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Magnetism and spin physics are true quantum mechanical effects and their description usually
requires multi reference methods and is often hidden in the standard description of molecules in
quantum chemistry. In this work we present a twofold approach to the description of spin physics
in molecules and solids. First, we present a method that identifies the single-particle basis in which
a given subset of the orbitals is equivalent to spin degrees of freedom for models and materials
which feature significant spin physics at low energies. We introduce a metric for the spin-like
character of a basis orbital, of which the optimization yields the basis containing the optimum spin-
like basis orbitals. Second, we demonstrate an extended Schrieffer-Wolff transformation method to
derive the effective Hamiltonian acting on the subspace of the Hilbert space in which the charge
degree of freedom of electron densities in the spin-like orbitals is integrated out. The method then
yields an effective spin-bath Hamiltonian description for the system. This extended Schrieffer-Wolff
transformation is applicable to a wide range of Hamiltonians and has been utilized in this work for

model Hamiltonians as well as the active space Hamiltonian of molecular chromium bromide.

I. INTRODUCTION

The theoretical study of the physics of many-body
quantum system has remained notoriously difficult on
conventional computers not least due to the intractable
exponential growth of the corresponding Hilbert spaces.
This holds true already for simple model Hamiltonians,
but becomes even more problematic for the study of real
materials due to the vast number of degrees of freedom
and interactions. To investigate certain aspects of these
materials it is therefore imperative to either utilize sig-
nificant approximations or to obtain a much more con-
cise Hamiltonian focused on accurately describing this
aspect. In this article, we concentrate on the description
of the spin physics of actual materials. These spin physics
are relevant for the understanding of the material’s mag-
netic properties as well as their experimental identifica-
tion with spin resonance spectroscopy techniques [I]. The
quantum simulation of spin system Hamiltonians is also
perfectly suited as an application of quantum comput-
ing in general [2] and analogue quantum computing in
particular.

We present a method for the derivation of the effective
Hamiltonian description for the relevant spin degrees of
freedom of an actual material embedded in an environ-
ment of fermions. The first part of the method entails
the identification of potential relevant orbital spin de-
grees of freedom. We propose a new metric for the clas-
sification of orbital spin degrees of freedom and present
a systematic way to determine the orbital basis that con-
tains the best realizations of these spins, see also [3].
Given the presence of relevant spins, we proceed with the
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second part of the method, a Schrieffer-Wolff transforma-
tion procedure [4} [5] aimed at decoupling the subspace of
the Hilbert space containing these spin degrees of free-
dom from the remaining high-energy subspaces. Many
different Schrieffer-Wolff and related unitary transforma-
tion schemes have been proposed, comprising perturba-
tive [4l [6], variational [7], and continuous [S8HI0] variants.
So far, the application of these methods has been lim-
ited to concise model Hamiltonians. We present an ex-
tended version of the perturbative Schrieffer-Wolff trans-
formation that can be applied to generic Hamiltonian
descriptions of materials, given the presence of relevant
low-energy spin physics in the material. We demonstrate
the accuracy of the effective spin-bath model Hamiltoni-
ans resulting from our Schrieffer-Wolff transformation for
the description of the low-energy physics both for model
Hamiltonians with established results [4] [TT] as well as an
actual material. We further discuss the extent to which
the quality of the effective spin-bath model Hamiltonian
derived with our proposed method can be predicted.

II. METHODOLOGY

In Section [[TA] we define the notion of spin-like or-
bitals and in Section [[IB| we propose the local parity
as a metric for the spin-like character of orbitals. In
sec. [[LC] we present our parity optimization procedure as
a way to determine the spin-like orbitals of a system. We
discuss the basic concept of the Schrieffer-Wolff trans-
formation in sec. [TD] We detail our proposed extended
Schrieffer-Wolff transformation method in Sections [[IEl
and [TEl In sec. [IG] we show how the described meth-
ods are combined into our workflow for deriving effective
spin-bath model Hamiltonians for materials with relevant
low-energy spin physics.
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A. Spin-like orbitals

We consider an orbital ¢; as being spin-like only if
the electron density n; contained in it is strictly equal
to one. This requires that the average electron density
in the orbitals ¢; satisfies (n;) = 1. It furthermore re-
quires that the fluctuations around this average electron
density satisfy dn; — 0. Negligible fluctuations around
the average electron density imply that electron density
of the orbital does not affect the low-energy dynamics
of the system and vice versa. Just an average electron
density (n;) = 1 places no restrictions on the orienta-
tion and dynamics of the electron spin in the orbital ¢;.
When both requirements are simultaneously met by the
states in the low-energy Hilbert space, the dynamics of
the electron density in the orbital ¢;, often referred to as
the charge degree of freedom, becomes superfluous to the
description of the dynamics of the system. The electron
density in the orbital ¢; consequently couples to the re-
mainder of the system exclusively via its spin degree of
freedom. It is then sufficient to represent the degrees of
freedom of the electron density contained in the orbital
¢; as a pure spin degree of freedom and to employ the
associated spin operator algebra. The local Hilbert space
‘H; of a spin degree of freedom is half the size of the local
Hilbert space of a fermionic orbital and is furthermore
naturally represented on a Qubit. We therefore aim to
determine each spin-like basis orbital or linear combina-
tions thereof meeting both stated requirements, so that
they can be represented as spins.

B. Local parity

We propose the ground state local parity P; as measure
for the spin-like character of an orbital ¢;. The operator
representation of the local parity reads

P (1 (1)

where n;p = chciT denotes the electron density in ¢; with
electron spin quantum number s = +1/2 and n;, =
CLCi | the electron density with quantum number s? =

—1/2 respectively. The local Hilbert space H; of the
orbital ¢; is spanned by the states,

{10y, 11, 14, [T} (2)

and the action of the local parity operator on these states
reads

Pj0) = +1[0)
Pill) = -1
BT = -1]1) ©
P = +1]1).

For states where the orbital contains a single electron the
local parity operator P; returns the eigenvalue p; = —1.

For the remaining two basis states P; returns the eigen-
value p; = +1. Any state |¢)) in the local Hilbert space
‘H; that contains contributions from non singly occupied
basis states hence satisfies

Pily) = (=1+a)[¥), (4)

with 2 > a > 0, because the resulting fluctuations in the
electron density dn; # 0 manifest themselves in strictly
positive contributions to the local parity. An alterna-
tive and more useful operator representation of the local
parity reads

Pi = (]_ — 26;'[?6”) (1 — 2056@) (5)
=1-2 (c%cn + CLCu) + 46%8;&0@6” ,

and its corresponding expectation value with respect to
the many-body state |n) can be expressed as

(nlPiln) = 1—2p) + 4p(2) (6)

% 4999 )

where

pz(;;) = Z<n|cgo—cp0|n> ) (7)

o

denotes the one-electron reduced density matrix (1-
RDM) and

P2, = (nlelyel eryoln) (8)
denotes the two-electron reduced density matrix (2-
RDM) respectively. If we choose |n) = |1)), with |[¢g) a
good approximation of the ground state of the system, we
can identify orbitals ¢; for which (P;)o = (Yo|P;|v0) =
—1 + ¢, with ¢ — 0, as spin-like orbitals of the system.
In general, the spin-like orbitals of the system do not
coincide with the basis orbitals. We therefore require a
method to determine the set {¢;} of orthonormal linear
combinations of basis orbitals, for which the local parities
most closely approach {p;} = —1.

