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Pseudo-fermion functional renormalization group with magnetic fields

1 1,2,3

Vincent Noculak ®!-? and Johannes Reuther

'Dahlem Center for Complex Quantum Systems and Fachbereich Physik, Freie Universitit Berlin, Arnimallee 14, 14195 Berlin, Germany

2Helmholtz-Zentrum Berlin fiir Materialien und Energie, Hahn-Meitner-Platz 1, 14109 Berlin, Germany
3Department of Physics and Quantum Center for Diamond and Emergent Materials (QuCenDiEM),
Indian Institute of Technology Madras, Chennai 600036, India

® (Received 11 January 2024; accepted 10 April 2024; published 7 May 2024)

The pseudo-fermion functional renormalization group is generalized to treat spin Hamiltonians with finite
magnetic fields, enabling its application to arbitrary spin lattice models with linear and bilinear terms in the
spin operators. We discuss in detail an efficient numerical implementation of this approach making use of the
system’s symmetries. Particularly, we demonstrate that the inclusion of small symmetry-breaking magnetic seed
fields regularizes divergences of the susceptibility at magnetic phase transitions. This allows the investigation
of spin models within magnetically ordered phases at 7 = 0 in the physical limit of vanishing renormalization
group parameter A. We explore the capabilities and limitations of this method extension for Heisenberg models
on the square, honeycomb, and triangular lattices. While the zero-field magnetizations of these systems are
systematically overestimated, the types of magnetic orders are correctly captured, even if the local orientations
of the seed field are chosen differently than the spin orientations of the realized magnetic order. Furthermore,
the magnetization curve of the square lattice Heisenberg antiferromagnet shows good agreement with error con-
trolled methods. In the future, the inclusion of magnetic fields in the pseudo-fermion functional renormalization
group, which is also possible in three-dimensional spin systems, will enable a variety of additional interesting

applications such as the investigation of magnetization plateaus.
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I. INTRODUCTION

The ever growing landscape of quantum materials inspires
new research directions, but poses significant challenges to a
theoretical description, particularly, when strong electron cor-
relations are involved. However, the hard shells of associated
quantum many-body problems may contain soft cores with
fascinating emergent phenomena and effective theories that
are worth exploring. A prominent example in the realm of spin
systems are quantum spin liquids characterized by effective
gauge theories, strong entanglement, and exotic quasiparticles
[1-3].

Cracking the hard shell of a quantum many-body problem
usually requires sophisticated numerical techniques. Decades
of method development in the field of frustrated magnetism
have produced a wealth of powerful numerical approaches
that have led to impressive successes, but have also revealed
shortcomings that each method is plagued with. For exam-
ple, exact diagonalization only allows for the treatment of
small systems. Tensor network approaches, such as density
matrix renormalization group (DMRG), effectively reduce the
considered Hilbert space such that larger systems become
accessible [4,5]. However, as a result of the entanglement scal-
ing, tensor network techniques are often seriously challenged
by dimensions larger than one. Quantum Monte Carlo (QMC)
approaches are, in principle, strictly error controlled, but their
applicability is usually limited to unfrustrated interactions
due to the infamous sign problem [6]. The pseudo-fermion
functional renormalization group (PFFRG) considered here
represents an alternative approach to numerically investigate
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systems of frustrated magnetism [7]. Being complementary to
the aforementioned techniques, it comes along with its own
strengths and weaknesses.

The PFFRG uses a mapping of S = % spins onto pseudo-
fermions [8,9] enabling the application of the functional
renormalization group (FRG) formalism to the resulting
fermionic Hamiltonian. The parent FRG approach relies on
the introduction of a regularization parameter (usually called
A) in the free single-particle Green function, allowing for
the derivation of coupled differential equations for the A-
dependent multiparticle vertex functions [10].

Since its initial formulation in 2010 [11], the PFFRG has
been steadily improved [7,12-16]. First, it was applied to
S = % Heisenberg models at zero temperature [11]. Later it
was shown that a generalization to models with anisotropic
spin interactions is possible with only a moderate increase in
complexity [13,14]. Higher spin-S models are treatable as well
and it has been shown that the method becomes identical to the
Luttinger-Tisza approach [17,18] in the classical large-S limit
[19]. Similarly, a generalization from SU(2) to SU(N) spins
and an extrapolation to the large-N limit can be performed
[20]. While the PFFRG was initially proposed at zero tem-
perature, a recent implementation of the Popov-Fedotov trick
[16] or the usage of a Majorana spin representation [21,22]
also allow for finite-temperature applications.

