital
occupation n, for J/U =0.2, ¢ =0.05 (red), ¢ =0.1 (blue),
¢ = 0.2 (black), and U =1 (circles), U = 2 (squares).

understand this effect, we consider, for the sake of argument, a
renormalization matrix of the simplest form g7 = 85,0/,/¢. In
that case, the effective hopping parameters in (42) are given by

;7 = qt;} . Hence, in order to obtain the same expectation

ij
values of |Wy) as in the noninteracting limit, we must introduce
a scaling ¢ — g¢ < ¢. The effect of the enhancement of ¢°ff
is therefore amplified by the renormalization of the hopping
parameters.

For a more quantitative analysis, we define an average value

g of the bandwidth renormalization through
g = (Ho)a/{Ho)o; 48)

i.e., ¢ quantifies the reduction of the average kinetic energy
in the presence of the Coulomb interaction. The relative SOC
renormalization is then plotted in Fig. 7 for the same param-

0.2 0.4 0.6 0.8

R

FIG. 6. SOC renormalization rS°C as a function of the orbital
occupation n, for J/U =0.2, ¢ =0.05 (red), ¢ =0.1 (blue),
¢ = 0.2 (black), and U = 2.5.
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FIG. 7. Relative SOC renormalization r5°€/7 as a function of
the orbital occupation n, for J/U = 0.2, ¢ = 0.05 (red), ¢ = 0.1
(blue), ¢ =0.2 (black), and U =1 (circles), U =2 (squares),
U = 2.5 (diamonds).

eters as in Fig. 5. It shows that the nontrivial renormalization
is, in fact, largest in the region around half filling. Moreover,
it is actually fairly independent of the bare SOC, a feature that
cannot be seen in the original representation of the data in
Fig. 5.

2. Hund’s rules in a solid?

In the introduction we raised the question of whether, and
to what extent, Hund’s rules are still discernible in a solid. To
clarify this issue, we define the three “quantum numbers” s,/, j
via the local expectation values

(S?)G =s(s+1),
(L]), =10 + 1), 49)
(8i + LYo = j( + D).

Figure 8 shows these three numbers for ¢ = 0.05, J/U =
0.2, and U = 1,2,2.5. The bars give the values in the atomic
limit, as extracted from the ground states in Table I. As
expected, all quantum numbers move towards their atomic
values when we increase the Coulomb interaction parameters.
This is best visible near half filling when the system is
close to the metal-insulator transition that appears at half
filling.

As shown in previous work [11,28], this transition is of first
order where in the Gutzwiller insulating state all atoms are in
their ground state. This means that at U, all three quantum
numbers will jump to their atomic values at half filling. For
all other (integer) fillings, the system is still rather itinerant
and some of the quantum numbers, in particular j, deviate
significantly from their atomic values. This is best visible at a
filling of n, = 2/3 where the value of j is far off its atomic
value jaomic = 0. The results change only slightly when we
increase the values of U (and J) as can be seen from Fig. 9
where we display j, [, and s for larger values of U away from
half filling.
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Jls

FIG. 8. Quantum numbers j (black), / (blue), s (red) as a function
of the orbital occupation n, for J/U = 0.2, { =0.05, and U =1
(solid), U = 2 (dashed), U = 2.5 (dotted).

The difference between the behavior close to half filling and
the other integer fillings can be understood from the atomic
spectra. The high-spin ground state at half filling is only
slightly changed by a small SOC and, most importantly, its
degeneracy is not lifted. Hence, the energy difference between
the Hund’s rule ground state and the first excited state is of
the order of J. In contrast, at all other integer fillings, the
ground states are created by a splitting of the (degenerate)
ground states at { = 0, caused by the SOC. Therefore, the
energy difference between the Hund’s rule ground state and
the first excited states is much smaller away from half filling.
As a consequence, it is energetically not favorable to lose a lot
of kinetic energy by only occupying the Hund’s rule ground
state. Unlike in the half-filled case, the Hund’s rule ground
state does not dominate the quantum numbers in the metallic
phase at or around other integer fillings. As seen from Figs. 8