C. Local parity optimization of the orbital basis

We propose an iterative procedure to determine the
particular orbital basis in which the local parities are ex-
tremal. For this we attempt a sequence of unitary pair-
wise rotations of the orbital fermionic operators given by

Cqo = c0s8 0 iy +sinfcjq

Cpe = —8inb ¢y + cosbcj, , (9)

with the same rotation being performed for the Hermi-
tian conjugates of the operators. From the reduced den-
sity matrices p(") and p® we can compute the local par-
ity of an orbital ¢4, which results from the linear combi-
nation of orbitals ¢; and ¢;, as (Py)o(#). The local parity



(P,)0(60) is an analytic, 2m-periodic function of the rota-
tion angle 6. We find extremal points 6,, of the function
(Py)o(0) in the domain 6 € [0, 27) from

—ao) (10)

and select solutions 6,, that satisfy

d? <Pq>0
do?

£0. (11)

O

The analytic expression for the derivatives of the function
(P;)0(0) are shown in appendix [A]l If a solution 6,,, ex-
ists which satisfies d?(P,)o/d6?|g,, > 0 and (P,)o(0,,) <
(Py)0(61) V0, € 6,,, we accept the rotation attempt ¢ — ¢
and j — p with rotation angle 6, and we reject the ro-
tation attempt otherwise. By repeating the procedure
for each pair of basis orbitals ¢; and ¢;, we arrive at
at an orthonormal basis in which the local parities have
taken up extremal values. We then identify the orbitals
¢4 of the resulting basis for which (P,)o = —1 + ¢, with
€ an arbitrary small, positive value, as the spin-like or-
bitals of the system. Basis orbitals ¢, with a local parity
(Pp)o =~ +1 can be regarded as beneficial for the purpose
of separating the system’s spin degrees of freedom from
their respective environment since they experience exclu-
sively a transfer of an even number of particles only, such
that the spin degree of freedom of electrons occupying the
orbitals ¢, becomes insignificant.

D. Perturbative similarity transformation

In principle, any Hamiltonian can be completely diag-
onalized by means of a particular unitary transformation

J

- B < q
H=eSHe ¥ =" —[S, Hlm
m=0

where for generators S satisfying ||S|| < ||Hol|, with || - ||
a suitable norm, one can approximate the expression as

H=Hy+V+I[S, H]+[S, V]+0(5%).  (15)

Considering that commutators of pairs of block-diagonal
operators or pairs of block-offdiagonal operators re-
spectively generally become block-diagonal, while the
commutators of block-diagonal operators with block-
offdiagonal operators become block-offdiagonal, one
chooses the equation

S, Hol= -V & [Hy S]=V, (16)

U. In practice, finding the particular unitary transforma-
tion U often requires a complete diagonalization of the
Hamiltonian to begin with. Here we recap how a pertur-
bative similarity transformation, namely the Schrieffer-
Wolff transformation [ [6], can be used to determine an
approximate transformation operator U, or the generator
S thereof, which does not diagonalize the Hamiltonian
fully, but yields a block-diagonal Hamiltonian instead.
These blocks consist of the orthonormal states in the
Hilbert space H that share the a given choice of char-
acteristics, e.g. the local particle quantum number n;.
We will denote the set of terms in the Hamiltonian that
are already block-diagonal in the intial basis as Hy. The
remaining terms connect different blocks, i.e are block-
offdiagonal, and are denoted V. The complete Hamilto-
nian thus reads

H=Hy+V. (12)

A unitary similarity transformation of the Hamiltonian
is given by

H=UHU =e¢ 5 (Hy+V)e® =e FHye® + e Ve,
(13)
where S is an anti-Hermitian operator. One refers to it as
the generator of the Schrieffer-Wolff transformation. The
key problem of the Schrieffer-Wolff transformation be-
comes finding the generator S such that the transformed
Hamiltonian H becomes entirely block-diagonal. In or-
der to arrive at an equation for S one makes use of the
Campbell-Baker-Hausdorff formula to expand

H+[S,H]+%[S,[S,H]]+..., (14)

(

by which one can determine the generator S which re-
moves the block-offdiagonal terms V' of the Hamiltonian.
If a solution S to eq. exists, one can use

[Sa [Sv HO]] = [Sv _V] - [S’ V] ¢ O(SQ)v (17)

to simplify the expression for the transformed Hamilto-
nian

. 1
H=e¢%(Hy+V)eS ~ Hy + 3 [S, V] 4+ O(5%), (18)
where the terms originating from [S, V]/2 contain the

perturbative corrections arising from the consecutive ap-
plication of two block-offdiagonal operators. A subse-



quent projection to the subspaces

Pu= > Ip)pl, (19)

PEPn

yields the block-diagonal Hamiltonian

gblockfdiagonal = Z Pngpn ’ (20)

where n denotes the distinct blocks of the Hilbert space.

E. Symmetry specification of block-offdiagonal
operators

The block-offdiagonal part of the Hamiltonian V' con-
sists of a sum of block-offdiagonal terms. These in turn
comprise products of individually block-offdiagonal oper-
ators z. In the following we detail a method to decom-
pose generic block-offdiagonal operators x into distinct
components. Fach of the components exclusively con-
nects two distinct blocks of the Hilbert space H, often
associated with distinct quantum numbers of a symme-
try of the system. A given block-offdiagonal operator
x : H — H satisfies

[Ho, ] =€z #0, (21)

where € denotes an arbitrary scalar and z : H — H an
arbitrary operator. Let A be a diagonal operator in the
initial basis. It can be identical to the symmetry operator
differentiating the blocks of the Hilbert space, but is not
required to be. One can use the spectrum of A to expand
the operator = as

x:qu:Z&H(Afai)m, (22)

q i#q

where the different z, couple the target subspace asso-
ciated with the eigenvalue a4 of A to other subspaces of
the Hilbert space. If the operator A satisfies

[z, A] =0, (23)

then both subspaces, initial and final, coupled via z, are

specified by the eigenvalue a,. This is possible for the

fermionic creation and annihilation operators cZT-U and ¢;o

and is displayed in appendix E The coefficients 3, are
solutions to the equation

By H (ag —a;)=1. (24)
i#q

The symmetry-specified block-offdiagonal operators z,
satisfy

[xq, m:;,] X Ogq’ (25)

where the operator ng denotes the Hermitian conjugate
of the operator z,.