Flexibility is a key feature of the PFFRG, making it often
still applicable when other methods fail. For example, com-
plex frustrated and longer-range spin couplings can be treated
at no additional numerical cost. Even three-dimensional sys-
tems pose no particular problem. On the other hand, the
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PFFRG is limited by the involved approximations which
amount to truncating the hierarchy of coupled differential
equations for the multiparticle vertex functions. The most
common one-loop truncation consists of neglecting the three-
particle vertex function and, thus, only allows for the
computation of observables that are linear or quadratic in
the spin operators. As a result, physical phenomena associ-
ated with three-spin or higher correlators are generally not
captured. Multiloop approaches which have recently been
successfully implemented [23-26] are a promising attempt to
take into account additional contributions from three-particle
vertices.

Among the many advances of recent years, the treatment
of finite magnetic fields was previously considered unfeasible
due to exceedingly high numerical costs [14]. In this paper,
we demonstrate that this generalization is, in fact, viable and
numerically not too expensive. Specifically, we develop and
apply a PFFRG approach for general spin models of the form

H = % DO TSRS - N S, (1)
ij o owv i

with spin—% operators S‘l" acting on site i and u € {x,y, z}.
The first term describes general anisotropic two-body spin
interactions while the second term corresponds to an arbitrary
site-dependent Zeeman term ~h;" that explicitly breaks time-
reversal symmetry (TRS). We demonstrate the feasibility of
this method extension in the absence of any continuous global
spin rotation symmetry. However, if a model still exhibits a
global U(1) spin rotation symmetry, the complexity of the
renormalization group equations is even lower than for a gen-
eral anisotropic model with TRS.

This method extension enables a variety of applications.
For example, as we show below, the addition of magnetic
fields regularizes susceptibility divergences associated with
magnetic phase transitions, in analogy to the effects of
symmetry-breaking charge-density fields or superconducting
pairing amplitudes in previous applications of the fermionic
FRG [27,28]. The small magnetic seed fields generate fi-
nite magnetic order parameters and allow the PFFRG flow
to be continued into magnetically ordered phases. The ad-
dition of TRS breaking fields also enables the investigation
of field-induced phenomena, such as magnetization plateaus
[29] or field-induced quantum-paramagnetic phases [30,31].
Finally, since magnetic fields represent one of the simplest
external tuning parameter in experiments, our method exten-
sion may stimulate further joint theoretical and experimental
investigations.

Aside from presenting the formal procedure of including
magnetic fields in the PFFRG, we also perform some first ex-
ploratory applications to reveal the strengths and weaknesses
of the method. This is done for some well-studied Heisen-
berg models on the square, honeycomb, and triangular lattices
where we can compare PFFRG results with the outcomes of
other approaches. Particularly, by regularizing the renormal-
ization group flows of these systems via small magnetic seed
fields we obtain their ground-state magnetizations at A — 0.
A recurring observation is that antiferromagnetic magnetiza-
tions from PFFRG are larger than the literature values. On
the other hand, the precise magnetic ordering patterns are

captured correctly even if the seed fields deviate substantially
from the expected orders. Furthermore, for the square lattice
antiferromagnet we calculate the full magnetization curve
up to saturation, which shows good agreement with other
methods [29]. We discuss in detail possible reasons for these
strengths and weaknesses.

The paper is structured as follows. A brief outline of the
key features of the PFFRG method in its previous formula-
tion is presented in Sec. II, as preparation for the following,
more formal sections. In Sec. III, we discuss the symme-
try properties of the fermionic self-energy and two-particle
vertex functions. An efficient, symmetry-constrained vertex
parametrization is presented in Sec. IV, which is then applied
in Sec. V to obtain the PFFRG flow equations for arbitrary
spin models with linear and bilinear spin terms. In Sec. VI,
we apply our generalized PFFRG approach to square, honey-
comb, and triangular lattice Heisenberg models and investi-
gate their magnetically ordered phases at 7 = 0. We conclude
the paper with a discussion of the method in Sec. VII.