0 |

N | N | | N | N |
01 02 03 07 08 09
n

(9 (g

FIG. 9. Quantum numbers j (black), / (blue), s (red) as a function
of the orbital occupation n, for J/U =0.2, { =0.05, and U =6
(solid), U = 9 (dashed).
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0.5

FIG. 10. Spin S in (1,1,1) direction as a function of U with
J/U =0.2forn, = 0.4 and ¢ = 0.05 (blue), 0.1 (red), 0.15 (green),
0.2 (maroon), 0.255 (violet), 0.3 (orange).

and 9, only Hund’s first rule is seen to be obeyed in strongly
correlated paramagnetic metals close to integer fillings.

B. Ferromagnetic ground states

Without the spin-orbit coupling, the Hamiltonian commutes
with the total spin operator. Hence, the energy of a ferro-
magnetic ground state cannot depend on the direction of the
magnetic moment. For finite SOC, there is a preferred direction
of the moment, the so-called “easy axis.” In order to find this
axis, we minimize the energy functional with respect to | W)
without any bias on the magnetic-moment direction using a
completely general matrix 7, .. It turns out that in our system
and for the parameters considered in this section, the magnetic
moment always points into the (1,1,1) direction.

0.1+ b

0.05

FIG. 11. Orbital moment L in (1,1,1) direction as a function of
U with J/U = 0.2 for n, = 0.4 and ¢ = 0.05 (blue), 0.1 (red), 0.15
(green), 0.2 (maroon), 0.255 (violet), 0.3 (orange).
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FIG. 12. Anisotropy energy AE, , as a function of the magnetic-moment direction that is rotated (1) from (1,0,0) to (1,1,1) (solid lines)
and (2) from (1,0,0) to (1,1,0) (dashed lines) with maximum rotation angles &, = arccos 1/ V3anda, =7 /4; parameters: U = 1.2 (black),
U =1.25 (blue), U = 1.3 (red), U = 1.35 (green), U = 1.4 (orange), U = 1.45 (violet), U = 1.5 (maroon), J/U = 0.2, ¢ = 0.1; inset:

maximal anisotropy energy as a function of U for J/U = 0.2, ¢ = 0.1.

1. Ordered moment

In Fig. 10 we display the total spin § = 1(S;)| for seven
different values of ¢ (0 < ¢ < 0.3) as a function of U for
J/U = 0.2. As seen from the figure, the SOC destabilizes the
ferromagnetic order; i.e., the value U, for noticeable ferro-
magnetic order (S > 0.1) substantially increases as a function
of ¢. Concomitantly, the ordered magnetic moment m = 25
strongly depends on the SOC as long as the magnetic order is
weak, S < 1/2. The SOC becomes a small perturbation only
in the saturation region, S > 1.

The SOC not only reduces the ordered spin moment; it also
induces an orbital moment; i.e., L = |(L;)| is nonzero. This is
shown in Fig. 11 where we display L for the same parameters
as in Fig. 10, apart from { = 0 where L = 0. The orbital
contribution to the magnetic moment, however, remains rather
small, of the order of 10% of the spin moment, especially
for values of ¢ < 0.1 that are realistic for transition metals.
Therefore, the gain in orbital moment does not compensate
the loss in the ordered spin moment induced by the spin-orbit
coupling.

2. Anisotropy energy

Finally, we take a look at the “anisotropy energy,” i.e., the
dependence of the energy on the magnetic-moment direction.
To this end, we could introduce additional constraints that fix
the moment direction during the minimization. However, this
would require additional programming work that we prefer

to avoid. Therefore, we apply an external magnetic field that
allows us to change the magnetic-moment direction. In fact,
this is how the anisotropy energy would actually be measured.