F. Schrieffer-Wolff transformation as a system of
linear equations for unique block-offdiagonal
operators

Following the procedure outlined in Section [[TD] we
separate the Hamiltonian of the system into its block-
diagonal and block-offdiagonal contributions as

H=Hy+V. (26)

The block-offdiagonal contribution V' comprises each
block-offdiagonal term v

V:Zaq,

{v}

=> a [[TT D iy | + [ IT D=

{v} i q(i) L3 q(i)

"
l_Iojl_Ixz + Hoiji (27)

T

where [],2' denotes sequences of individually block-

offdiagonal operators, Hj o’ denotes sequences of indi-

vidually block-diagonal operators, and xfl(i) denotes the
symmetry-specified components of the operator z*. We
introduce a vector spaces V} and V¢, for which each
unique pair of Hermitian, or anti-Hermitian respectively,
symmetry-specified operator sequences in V' corresponds
to a unique orthonormal basis vector

(Hj ol I1; xfl(i)) + (Hj o T, xé(i)>T eVl
(Hj o1, x;(i)) - (H] o I, glfl;(z'))Jr eV
(28)

where V" denotes the Hermitian vector space and V¢ the
anti-Hermitian vector space. We define the linear map

V= Vr

VgV (29)

where the action of the linear map on a vector é, is given
by

Leé, = [Hy, &, (30)
where
(Lé,) € V¢ if e, € V!
(Lé,) eV} if é, e V' (31)
with
dim (V1) > dim (W) , (32)

since V; includes additional unique operator sequences
generated by [Hp,é,]. In the vector spaces V we
can translate equation for the generator S of the
Schrieffer-Wolff transformation to

LS=V & [Hy, S =V, (33)



with § e V§ and Ve VI'. Determining the generator S
of the Schrieffer-Wolff transformation becomes equivalent
to solving the set of linear equations . In general one
finds

rank(L) < dim (V) < dim (V) , (34)

and there is consequently no unique solution S to the
set of equation . It is intuitive that the terms of
V' approximately bring about transitions between dis-
tinct eigenstates of Hy belonging to different blocks of
the Hilbert space. This is reflected by

[Ho, é!] = <AEO,U Hol> e, (35)
l

where AEj , denotes the eigenvalue difference between
the two eigenstates of Hy and ], o' denotes an arbitrary
sequence of individually block-diagonal operators. From

equations and we can approximate

(36)

which highlights the necessity for a significant energy
gap AFEjy , between the separate subspaces of the Hilbert
space coupled by V' in order for the series expansion of
H to O(S?) to be considered a good approximation. We
consider terms v for which

a2

voo>, 37
AEo,| = (37)

to be the resonant terms of V' which should be retained
in the transformed Hamiltonian H. To identify these
resonant terms of V', we employ a singular value decom-

position (SVD) of the linear map L and arrive at

L= UEWJT =U (2> + E<) WT = Lgapped + Lresonant ’
(38)

where Y~ comprises the singular values

7> 5 Vet (39

Y {v}

where N, denotes the number of terms v. We define the
Moore-Penrose pseudoinverse of L that acts exclusively
on the gapped, i.e. non-resonant, terms in V' as
+ _ +

LY oped = (WL U, (40)
where Zi denotes the pseudoinverse of ¥~.. In the ab-
sence of a unique solution to , the closest approxi-
mate solution [12] is given by
gapped

S = (L+ 17) eve, (41)

and the resulting transformed Hamiltonian reads

~ 1
H = HO + V;esonant + [Sa V;esonant] + =

2 [S; Vgapped] )

(42)

where Vgappcd = [H07 S} and ‘/rcsonant = (V - Vgappcd)'
The quality of the approximate transformed Hamiltonian
H and its respective Hpiock—diagonal (S€€ €q. for the
description of the low energy dynamics of a given system
is discussed in Sections [ILC] to [ITEl

G. Full workflow

In the following we outline the steps of the workflow
that we use derive an effective spin-bath model Hamilto-
nian from a first principles description of a material.

a. Computation of the required system information
We start with an ab-initio electronic structure calcula-
tion [I3] of the material to determine its ground state.
The electronic structure method needs to be a post-
Hartree-Fock or related method, this excludes density
functional theory, to capture the effect of correlations in
the two-particle reduced density matrix p(?). From the
electronic structure calculation we obtain the single par-
ticle basis orbitals for the one-electron and two-electron
integrals which specify the Hamiltonian description. For
the ground state of the calculation we compute the one-
particle and two-particle reduced density matrices p(*)
and p®.

b. Determination of spin-like basis orbitals We uti-
lize the reduced density matrices to assign a local parity
(P;)o to the basis orbitals ¢;. We then perform pair-
wise rotations of the basis orbitals to determine the ba-
sis in which the local parities of the basis orbitals is ex-
tremized. If there exist optimized basis orbitals ¢, with
(Py)o +1 < &, where we typically chose ¢ < 107!, we
proceed with the subsequent steps of the workflow. If no
spin-like orbitals are found, we terminate the workflow.

c. Schrieffer-Wolff transformation of the Hamilto-
nian  We use our Schrieffer-Wolff transformation ap-
proach to integrate out the valid terms of the Hamil-
tonian that modify the electron density in the spin-like
orbitals which leads to renormalized couplings of the elec-
tron spins in the spin-like orbitals to the environment.
The valid terms are the ones that couple subspaces of
the Hilbert space between which there exists a signifi-
cant energy gap.

d. Construction of the effective spin-bath Hamilto-
nian The transformed Hamiltonian H is projected to
the particular subspace of the Hilbert space where the
electron density of spin-like orbitals ¢, is fixed to ny = 1.
Utilizing the identity n, = ng+n4, = 1 fermionic opera-
tors acting on the spin-like operators are substituted with
the corresponding spin operators. The resulting Hamil-
tonian PHP is the effective spin-bath representation of
the material.
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FIG. 1: Schematic representation of the lattice model
described by the Hamiltonian . The lattice sites A;
are shown in grey. On the orange lattice sites B; the
fermions experience a strong repulsive Hubbard
interaction U which energetically discourages np, # 1.
The hybridization between the lattice sites A; and A; 4
is given by t < 0. We impose periodic boundary
conditions via a hybridization ¢ between the lattice sites
Apn—4 and A;. There is a small hybridization 0 > V >t
between lattice sites A; and B;. The local Hubbard
density-density interaction of strength U > [¢] is
strongly repulsive. The connectivity and the coupling
constants of the lattice models are chosen such that the
lattice sites B; should be good realizations of spin-like
orbitals.
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e. Representation on o device (optional) The effec-
tive spin-bath model Hamiltonian PHP is re-expressed
in terms of the spin operators that are realized on the
specific device.

III. EXAMPLES

Here we present a selection of systems to which we have
applied our methods for identifying spin-like orbitals and
for deriving effective spin-bath model Hamiltonians. In
Sections [[ITA] and [[ITB| we showcase the spin identifi-
cation procedure for a lattice model and for a radical
molecular system. In Sections [[IIC| and [[ITD] we com-
pare our Schrieffer-Wolff transformation method with the
established results for two well-known model Hamiltoni-
ans. In sec. [[ITE|we then apply the complete workflow to
molecular chromium bromide and discuss the accuracy of
the effective spin-bath model Hamiltonians.

A. Spin-bath chain model

As a first test of the parity optimization procedure we
introduce a simple lattice model. We have chosen the
connectivity of the lattice sites and the coupling con-
stants such that for the lattice sites B; an electron den-
sity (np,)o # 1 is strongly discouraged. The lattice sites

B; should consequently be good realizations of spin-like
orbitals. The Hamiltonian of the lattice model reads

H=Y" (t 0l 1o + Val bio + h.c.) (43)

1 1
+UY (b}biT - 2) (bLbii - 2) ,

where agg creates a fermion of spin ¢ on lattice site A;

and b}a creates a fermion of spin o on lattice site B;.
We impose periodic boundary conditions for the lattice
sites A;. A graphic representation of the lattice model
is displayed in Fig. The coupling constants satisfy
U>|t| >|V]and 0 > V > t. The repulsive Hubbard
interaction on lattice sites B; in combination with the
weak hybridization between B; and A; places a significant
energy penalty on np, # 1. Low-energy eigenstates of the
Hamiltonian should therefore satisfy np, = 1 and the
lattice sites B; be considered good realizations of spin-
like orbitals.