II. PFFRG IN A NUTSHELL

In this section, we sketch some basic properties of the
PFFRG, before we formulate the method for TRS-breaking
systems. For a more extensive introduction of the PFFRG we
refer the reader to Ref. [7].

Within PFFRG, § = % spin operators are mapped onto
pseudo-fermion operators via [8,9]

A 1 o
St =5 2. ousfulie: ©)
a,f=1,4

where ¢/, are Pauli matrix entries and fll (fi) is a creation
(annihilation) operator of a fermion on site i with spin « €
{#, 1}. Employing this replacement in the Hamiltonian # of
Eq. (1) results in the pseudo-fermionic Hamiltonian
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As a variant of the FRG, the PFFRG yields coupled dif-
ferential equations for the A-dependent fermionic n-particle
vertex functions called flow equations. Specifically, after in-
troducing the renormalization group parameter A in the free
single-particle Green function, the flow equations are derived
by taking the A derivative of the generating functional for
two-particle-irreducible vertex functions [10]. The resulting
infinite set of coupled flow equations is formally exact. How-
ever, as the flow equation for the n-particle vertex contains the
(n + 1)-particle vertex, the infinite set of coupled differential
equations has to be truncated to obtain a finite set that can
be solved numerically. In the most common variant of the
PFFRG, this truncation is performed on the so-called one-loop
plus Katanin level, where three-particle and higher vertices
are set to zero except for certain vertex contributions (the
Katanin terms) that yield a self-consistent feedback of the
self-energy into the two-particle vertex. In total, this results
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in coupled flow equations for the self-energy X4 (1’|1) and
the two-particle vertex I'* (1, 2|1, 2). In a diagrammatic rep-
resentation, 1 and 2 (1’ and 2’) are the arguments of the
incoming (outgoing) fermion lines, consisting of Matsubara
frequency w, spin «, and site argument i, i.e., | = {w1, a1, i1}

J

dA
34,
3.4

The explicit equations are given by

d 1
— 2D = —— ) TAU1, 211, 28212 4
T %; (1,211,288 2)2) @)

and

d 1
AT 211,2) = DA, 213, HrA 3, 411,2) - DAL 411, 303, 214, 2) - T, 3|1, 9T @, 213, 2)
v/

+ A2 41,30 (3, 114, 2) + TA2, 311, HT 4@, 113, 2)1G 313)S8" (414), &)

where G*(1'|1) is the full single-particle Green function,
SAMIY) = —JLAGA(1|1/)|2A:CO,,S[ is the single-scale prop-
agator (where the A derivative ignores the A dependence
of £%), and SA(1|1) = —ﬁGA(IH’) is the single-scale
propagator in Katanin approximation. So-called higher-loop
truncations have also been recently applied which generate
additional vertex contributions to =4 (1’|1)and T2 (1", 2|1, 2)
not contained in Egs. (4) and (5) [25,26].

In PFFRG, the flow parameter A is introduced as an in-
frared frequency cutoff that suppresses the low-frequency part
|lw| < A of the free single-particle propagator Gy. In this
paper, we apply a sharp frequency cutoff, realized by the
replacement Gy — 0(Jw| — A)Gy = G(‘)\. Recent works have
also used smooth cutoff functions to avoid possible artifacts
from the nonanalyticity of the step function [25,26,32]. The
flow equations are solved numerically from the known in-
finite cutoff limit A — oo, where only the bare parameters
of the Hamiltonian enter, towards the physical cutoff-free
limit A =0, e.g., by applying a Runge-Kutta method. Intu-
itively, the PFFRG cutoff parameter shares some properties
with the temperature. Like in a cooling process from high to
low temperatures, the renormalization group flow starts in the
paramagnetic phase at large A and may (or may not) sense a
magnetic phase transition as A is lowered.