Since our field is just a technical tool, we couple it to the
spin only; i.e., we add

Hp = —BZeB-Si (50)

to the Hamiltonian of our system. Here, ep is the direction
of the magnetic field that we adjust in our calculations. The
size of the field amplitude B must be chosen with care to
obtain meaningful results. On the one hand, it must be large
enough to force the magnetic moment into all directions
that we aim to investigate; i.e., in the ground state we must
approximately find (S;)g||ep. On the other hand, the variation
in the field contribution to the energy must be small compared
to the variation of the system’s energy that we actually want
to determine. Meeting these criteria becomes difficult, in
particular, in the region of small magnetic moments. In all
calculations that we are going to present below, we found that
a field amplitude of B = 0.002 leads to meaningful results for
the anisotropy energy.

In the following we consider rotations of the magnetic
moment from the (1,0,0) direction (1) into the (1,1, 1) direction
and (2) into the (1,1,0) direction. The corresponding maximal
rotation angles are & = arccos (1/+4/3) and &, = /4, respec-
tively. From our minimization we obtain the two energies
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FIG. 13. Maximal anisotropy energy as a function of U for
J/U =0.2,¢ = 0.2 (black), ¢ = 0.15 (blue), { = 0.1 (red).

E|»(x) as a function of the angle «. Since, as mentioned
before, the easy axis always points into the (1,1,1) direction,
we define the anisotropy energy as AE;(¢) = E;(x) — E1(ay).
This quantity is displayed in Fig. 12 for several values of
U (and consequently also different values of the magnetic
moment) for J/U = 0.2 and ¢ = 0.1. The figure shows that,
although the anisotropy energy is quite small, of the order of
several ten pueV per site, our approach is perfectly capable of
resolving it. The maximal anisotropy energy A Epx, i.€., its
value for « = 0, is a nontrivial function of U. This can be seen
from the inset of Fig. 12 where we display A E -

When we increase the SOC, the anisotropy energies change
significantly; see Fig. 13, where we show A E},,, as a function
of U for { =0.1,0.15,0.2. The nonmonotonic behavior of
A Eax has its cause in the band structure. For example, the
maxima in the red and blue curves and the corresponding
structure in the black curve correspond to almost the same
magnetization; cf. Fig. 10.

To extract the genuine ¢ dependence of A E ., it is best to
consider states with the same moment. This is done in Fig. 14
where we display AE,x as a function of ¢ for values of U
which lead to the same ordered spin moments. These curves
reveal that the anisotropy depends very sensitively on ¢ for
small values of ¢ whereas it becomes linear for sizable ¢.

IV. SUMMARY AND CONCLUSIONS

In this work we investigated the interplay of local Coulomb
interactions and the spin-orbit coupling in a three-orbital Hub-
bard model in three dimensions. Based on the Gutzwiller ap-
proximation to general multiband Gutzwiller wave functions,
we find that the Coulomb interaction leads to a considerable
renormalization of the effective SOC in paramagnetic metals;
the spin-orbit couplings can be enhanced over their atomic
values by a factor of more than two. This effect could be seen
in experiment as enhanced band splittings in the quasiparticle
dispersion.

Hund’s rules determine spin and orbital moments of an
atom. In metallic systems, signatures of Hund’s rules are
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FIG. 14. Maximal anisotropy energy as a function of ¢ for values
of U with the same ordered spin moment of § = 0.4 (black), S = 0.45
(blue), S = 0.5 (red), S = 0.6 (green), and J/U = 0.2.

visible only close to half band-filling. For all other (integer)
fillings, the local Hund’s rule ground states cannot dominate
over states with other quantum numbers because this would
be very unfavorable for the electrons’ kinetic energy. At best,
Hund’s first rule applies in strongly correlated metallic systems
close to integer fillings.

For ferromagnetic ground states, we find magnetization
curves that are significantly influenced by the spin-orbit cou-
pling. Overall, the SOC tends to destabilize the ferromagnetic
order. For example, it shifts the onset of ferromagnetism to
higher values of the Coulomb parameters. In the presence of
an ordered spin moment, the SOC has two main effects: (i) the
magnetic spin moment points into a preferred direction (easy
axis), and (ii) it generates a small but finite orbital moment in
the same direction as the spin moment.

We analyzed the magnetic anisotropy by applying an
external magnetic field with constant strength and varying
direction. Our method is capable of resolving the anisotropy
energy which can be rather small for spin-orbit couplings that
are realistic for transition metals. As a function of the Coulomb
interaction, the anisotropy energy shows a nonmonotonic
behavior which we could trace back to details of the electronic
band structure.