We have calculated the low energy spectrum of the
Hamiltonian of a chain of M = 4 unit cells contain-
ing N = 8 fermions using a numerical diagonalization
method. The reduced density matrices p(t) and p(®) have
been computed for the corresponding ground state [ig).
The eigenstates of p*) form the natural orbital basis. We
find eigenvalues (n;) = 1 of p(!) for Ny, = 2 natural basis
orbital ¢;. The local parities of the natural orbitals are
shown in Fig. 24

We find (P;)o > 0 for each natural basis orbital ¢;.
This indicates that the ground state |¢) features signif-
icant contributions from Slater determinants |£) where
n;|€) = 0]€) or n;|€) = 2|€) respectively for each natural
basis orbital. The average of these contributions yields
(n;)o = 1, but the contributions (¢y|¢) # 0 manifest
themselves in strong fluctuations [on;| > 0. The lat-
tice model highlights that the natural orbitals are gener-
ally not suitable candidates for spin-like orbitals, because
they do not satisfy the necessary criterion dn; — 0. We
point out that the original basis had already contained
the spin-like latttice sites B;. In the given example the
natural orbital basis fails to be a good starting point in
the search for spin-like orbitals. To test the capability of
the parity optimization procedure we have used the nat-
ural orbital basis as the starting point, because we have
previously found them to be sufficiently far from the opti-
mal original basis. The results of the parity optimization
are shown in Fig. 2B

We find Ny, > 4 orbitals ¢, with local parity (Py)o ~
—1. These optimized orbitals ¢, coincide with the origi-
nal lattice sites of B;. Despite the intentionally difficult
starting conditions the parity optimization procedure was
able to recover the original basis featuring the lattice sites
B; that had been designed to be spin-like.



= 2.0 == nitial basis (P;)o ‘
D—» — Natural basis (Pq)o
a” 15— » {Ng)o
] [ ]
b 10 | \ o [ [ 4
- — L] L4 /
- \\ /
S 05 N v’
_ -———— -
© oo
O 00—
O
1
-1.0 \ \ \ ‘
0 2 4 6

Index (i, q) in the respective basis

(a)
Q_U 1.0 |- TS ° . 'o-—-.‘ Ps o
N ] \
a I \
— 0.5 I \
> I \
e = |nitial basis (Pi)o ] \‘
© | = Optimized basis (Pq)o 1
2 0.0 I v
© I \
=4 I
S 05 '
I
I
—1.0 7 | | |

0 2 4 6
Index (i, q) in the respective basis

(b)

FIG. 2: Local parity (Py)o of the basis orbitals of (a)
the natural orbitals basis and (b) the parity optimized
basis of the spin-bath chain model described by
eq. . (a) The dark grey line shows the local parities
of the original basis orbitals and the dashed orange line
indicates the local parities of the natural basis orbitals.
The blue circles display the average electron density
(ng)o in the natural basis orbitals. In the natural basis
we find Ny, = 2 orbitals ¢, for which (ng)o = 1, but the
respective values of the local parities (Py;)o > 0
highlight that [0n,| > 0. (b) The dashed orange line
now displays the local parities of the parity optimized
basis orbitals. The blue circles show the average
electron density (ng)o in these optimized basis orbitals.
In the optimized basis we find Ny, > 4 orbitals ¢, with
local parity (P,)o ~ —1. We also observe (nq)o = 1 for
each orbital. The orbitals ¢4<3 of the optimized basis
are considered spin-like.

FIG. 3: (a) Molecular structure of the closed
configuration of the molecule para-benzyne (CgHy). (b)
Isosurface of one spin-like orbital ¢,—; of para-benzyne.

(c) Isosurface of the other spin-like orbital ¢4—o of
para-benzyne.

B. Closed configuration of para-benzyne

As a second testbed for the parity optimization pro-
cedure we have adopted the molecule para-benzyne
CgHy [I4]. The molecule is depicted in Fig. In its
closed configuration para-benzyne is known to feature
two spin-like orbitals that are non-trivial linear combi-
nations of the original basis orbitals [I5]. The complete
active space self-consistent field (CASSCF) [13| 16} [I7]
method was used to compute the reduced density matri-
ces pM) and p(® in the CASSCF ground state. The basis
set comprises Ny, = 62 CASSCF canonical molecular or-



bitals of which Ny, ., = 12 orbitals form the active space
of the calculation. The Hamiltonian description of the
molecule in the basis reads

H = Z tJU zUcJ‘7/+ Z

ijoo’ ijkloo’

]kl Czo‘ ]glcka'/clo ) (44)

where the one-electron integrals tfj"/ and two-electron in-

tegrals Vz‘j’,‘c’; have been determined as part of an ab-initio
calculation. The parity optimization procedure was per-
formed for two sets of initial basis orbitals. The first set
contained all Ny, = 62 basis orbitals of the CASSCF cal-
culation. The second set was restricted to the Ny, = 12
basis orbitals ¢; with local parity (P;)o < 9.5 x 1071,
which coincides with the active space of the CASSCF
calculation. The local parities in the initial and the op-
timized basis are displayed in Fig.

The differences between the complete and reduced ba-
sis sets are insignificant when only considering the or-
bitals of smallest local parity after optimization. Discrep-
ancies between the two optimizations can be observed for
basis orbitals of larger local parity. In this case the access
to the complete set of basis orbitals allows for further re-
duction of the local parity of some basis orbitals in the
optimization. After parity optimization we identify two
basis orbitals ¢, for which the local parity takes the value
(P)o ~ —9.4 x 1071, This is sufficiently small a value
of the local parity to be considered spin-like. The local
parities of the remaining basis orbitals are significantly,
larger i.e. (P,)o > —5 x 1071, The two spin-like orbitals
¢4 are the linear combinations

1 .
¢q(m = ﬁ [¢a (F) + qbb(r)] ) (45)

of two specific CASSCF canonical molecular orbitals ¢,
and ¢y of the original basis. This is consistent with re-
sults from previous studies of the closed configuration of
para-benzyne [I5]. An isosurface image of the two spin-
like orbitals ¢, is displayed in figures [3b] and

C. Single impurity Anderson model

The intuitive first application example for our pro-
posed Schrieffer-Wolff transformation approach is the sin-
gle impurity Anderson model (STAM) [I8]. It is the
model Hamiltonian for which this type of perturba-
tive similarity transformation was originally proposed by
Schrieffer and Wolff. The generator of the transforma-
tion and the transformed Hamiltonian are both known
analytically. The STAM describes a localized magnetic
moment in a system of non-interacting electrons. The
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FIG. 4: Ground state local parities (P;)q of the basis
orbitals of para-benzyne (CgHy) in the initial CASSCF
canonical molecular orbitals basis (dark grey line) and
the two different parity optimized bases (dashed orange

and blue). The local parities (P;)q of the original
atomic basis orbitals each satisfy (P;)o > 8.5 x 1071,

the initial basis orbitals are not considered spin- hke.
The local parities (P,)o of the basis orbitals ¢4 in the

optimized basis, where the full set of N = 62 orbitals
has been optimized, are shown in orange. The resulting

local parities (P,)o, where the subset of N = 12 basis

orbitals ¢; with initial local parity (P;)o < 9.5 x 1071
has been optimized, are displayed in blue. The electron

densities in the optimized basis orbitals is shown as
green circles. The restricted set turns out to be
equivalent to the active space of the CASSCF
calculation used to obtain the reduced density matrices

p) and p®). The local parity (P,)o ~ —9.4 x 107" of

two specific optimized basis orbitals ¢, is sufficiently

small for the criteria (n,)o =1 and [dn,| =~ 0 to be
simultaneously fulfilled. The isosurfaces of these
spin-like orbitals are displayed in Figs. b and

SIAM Hamiltonian reads

o[ i) w0

(46)
1 1
T T

where d:ff creates an electron with spin ¢ on the impurity

site and c;rg creates an electron of spin o on the lattice



site ¢ of the remainder of the system. If one identifies

:_tz (1001 1J+hC)

i=1,0

1 1
T T
+U (deT ~ 2) (didl ~ 2)

V=-1Y (dj,c(),(, + cgﬁgdc,> :

(47)

(48)

the canonical transformation by Schrieffer and Wolff [4,
19 20] yields the Hamiltonian

Z Jkk/ dTO'd )(ck ,0CL & )

k,k'oo’

J]
+ Z (Wkk + ﬁde ) CroCko

J
+ Z ﬂc;rwck, dyds +h.c. + Zskckgc;m,
kk'c ko

(49)

where the parameters

Vk X ‘/Oa
€ = —2tcosk,

are the consequence of a Fourier transformation to mo-

mentum space k = 2(_ NJY:rl) e (21(\’]\7317)7, while the effec-

tive coupling constants

1 1 1 1
Tk = Vir Vi < 7+ - - U) ;
€k~ 3 7 vty
(52)

Vi Vie 1 1
U + U ’
2 Ek+§ Ek/—'_?

are the result of the Schrieffer-Wolff transformation. A
subsequent projection P of the Hamiltonian H to the
subspace of the Hilbert space in which the impurity site
is singly occupied yields the Kondo Hamiltonian [2T]

Wik = (53)

PI:IP = Z&kc;rmckg — Z Jk/kgd . CLU(?C]W/ y (54)
ko kk'oo’

where the magnetic impurity is coupled to the elctrons
in the system via its spin degree of freedom S, =
(S%,8Y,5%) only.

We have studied a STAM Hamiltonian of length N =9
system lattice sites and an additional site representing
the magnetic impurity with hybridization between sys-
tem and impurity Vp/t = 1/4. The hybridization ¢ be-
tween system lattice sites represents the energy scale
of the system. We have fixed the electron number
Nelectrons = 10 and Ei o7 = 0 to perform a ground state
computation using a numerical diagonalization method
for a range of impurity interaction strength values 3 <
U/t < 40. We have calculated the local parity (Py)o
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FIG. 5: Rescaled ground state energy difference
Ux AEy/t =U x |Ey pyfp) — Eo,u|/t between the
ground state of the STAM Hamiltonian and the
transformed Hamiltonians H and PHP as a function of
the interaction strength U/t. The dark grey line
represents the scaled energy difference for the
transformed Hamiltonian H. The dashed orange
displays U x AEy/t for the effective Hamiltonian PHP
where the impurity site is restricted to single occupancy
ng = 1. The solid blue line displays the local parity
(Pyg)o of the impurity site in the true ground state for
each value of the interaction strength U/t.

of the impurity site in the ground state. We have used
our Schrieffer-Wolff transformation approach to numeri-
cally determine the Hamiltonians H and PHP for each
value of the interaction strength U/t and have com-
pared them with the established and analytic results (50))
and . The numerical results match the analytic ex-
pressions exactly. We have also calculated the discrep-
ancy AFEy = |E0,(7>)H(7>) — Eo u| between the ground
state energies Fy of the SIAM Hamiltonian H ({47) and
the energy of respective ground states of the transformed
Hamiltonians H and PHP. The ground state local parity
(Py)o of the magnetic impurity and the rescaled ground
energy discrepancies UAFy/t as a function of the inter-
action strength U/t are shown in Fig.

For values of the interaction strength U/t < 4, we ob-
serve a several pronounced energy differences between the
SIAM ground state and the ground states of the trans-
formed and effective Hamiltonians. In this weak interac-
tion regime, the chemical potential of the impurity lies
within the bandwith D = 4t of the tight-binding chain
representing the remainder of the system. There is then
no energy gap between the subspace of the Hilbert space
where the impurity is singly occupied and the rest of the
Hilbert space. In the absence of an energy gap, limiting
the series expansion to first order in S is not a justi-
fied approximation. For values of the interaction strength



U/t > 4 we observe a decrease of the energy discrepancy
AEj of the ground state energies of the SIAM Hamil-
tonian and the transformed and effective Hamiltonians
respectively as a power-law (U/t)~® of the interaction
strength with an exponent o > 2. The energy discrep-
ancy quickly becomes small with respect to the energy
scale ¢t and we find AEy/t — 0 for U/t — oco. For the
ground state local parity on the impurity site we observe
7x1072 > ((Pg)o+1) > 3 x 1072 in the regime U/t < 4.
For larger values of the interaction strength U/t > 4 we
find that the local parity of the impurity site approxi-
mates a polynomial function ((Pg)o+1)(U/t) o< (U/t)~?
with the exponent 8 =~ a — 1. The local parity of the
impurity site appears to _be a good indicator of quality
of the approximation if H is supposed to become
block-diagonal in the subspaces of the Hilbert space with
different particle number ny on the impurity site. This
supports our claim that a local parity ((Pg)o +1) — 0
signals that the corresponding site can be represented as
a spin degree of freedom and that PHP is then a good
effective Hamiltonian to describe the low-energy spin dy-
namics of the system. The energy discrepancy AE)y is
identical for both H and PHP. In the case of the STAM
Hamiltonian the Schrieffer-Wolff transformation yields a
Hamiltonian H that does no longer couple the distinct
subspaces characterized by ng = 1 and ng # 1. We find
that our Schrieffer-Wolff transformation method recov-
ers the analytically known results and that the ground
state of effective Hamiltonian P HP approaches the true
ground state as U/t — oo at a rate faster than (U/t)1

D. Disordered Fermi-Hubbard model

Another significant model Hamiltonian, for which the
analytic expression for the Schrieffer-Wolff transformed
Hamiltonian is known, is the Fermi-Hubbard model [22]
23]. It is translation invariant and describes the elec-
trons in orbitals with small nearest-neighbor hybridiza-
tions ¢t where electrons occupying the same orbital exert a
density-density interaction U on each other. In the limit
U/t — oo and Nglectrons/Norbitals = 1 the transformed
Hamiltonian H reduces to the well-known Heisenberg
model of interacting spins [7, [IT]. Here, we present the
Schrieffer-Wolff transformation for the disordered Fermi-
Hubbard (dFH) chain. Its Hamiltonian is given by

N
H :ZZ |:€iCI’UCi7U

i=1 o

1
+ UZ < ZTC’LT > (CLCN, - 2) )

where the values ¢; have been randomly drawn from
a normal distribution of width ¢ = ¢/2. The corre-
sponding Hamiltonian after Schrieffer-Wolff transforma-
tion and projection to the subspace of the Hilbert space

—t (czaci_lﬁ + h.c.)] (55)
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where ) cwcw =1 for every site ¢ of the chain reads

N N
PﬁP:ZJigi'gi,1+ZEi, (56)
i=1 i=1

where S; = (57,57, 57) denotes the spin operator acting
on the electron spin of the electron located on chain site
1 and the coupling constants J; = % + §; feature small
local renormalizations J; caused by the disorder.