In this study we worked with the most general Ansatz for
a Gutzwiller wave function. For the calculation of anisotropy
energies, it is mandatory to avoid the often used approxima-
tion of a diagonal variational-parameter matrix because this
approximation results in anisotropy energies that can be off by
several orders of magnitude.

For our three-band model, it is possible to include all
elements of the variational-parameter matrix. Of course, this
cannot be done for five d bands. Therefore, strategies must be
developed to include only the most significant matrix elements.
In a separate, more technical work, we analyze in detail the
importance of nondiagonal variational parameters, and show
how to obtain accurate results with a properly chosen subset
of such parameters [29].
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Our method can directly be applied to materials that can
be described by effective three-band models, e,g,, St,RuOy. It
will be interesting to see the consequences of the substantial
spin-orbit coupling on the ground-state phase diagram and
other electronic properties of these systems [8,30].
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APPENDIX A: ENERGY FUNCTIONAL
AND ITS DERIVATIVES

1. Local basis

The local density matrix (24) is nondiagonal when we
include the spin-orbit coupling. For a fixed state |\Wy), however,
we can always find a local basis, described by operators

AT _ ’\T A _ * ~
di,y - Ml;m)/ci,a’ di,y - ui;a,yci,a

[ a

(AD)

and a unitary matrix ii;, so that the local density matrix D; is
diagonal,
Diy, =l d, Ve,

Ly“iy’

(A2)

=8y yniy.

Working with this new orbital basis |y) is quite useful because
the energy functional (30) as well as the constraints (22), (23)
have a much simpler form; see Sec. A 3.

In general, the basis |y) is not uniquely defined. For
instance, in our three-band model without any charge or
magnetic order, our local density matrix has the form

C =nol — An’E (A3)

with ¥ as defined in (14). The diagonalization of (A3) leads to
a twofold and a fourfold degenerate set of states |y) with the
occupation numbers ny — 2Any’ and ng + Ang’, respectively.
Therefore, the states |y) are defined only up to an arbitrary
unitary transformation within these two degenerate subspaces.
Even for a system with three nondegenerate orbitals there
would be a remaining twofold degeneracy in the spectrum
of C.

2. Atomic spectrum
We introduce the configuration basis |7) of the local Hilbert
space,

l_[cT 0y =¢f .. A;m [0), (A4)

oel

where the operators 6}, are in ascending order; i.e., we have
01 < 0y... <oy where |I| is the number of particles in
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state |7). Using the standard mathematical notations for set
operators, we frequently encounter the states |/ U o) or |[I\o)
which result from the local creation/annihilation of an electron.
Since we work with fermions, we define the minus-sign

function
fsgn(o, 1) = (I Ua el |I). (AS)

With the basis (A4), we can readily set up the local Hamilton

matrix
H)%, = (I|Hie|I') (A6)

and determine its eigenstates
= Z Tirll)
1

by standard numerical techniques. For the numerical mini-
mization of the Gutzwiller energy functional, however, we
prefer to work with the orbital states |y) and its corresponding
configuration basis

1y =[]dj0)=dj ...dj 0).
yelJ

(A7)

(A8)

One way to determine the expansion of |I") with respect to this

basis,
ry=Y Asrld),
J

would be to transform the local Hamiltonian Hi. to the basis
|y) and to set up and diagonalize the Hamilton matrix H}OS,
Alternatively, one may determine the eigenstates (A7) and
calculate the coefficients A 1 in (A9) from the formula

Apr =Y Tir(J),

7
= Det(u

(A9)

(JI1I) Z,.y,)v (0; € Ly; € J). (A10)

3. Energy functional

For a (still general) orbital basis |y), we find the following
expression for the constraints (22), (23),

Z )‘r r, rrzmr, r, =1, (A11)
I,
Z Alt,rl)‘r,rzmlqlu;/,rzuw =8y yny, (Al2)
r.rr,
where
ITUy) =djiT) = Y fsgn(y,NA,rlJ Uy),  (Al3)
Jy¢J)
mp v = (e ) w,- (A14)