We have examined a disordered Fermi-Hubbard Hamil-
tonian of length N = 10 chain sites and periodic bound-
ary conditions ¢;—o,, = ¢i=n,s. The hybridization ¢ be-
tween chain sites represents the energy scale of the sys-
tem. We have fixed the electron number Ngjectrons = 10
and ) .07 = 0 to perform a ground state computa-
tion using a numerical diagonalization method for a
range of repulsive Hubbard interaction strength values
3 < U/t < 40. We have computed the average local par-
ity ({(P;), + 1) of the chain sites in the ground state. We
have used our Schrieffer-Wolff transformation approach
to numerically determine the Hamiltonians H and PHP
for each value of the interaction strength U/t and have
compared them with the established result . The
numerical results match the analytic expressions exactly.
We have again calculated the discrepancy AFy between
the ground state energies Ey of the dFH Hamiltonian
H and the energy of respective ground states of the
transformed Hamiltonians H and PHP. The ground
state average local parity (P;)o + 1 of the chain sites
and the rescaled ground energy differences UAE/t as
a function of the interaction strength U/t are displayed
in Fig. [0}

For values of the interaction strength U/t < 10, we
observe a significant energy difference ALy for both H
and PHP which is decreasing with U/t at an increasing
rate faster than (U/t)~!. At values U/t > 10 the energy
difference becomes small with respect to the energy scale
t and is approaching AEy, — 0 for U/t — oo at a rate
faster than (U/t)~2. Similarly we find average local par-
ity ((Pi)o+1) > 107! for U/t < 10. This highlights that
the chain sites cannot be considered good realizations
of spin degrees of freedom in this regime. The trans-
formed Hamiltonian H can consequently not be consid-
ered a good approximation to the Hamiltonian H (55]).
This is supported by the respective values of AEy/t > 1.
As ((P;))o+1)(U/t) < 1071 for U/t > 10 we also observe
that the transformed Hamiltonian becomes an ever bet-
ter approximation of the original dFH Hamiltonian and
AEy/t < 1. For the disordered Fermi-Hubbard Hamilto-
nian we again find that our Schrieffer-Wolff transforma-
tion method recovers the analytically known results. The
ground state of effective Hamiltonian PHP approaches
the true ground state as U/t — oo at a rate faster than
(U/t)~" and the crossover at which PHP becomes a good
description of the low-energy dynamics of the model is
characterized by ((P;)o +1) < 107!
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FIG. 6: Rescaled energy difference U x AEy/t between
the true ground state of the disordered Fermi-Hubbard
chain and the ground states of H (dark grey) and of the
Heisenberg Hamiltonian PHP (dashed orange), where
the chain sites are replaced with local spin degrees of
freedom, and the true ground state. The blue line
displays the average local parity (P;), = + Z?L1<H>O
of the individual chain sites 7 in the ground state.

E. Molecular Chromium bromide

An interesting testbed for our spin mapping approach,
is the class of 2D magnetic materials, which have recently
been discovered experimentally[24], [25]-seemingly in con-
tradiction to the Mermin-Wagner theorem. A common
approach to study 2D magnetic materials from first prin-
ciples is to perform a so-called “DFT-+U” calculation,
followed by a Wannierization and the extraction of a
classical Heisenberg-like spin model from the resulting
tight-binding description of the material (cf. [26] for a
recent study on Chromium tri-halides). The spin map-
ping proposed in this work represents an alternative for
extracting the effective spin model. The key difference
to the aforementioned workflow to extract effective spin
models using DFT is: 1) A correlated quantum-chemistry
(wave-function) approach is used. 2) The Hamiltonian
resulting from the Schrieffer-Wolff transformation is still
a quantum mechanical Hamiltonian, i.e., the classical
limit is not implied by the spin mapping approach. Let
us point out that we neither claim that a full quantum
mechanical treatment of the effective spin model is re-
quired for getting an accurate spin model for (ferromag-
netic) transition-metal tri-halides, nor that a correlated
method is required for the electronic-structure calcula-
tion (however, standard DFT, without “+U”, is not suf-
ficient to capture the localized Chromium d-orbitals). We
would also like to note that the main purpose of the multi
reference calculation is the determination of the spin or-
bitals, i.e. the single particle basis. We can use hints from
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multi reference methods to restrict the application of the
Schrieffer-Wolff transformation to a subset of all orbitals,
but this step is not essential.

As a minimal model for the CrBrjs solid, we consider a
minimal cluster, comprised of a single Chromium atom,
cut out from the periodic structure, together with an
octahedron of six Bromide atoms coordinating the tran-
sition metal. To study the spin mapping approach for
inter-Chromium couplings larger clusters must be consid-
ered, which is beyond the scope of the present work. As
a first step towards studying chromium bromide CrBrg
we hence study a CrBrgf cluster to test the applicability
of our approach.

We initially perform a series of electronic structure cal-
culations using the def2-QZVP basis set to generate the
information necessary for a search of the active space of
orbital basis of the system. We have used the Active
Space Finder (ASF), [27] an open-source to assist the
user in the selection of an active space. As expected, five
Chromium d-orbitals and p-orbitals from the outer Shell
of Bromide are suggested by the ASF and the active space
contains Ny, = 9 basis orbitals. We have performed a
CASSCF calculation using the previously identified or-
bitals as the active space to compute the reduced den-
sity matrices p(*) and p(® for the CASSCF ground state.
From this CASSCF calculation we have also obtained the
one-electron tfj"l and two-electron integrals Vl‘]’gll in the
active space. We can write the Hamiltonian description
of the active space of chromium bromide as

H= Z t"" cwcjg + Z

zgkl czcr jO”CkU’clU7 (57)

ijoo’ ijkloo’
where cja creates an electron with spin o in the orbital

¢; of the active space. Using the reduced density matri-
ces we have performed a parity optimization of the basis
orbitals of the active space. Here, we first ran a parity
minimization procedure of the entire basis and identi-
fied Ny, = 3 spin-like orbital with respective parities
(Py)o < —9.94 x 1071, In a subsequent optimization run
have maximized the local parities of the remaining basis
orbitals. The local parities of the initial basis orbitals ¢;
and the optimized basis orbitals ¢, are shown together
with the average electron density (ng)o in Fig. m

We find that three orbitals ¢; of the original basis al-
ready have smaller local parities (P;)o < —5.53 x 1071,
The spin-like orbitals ¢, of the optimized basis feature
significant contributions by these initial basis orbitals
i ={4,6,7}. The orbitals ¢, read

Ggmo = —0.81 ¢y —0.49 g5 +0.20¢h5 + ...,  (58)
Ggm1 = —0.86 ¢4 —0.20 7 + ... |
Ggmz = +0.95¢5 —0.26 ¢y + ... ,

where ... denotes minor contributions from other basis
orbitals ¢;.

We have performed a first numerical diagonalization
computation of the n = 20 lowest energy eigenstates of



the effective Hamiltonian Py H Py, which acts exclusively
on the subspace of the Hilbert space characterized by
n; = 1, for ¢ € {4,6,7}. In the calculation we have
fixed Neiectrons = 9 and >, 07 = 3. Subsequently, the
Hamiltonian H was transformed to the parity-optimized
orbital basis and a second numerical diagonalization with
the same constraints for electron number and total spin
o* was performed. For each of the n = 20 lowest energy
eigenstates of the Hamiltonian H we have computed the
local parity (Pyes)n of the spin-like orbitals ¢4ecs, where
S ={0,1,2}. We have projected the Hamiltonian H in
the parity-optimized basis to the subspace of the Hilbert
space where the number of electrons in the spin-like or-
bitals ¢qes is fixed nges = 1. Using the same numerical
diagonalization method we have computed the n = 20
lowest energy eigenstates of this Hamiltonian PHP. For
the Schrieffer-Wolff transformation we have introduced a
cutoff ¢ = 1073 Hartree for the constituent terms of the
Hamiltonian. Hamiltonian terms of coupling constant | A
smaller than the cutoff have been neglected in the cal-
culation of the transformed Hamiltonian H to limit the
memory usage of the computation so as to have it run
on a regular notebook. The singular value decomposi-
tion in our Schrieffer-Wolff transformation approach was
performed using a Krylov subspace method with a maxi-
mum dimension of the subspace dim(K) = 500. The size
of the vector spaces V depends on the choice of the cutoff.
For chromium bromide we determine dim(Vy)(c) = 4852
for the initial vector space and dim(V;)(c) = 1.5 x 10° for
the target vector space. The transformed Hamiltonian

H Z tgg tgacqtf + Z hqp Sq : Sp (59)

q€S,o qpeS

E oo T
+ hqng qJCqU’CiU’CjU

qES,ijES,UU’
’
+ : : t?jo CIUCJ'U’ + § :
ij€S, 00’ ijkleS, o0’

+...,

1
Vljk:l czacja’cka,clf’

resulting from the Schrieffer-Wolff transformation proce-
dure comprises Nj, = 1.13 x 10% terms of which roughly
Njpj>e = 22968 terms feature a coupling constant |h| > c.
The projection of the transformed Hamiltonian to the
subspace of the Hilbert space, in which the spin-like or-
bitals ¢4es are replaced with spin degrees of freedom, is
given by

PHP =Y hepSy Sp+ > b5 Sy cldejo

gpeES q€S,ij€S, 00’
(60)
§ : oo’
+ t Cw'CJU/
ij€S,o00’
T
+ E Vljk:l cva jo”ckU,clU

ijkleS, o0’
+ ...,
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FIG. 7: Local parities of the active space basis orbitals
of molecular chromium bromide CrBri' in the
CASSCEF ground state. The dark grey line displays the
local parities of the CASSCF canonical molecular
orbitals, which form the active space of the system. The
dashed orange line indicates the local parities of the
optimized basis orbitals ¢, and the blue circles show the
average local electrons density of basis orbitals ¢,. The
green triangles indicate the average local electron
density of the original basis orbitals.
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where S, = (87,8Y,87) and & = (03.,,
We have calculated the low energy spectrum of H and
PHP again using a numerical diagonalization method
and with the same constraints for the quantum numbers.
The low-energy spectra of the five different numerical
diagonalization calculations are displayed in Fig. [8| (a).

We observe that the ground state energies of the
Hamiltonians PHP, H, PHP are within a fraction
of a Hartree from the true ground state energy Fy g
of the original Hamiltonian H. The respective en-
ergy differences are AE, 5 = (Eom — Ey ) ~ 1 X
10~* Hartree < (Eo. g — Eypap) =7 X 1073 Hartree <
(Eo.u — Eopup) ~ 8 x 1073 Hartree. In contrast, we
find a significantly larger energy discrepancy (Fo g —
Eopoup,) =~ 2 x 107! Hartree for the effective Hamil-
tonian Py HPy.

At first glance, we observe significant energy differ-
ences between the full Hamiltonian H and the effective
Hamiltonians PHP and PHP for the excited states,
while the transformed Hamiltonian H appears to remain
a reasonable approximation to the original Hamiltonian
H with (B, g — Enﬁ) < 2 x 1073 Hartree. We find that
the n = 9 lowest excited states correspond to an average
local parity (Pyes), = 3 qus< )n > —=. This implies
the presence of just one single spin degree of freedom
instead of the three, such that the effective three-spin-
system Hamiltonians PHP and PHP are not sensible
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FIG. 8: Low energy spectra of the active space
Hamiltonians of molecular chromium bromide. (a) The
dark grey line shows the eigenenergies of the n = 20
lowest eigenstates of the original active space
Hamiltonian H. We display the corresponding
eigenenergies of the effective Hamiltonian PHP (solid
blue), projected onto the subspace of the Hilbert space
where the spin-like orbitals are restricted to single
occupancy, the transformed Hamiltonian H (dashed
orange), and the effective Hamiltonian PHP (dashed
green) acting on the subspace P in which the fermionic
degrees of freedom in the spin-like orbitals have been
substituted with spin degree of freedom. The low
energy spectrum of the effective Hamiltonian Py H Py,
acting only on the subspace characterized by n; = 1, for
i € {4,6,7}, is shown in purple. The average local
parity of the spin-like orbitals (P;cs),, for the lowest
n = 20 eigenstates |n) of the original Hamiltonian H is
displayed as grey circles. (b) Low energy spectra
reduced to the eigenstates |ng) of H and H, which
satisfy (Pyes), . ~ —L.
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descriptions of the physics of these excited states. If we
reduce the spectrum to eigenstates of H with three spin-
like orbitals, i.e. average local parity <Pq€5>ns ~ —1,
a different picture emerges. This reduced spectrum is
shown in Fig. [§ (b). The effective Hamiltonians PHP
and PHP appear to capture this reduced spectrum well
and we observe a maximum energy discrepancy AE, . =
2 x 1072 Hartree. The effective Hamiltonian Py H Py re-
mains a bad approximation throughout this reduced en-
ergy spectrum. This highlights the necessity of a suitable
orbital basis for the derivation of effective Hamiltonians
describing the spin physics. In the parity-optimized or-
bital basis, for the given example of CrBrg+, the terms
coupling to the charge degree of freedom of the electron
densities in the spin-like orbitals ¢4cs are suppressed to
the extent that the simple effective Hamiltonian PHP
already becomes a good description of the spin excita-
tion spectrum. The subsequent Schrieffer-Wolff trans-
formation and utilization of the corresponding effective
Hamiltonian PHP yields insignificant improvements. In
constrast, we observe no such drastic suppression of the
undesirable coupling terms for the basis of the CASSCF
canonical molecular orbitals.

We have shown that our optimization procdure is able
to correctly identify the Ny = 3 spin-like orbitals such

that a subset of the energy spectrum of CrBrz+ can be
accurately reproduced by a system of three spin degrees
of freedom coupled to a fermionic environment. We fur-
ther observe that our Schrieffer-Wolff transformation ap-
proach yields a transformed Hamiltonian H that, if pro-
jected to the Hilbert space representing three spins in a
fermionic environment, at least equals but typically bet-
ters the description given by the original Hamiltonian H
projected to the same subspace. We validate that the lo-
cal parity of the spin-like basis orbitals can be regarded as
a good indicator of the accuracy of the effective spin-bath
Hamiltonian description PHP derived with our method.