Since |J) is a basis of the local Hilbert space, all expectation
values of the form (A14) are determined by the determinants

0

. QJA,J’ _QJA,J_
mJ,J/ = <mlgj/>q;0 ‘ . (AIS)

=iy gli
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Here, 2 ; are the matrices

Dy Dy -+ Dyl’,/‘,yl
Dyiyy Dy - ViV

Q= : : . : . (Al6)
DV{ ni Dy DV‘/JWV\J\

in which the entries are the elements of the uncorrelated
local density matrix (A2) that belong to the configurations

J =W ,yupand J' = (], ...,y/y). The matrix Q77 in
(A15) is defined by
1 - DVIJ/I _DV]J’Z _D)’mw)/l
B —Do, o, 1—Doyoy, --- =Dy
Qrr= ;
_DVI:V\J\ _Dl/ZvV\jl 1 - D}’mv)/m
(A17)
withy; e J=(1,...,N\(J UJ).

So far we have not used yet the defining condition (A2)
of the |y) basis. By applying it, the expectation values (A15)
have the much simpler form

0 0
mJ,J, = Sjyj/mj,

m(} = l_[n), H(l —ny).

yel yéJ

(A18)

It is this simplification that makes the use of the |y) basis
particularly convenient in the evaluation of ground-state
expectation values. For the calculation of derivatives with
respect to D, ., however, we have to start from the general
expression (A15); see Sec. A 4.

With the above results, Egs. (A14)—(A17), we can calculate
the local energy as

Eoe= Y Erdfpippmi . (A19)
T,
In the |y) basis we have explicitly
0
ey = D A AL rm, (A20)

Ji, )2

For a ground-state calculation, this expression can be simpli-
fied further using Eq. (A18).
Finally, the renormalization matrix has the form

Z )‘Fz,l“l)‘rs,r4<r2|f2f, IT'3)

Tl
X Y Anr Al HY (A21)
A
with
HY o=~ fr)ald 1JsUy'mS, .
+ (fy’,hmgl\yth +1 - f)/’-14)m3;1<;/’,14)
x (J\o'|d, 1) (A22)
and
fr = (J1d1d 1) (A23)
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is either zero or unity. Here, the expectation value m3]<y s, has
the same form as the one in (A15), except that the index J has
to be replaced by J\y’. We need the general result (A21) for
the renormalization matrix for the calculation of derivatives
with respect to nondiagonal elements of D, ,; see Sec. A 4.
For a ground-state calculation one can use Eq. (A2) and obtain
the simpler expression

T Z My Ar o (Taldf ITs)my, p,, (A24)
which may also be written in the form [31]
| PRI
g = —(Pld|Pd, ), (A25)

In summary, the Gutzwiller energy functional in the |y)

basis is given as
EG(v’ﬁaD) qu q}’z

Eyinviv
Y1,Y2
Vs
* 0
+ E ErAvr Arp,mr, - (A26)
rrr
Here, we applied the transformation to the |y) basis,
Eynviv = Z U, nHor,plia], V{”g/ y'Em o.00p  (A27)
‘71 ‘72
and
, . o
q;, = E Ugyllyr Gy - (A28)

0,0’

4. Derivatives

The minimization algorithm which we explain in this
section requires the calculation of derivatives of the energy and
of the constraints with respect to the variational parameters v,
and the local density matrix C or D.

(a) Derivatives with respect to vy

The constraints, the local energy, and the renormalization
factors are all quadratic functions of the variational parameters
v,; i.e., they are of the form

fO)=>" fr.zvzvz. (A29)
z,7'
The fast calculation of derivatives
Oy, f(V) = (A30)

Z(fz,z' + fz,2) vz
~

is then possible if all coefficients fz 7 are stored in the main
memory. In our calculations we observe that the number of
contributing coefficients f z in the expansion is particularly
large in the renormalization factors when we include nondiag-
onal elements in the variational parameter matrix Ar . Hence,
our minimization for the three-orbital model that includes all
n, = 924 nondiagonal variational parameters is numerically
much more demanding than the minimization, e.g., for a
five-orbital model with only diagonal parameters (n, = 1024).
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(b) Derivatives with respect to C;

For the calculation of the effective on-site energies (45),
we need to determine the derivatives of the energy and of
the constraints with respect to C, .. Again, it is easier to
calculate the derivatives first in the y basis and then transform
them via

9 9
=) Ul gy . (A31)
ICo.0 yzy: YT BD,

For the derivatives of the constraints and of the local energy,
we just need to determine the derivative of (A15). This
gives

Gl 0 o |1/n, for y € J,
9D, _8””’"1,!{—1/(1 —ny) for y ¢,

for y = y’, and

(A32)

0

., mrr

- =087 p, O gy —————————— A33
aD,., " = ot T s A
for y # ', where y € J and y’ € J'. The only remaining

problem is to calculate derivatives of the object m(}’; that
appears in the definition of the renormalization matrix,
Eqs. (A21), (A22), with respect to D, ,. It contributes
only when y # 7 and y’ # y. Then we can use the simple
relationship

a
0D,

1 CRN
] —mJ'J/.
- I/l)7 BDV/J’

v
J

(A34)

0
m,

APPENDIX B: MINIMIZATION ALGORITHM
1. Inner minimization

For a given single-particle state |W), or, equivalently, a
given single-particle density matrix p, we have to minimize
the energy functional (34) obeying the constraints (40). In
Ref. [25] we introduced a very efficient method for this
minimization which was used in a number of previous studies,
for example on elementary iron and nickel [17,18]. This
method, however, is only applicable if the gradients

F' =3,8(v) (B1)

of the constraints (40) are linearly independent because it
requires a matrix W;, = F' . F " to be regular.

In principle, this problem can be overcome by a group-
theoretical analysis that identifies the maximum set of in-
dependent constraints. Such a solution, however, is rather
cumbersome and it runs into difficulties if one aims to study
the transition between minima with different point-group
symmetries. Even if we ensure that the gradients F' are
linearly independent, however, we observe that the algorithm
introduced in Ref. [25] becomes prohibitively slow when we
aim to minimize the energy functional for a general (complex)
variational parameter matrix Ap .

For this reason we tested a couple of alternative minimiza-
tion algorithms that are discussed in textbooks on numerical
optimization [32]. We found the “penalty and augmented
Lagrangian method” (PALM) to be most useful in our context
when combined with an unconstrained Broyden-Fletcher-
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Goldfarb-Shanno (BFGS) minimization. We shall briefly
summarize these methods in the following.

(a) PALM
In the PALM one studies the functional

LR A1) = Eow) = 3 M) + 5 Yla)r,

(B2)
which contains Lagrange parameter terms (~A;) and penalty
terms (~u). In a pure “penalty method” one would set A; =
0 and minimize (B2) for a given value of p > 0. If, in the
minimum v = v, the constraints are sufficiently well fulfilled,
ie.,

> iwo)’ < g2 (B3)
!

with some properly chosen value of g., we may consider
Ey = Eg(vg) as a decent approximation for the Gutzwiller
ground-state energy. Otherwise, we increase p and start
another minimization.

For our Gutzwiller energy functional it turns out that the
convergence to the minimum is much faster when we use a
full PALM algorithm with Lagrange parameters A; # 0. This
method works as follows [32].

(i) Start from some initial values A; = Ao and p =
Mo, €.8., Ao =1 and po = 50| Eg(v™)|, where v are the
variational parameters in the noninteracting limit, i.e., with
Arr =0 .

(ii)) Minimize

L™ @) = LE™M . {A o} o) (B4)

with respect to v. For this step we use the method of steepest
descent combined with the BFGS method; see Sec. B1b. We
denote the minimum found in step (ii) by vy.

(ii1) Set

Apgr1 = Ak — i gi(vo), (BS)

M1 = Bk (B6)

with some properly chosen number 8 > 1. In our calculations
we worked with 8 = 2.
(iv) Go back to step (ii) until Eq. (B3) is satisfied.