IV. CONCLUSION

Effective model Hamiltonians provide enormous value
for the investigation of individual aspects of complex
systems. Here, we have presented a procedure for the
automatic derivation of model Hamiltonians of coupled
spin degrees of freedom embedded in a fermionic environ-
ment. These Hamiltonians provide a means to enhance
the study of the dominant low temperature spin physics
of complex real materials. We have shown that to in-
vestigate the spin physics of such materials properly, one
first needs to operate within a suitable single particle or-
bital basis, where a subset of the basis orbitals become
realizations of spin degrees of freedom at low energies.
We have introduced the local parity as a sensible metric
for the spin-like behavior of electron densities in the basis
orbitals. We have proven that the natural orbital basis
does not generally correspond to the basis that features
the spin-like orbitals. We have provided an example toy



model for which the natural orbital basis is significantly
worse than the initial basis for the study of spin physics.
We also studied a well-known singlet-diradical molecule,
namely closed configuration para-benzyne, and demon-
strated that the two well-known non-trivial spin-like or-
bitals are correctly determined by our local parity opti-
mization procedure. We find that the optimization of the
local parity yields an orbital basis that typically results
in a many particle basis of the Hilbert space with small
coupling and significant energy gap between the different
subspaces. Our extended Schrieffer-Wolff transformation
method allows to also transform generic Hamiltonians
with complicated interaction terms beyond the density-
density interactions of the toy models that the Schrieffer-
Wolff transformation has so far mostly been applied to.
There is also no need for the block-diagonal part Hy to
be easily diagonalizable, because no calculation of the
spectrum of Hj is required in Schrieffer-Wolff transfor-
mation our method. We have shown that our Schrieffer-
Wolff transformation method reproduces established re-
sults for the well-known single impurity Anderson model
and the disordered Fermi-Hubbard model Hamiltonians.
For these models we corroborate that the local parity of
the spin-like orbitals is a good predictor for the quality
of the effective spin-bath Hamiltonian as the description
of the low energy spin dynamics. Lastly, we have applied
the full spin-bath Hamiltonian derivation procedure to
molecular chromium bromide. Here, we have shown that
the derived effective spin-bath models are good descrip-
tions of the system’s low-energy spin excitations. Fu-
ture work will address more complex materials, where
the Schrieffer-Wolff transformation becomes essential to
obtain good effective Hamiltonian descriptions for the
low-energy spin dynamics of the material.
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Appendix A: Derivatives of the local parity

The analytic expression for the local parity (P,) of the
orbital ¢, after rotation as a function of the rotation
angle # and its derivatives are given by

=—-2 [Z cos? 0 (c]_cip) + sin? 0 <c »Cjo) + cosfsin 9((c;-rgcjg> + <c§acw>)1
+4 [cos 0{c mcwcnclﬁ +sin 6 (¢! Jne }Licjicﬁ)
39sing el teleie el cies el cies
+ cos® fsin < it ¢CZiCJT> + <CzTch,CJ¢01T> + (czTchchﬁ + (cﬁcwcwczﬁ
+ cos §sin® 0 (( Tc;ricjiclﬁ + (c}Tchucjﬁ + <C}¢CZ¢CJ¢CJ’T> + <c;[Tchcj¢cj¢>)
+ cos? O sin” 0 (( TCv¢CJ¢CJT> + <CI¢C}L'LCJ’¢CZ'T> + <C;¢C;¢Ci¢CiT> + <c;Tcziciich>

+<C;Tc;ficj¢ci¢> + <CI¢C;¢Ci¢CjT>)} +1, (A1)

(P,

d0q> =4sinf cos 0 (Z(c;rncw) — (cjacjg>> + 2(sin? @ — cos? ) <Z<CIGC‘7’0—> + <c;racw>>

g [oa

+4 [(74) sin 6 cos® 0 <ch03¢0¢¢62—¢> + 4sin® @ cos 0 <C;Tc;f¢cj¢cj¢>
+ 2 (sin 6 cos® 0 — sin® O cos ) (A
+ (—sin 6 + 3sin® 0 cos® 0) (B)
+ (cos* 0 — 3sin” 0 cos® 0) (C)] , (A2)

d92

o

24 cos? 6 — sin 0) ((c Cio) — <C;UC]0>) + 8sinf cos (( wcjg> + (c}aci(,))]

[( 4cos® 0 + 12sin” 0 cos? 0) (cl.cl iy eir)

(—4sin® 0 + 12sin” 0 cos® §) (ch Cis Jicnc]ﬁ
(2sin® @ + 2 cos® § — 12sin” 0 cos® §) (A)
(6sin 6 cos® & — 10sin® 0 cos 0) (B)

+
+
+
+ (—10sin 6 cos® 0 + 6sin” 6 cos 0) (C)] , (A3)

(

where we have abbreviated
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(A) = ((c%chcﬂc”) + (c;rTchcjiciﬁ + <c;r,Tc;r¢ci¢cn>

+chel ciesr) + (el ejein) + <CZ¢C}¢Cz¢Cﬂ>) ;

(B) = ((C}TCL%QH +(chpel cipesn) + (cliel cjiein) + <C§¢C}¢Cj¢cj¢>) ;

Y = ((c%cjicucﬂ) + <ch03¢0]¢01¢> + <clTTc;r.¢ci¢ciT> + <C;¢CLCLLCZ‘T>) .

Appendix B: Symmetry-specification of fermionic
creation and annijhilation operators

We demonstrate the concept of symmetry-specified
block-offdiagonal operators for the case of fermionic cre-
ation and annihilation operators. For a single orbital the
local Hilbert space is given by

Hiocal = {|0>7 | T>7 | \I/>7 ‘ T\I/>} )

where we have fixed the order 1, | for the fermionic sign.
The fermionic annihilation operator ¢} : Hiocal = Hiocal
for fermions with spin s, = —% acts on the vectors in the
local Hilbert space and performs the linear map

(B1)

ci(aol0) +ar[ 1) +ay[ 1) +an [ T1) (B2)

= ag0y + a10% + ay|0) + (—ap)| 1),

where 0% denotes the zero element of the Hilbert space.
We see that ¢; maps two of the states, namely |0) and
| 1), map to the zero element. There are thus two non-
vanishing components of ¢ which map | |) — |0) and
| 14) — | 1). We can choose to distinguish the blocks
of the Hilbert space based on their total particle number
n =Y, clc,. We consequently identify the state | 1)
as belonging to the block characterized by the eigenvalue
Ay = n =2 and state | ]) to the block characterized by
the eigenvalue A, = n = 1. Given the choice of n as the
operator distinguishing the blocks of the Hilbert space,
an intuitive choice for the operator A is the local number
of fermions with opposite spin s, = %, i.e. the operator

ny = C$CT. It is easily seen that the choice A = n4
satisfies
[n, ny] =0, (B3)
ey, 4] =0, (B4)

(

where eq. highlights that n4 commutes with all op-
erators that are block-diagonal in our choice of blocks
distinguish by n. The operator ns has eigenvalues \; €
{0,1}. Using equations and we can express the
operator c¢; as sum of unique components

cp=ag(ny—1)c + o1 (ny—0)¢y

= —(ny = 1)ey + (ny — 0)ey

= (L—=np)ey + ey
(B5)
The separation of c| into its unique components can also
be achieved by multiplying it with the identity 1 = (1 —
n+) + nqy. We expand the Hermitian conjugate operator

cI in the same way as

= Ca=0,l T Cx=1,] -

+

T T _ T T
¢, =0\ —o + =1, =L —np)c;+npc;,  (B6)

and find

_c/\q:()vi’ C;q:0,¢_ = (1 - nT) (1 - nT) |:Cia CI:|
=(1—ny) (1 - 2cIc¢)
|CA=0.4» C;q:u_ =(1—np)ny [% CH =0

CA=1.4s Ciq:o,i_ =nt (1 —ny) [Cu CH =0

Oxg=1, c;qzl,i_ = nq4ng {q, CH =ny (1 — 2cIc¢) .
(B7)
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