(b) Steepest descent and BFGS method

We still have to choose a method for the unconstrained
minimization in step (ii) in the PALM. It is a major advantage
of our Gutzwiller minimization that calculating gradients of the
energy or of the constraints works just as fast as the calculation
of these objects themselves. Of course, this is only the case
when we use Eq. (A30) and do not try to calculate the gradients
numerically from the difference quotient.

Let E(v) be our functional and

Fy= 811E(v)|v:v0 (B7)

its gradient at the point vg. Then the simplest way of
minimizing E(v) is the “method of steepest descent” where
the one-dimensional function

AE(a) = E(vg+aF) (B3)
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is minimized with respect to «. Instead of the optimal value
o = «, in practical numerics we use a value & that reduces the
value of our functional E(v). We calculate a new point vg —
vy + @oF and reiterate the procedure until |Fy| is below a
predetermined threshold. It is the decisive advantage of this
method that it always converges towards a (potentially local)
minimum as long as the functional is well behaved, which we
can take for granted in physics. The main disadvantage of the
method is its rather slow convergence. Therefore, we found
it necessary to combine it with a faster algorithm, the BFGS
method, which, however, works reliably only in the vicinity of
the minimum.

The starting point of the BFGS method is a second-order
expansion of the functional

E(vo +8v) ~ E(vg) + Fo - dv+ 18v" - Hy - v,  (BY)

where H, is the Hessian matrix of second derivatives at the
point vy. Provided that Hj is positive definite, the right-hand
side is minimized for

Sv=—By-Fy, (B10)

where By = H,'. Making iterative steps in the variational
parameter space by means of Eq. (B10) is a multidimensional
version of the Newton method.

The main obstacle of the Newton method is the numerical
calculation of Hy and the solution of Eq. (B10). Therefore, it
is better to use a so-called “quasi-Newton-method” of which
BFGS is one example. This method employs Eq. (B10) without
calculating By (or Hp) exactly. It works as follows [32]:

(1) Start at some point v; and calculate the gradient Fy
and the inverse By of the Hessian matrix. Due to the benign
structure of our functional we can afford this initial calculation
of By because it is done only once.

(i) Calculate the new point

Vis1 = vk — Bi - Fy. (B11)
(iii) Calculate Fy, from
Fii1 = 00E(W)lyey,,, (B12)

and an approximate update of By from

Biyr = (1 — ouesiyy) Bisr (T — cwyyesy) + ausesy,  (B13)
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where
Sk = Vgy1 — Vg,

Yi = Fry1 — Fy, B14)

— T
Ok = Yi Sk

(iv) Go back to step (ii) until |Fy| is below some pre-
defined threshold.

Within the BFGS method it is not ensured that going from vy
to vy always leads to a decrease of our functional. Therefore,
we need the method of steepest descent as a backup to reach
a region in the variational parameter space where the BFGS
method converges.

2. Outer minimization

Given the optimum variational parameters v, from the inner
minimization we need to determine a new single-particle state
by means of Eqgs. (42)—-(46). All derivatives in Eqs. (45)—-(46)
are calculated with the formulas given in Eq. (B7). Then,
the remaining problem is the calculation of the Lagrange
parameters A; from Eqgs. (46). The number n, of these
linear equations is usually much larger than the number of
Lagrange parameters n.. Due to a possible interdependence
of the constraints, the solution of the equations may not be
unique. Hence, we cannot use the trick of Ref. [25] (see
Sec. 4.2.1 of that work), which led to a number of n. linear
equations.

Here, we choose to determine one of the infinitely many
possible sets of Lagrange parameters by minimizing the

functional
5 2
S aE (B15)
] 31)2 =1,

with respect to A;. Note that the lack of uniqueness for the
Lagrange parameters A; has no consequences for the fields
(45). The latter are always uniquely defined, apart from a total
energy shift that can be absorbed in the chemical potential.

With the fields (45) and the renormalization matrix deter-
mined, we diagonalize (42) and determine |Wy) by means of
the standard tetrahedron method.
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