The pseudo-fermion mapping in Eq. (2), inherent to the
method, doubles the Hilbert space dimension of each lattice
site by introducing unphysical states. A crucial challenge in
PFFRG is to avoid spurious contributions of these unphysical
states in the numerical results. The physical spin—% states of a
lattice site are characterized by single-fermion occupancy. If
no further measures are taken to enforce this single-particle
constraint in Egs. (4) and (5), it is still fulfilled on aver-
age. This approach, which we also pursue here, has been
successfully applied at zero temperature. However, at finite
temperatures, the impact of unphysical states rapidly increases
[16], making the method inapplicable. A better fulfillment
of the single-particle constraint at finite temperatures can
be traded against increased numerical costs by applying the
Popov-Fedotov trick [16]. Alternatively, additional terms in
the Hamiltonian can be introduced which energetically pe-
nalize the unphysical states [19,33]. Note that an external
magnetic field k;, as introduced in Eq. (1), only couples to the
local physical spin-% states. Hence, by energetically favoring
a ground state with maximum local spins [(S;)|, a finite h;
term helps to fulfill the local single-particle constraint as well.

(

The recently developed pseudo-Majorana FRG and spin-FRG
circumvent the problem of unphysical states by either apply-
ing a Majorana fermion mapping absent of unphysical states
[21,22], or by applying the FRG formalism directly to a spin
model [34,35].

The physical observables calculated with the PFFRG are
spin-spin correlators and spin susceptibilities obtained from
SA(1’[1) and TA (17, 2|1, 2). These magnetic response func-
tions are computed from high cutoff scales A — oo down to
the cutoff-free limit A = 0. Since, by construction, Egs. (4)
and (5) respect all symmetries of the considered Hamiltonian,
a magnetic phase transition associated with spontaneously
broken symmetries enforces a flow breakdown at a critical
cutoff A.. Ideally, this breakdown would be signaled by a di-
vergence of the susceptibility at the respective ordering wave
vector. However, further applied approximations concerning
the maximum considered correlation distance and the fre-
quency resolution of vertex functions are observed to suppress
the divergence, which instead appears as a kink in the suscep-
tibility flow (see Sec. VI). While the momentum-dependent
susceptibility just above the kink allows to identify the type
of magnetic order, results obtained at cutoff scales A below
this breakdown feature are unphysical. On the other hand,
a susceptibility flow down to A = 0 without any kinklike
features signifies a nonmagnetic ground state.

III. SYMMETRY PROPERTIES OF GREEN AND
VERTEX FUNCTIONS

Vertex functions obtained as solutions of the flow equa-
tions (and the related Green functions) respect all symmetries
of the Hamiltonian exactly throughout the A flow. While
flow equations could in principle be solved directly from
Egs. (4) and (5) by evaluating the right-hand side of the
equations for any vertex argument combination of the left-
hand side, such an approach is numerically inefficient. For an
efficient numerical solution it is crucial to take into account
a model’s symmetries and build them directly into the vertex
parametrizations to avoid redundant computations.

A detailed derivation of the symmetry properties of Green
and vertex functions for the time-reversal-symmetric PFFRG
has already been performed in Ref. [14]. In the following,
we repeat this approach for the case where no time-reversal
symmetry is imposed. The resulting symmetry constraints for
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TABLE 1. Symmetry properties of the pseudo-fermion single-particle Green function G(1’|1) (second column) and two-particle Green
function G(1’, 2|1, 2) (third column) enforced by the symmetries listed in the first column. Number arguments denote a set of variables, con-
taining the Matsubara frequency w, spin o, and site i, i.e., 1 = {w;, «y, i1}. Spin variables take values @ = %1 which are used interchangeably
with o =1, |. Furthermore, we define —1 = {—w, 1, i1} and 1= {w, —ay,i;}. The corresponding symmetry relations for the self-energy ¥
and the two-particle vertex I" are obtained by simply replacing G <> ¥ and G <> I in the second and third columns, respectively.

Symmetry G(1'|1) G(1',2'11,2)
Particle exchange Not applicable G(1',211,2)=-G(1',2'|12,1) = -G/, 1'|]1, 2)
W = io* G| ~ & G, 211,2) = G (1, 211, 28,1, 81

(gauge transformation)

W =ioc*or W = io”

(gauge transformation)
Hermiticity
Time-translational invariance

G('|1) = —ayayG(=1] = T')

G(I'[1) = G(—1] — I')*
G(l'|1) ~ 8(wr — 1)

+ G (1, 2'11, 2)81,,4, i, iy
GH(I,, 2/|1, 2) = —Ol|O{|/GH(—1, 2/| — 1/, 2)
= —Olelz’G“(ll, —§|1, —2_/)
G(1',21,2) = G(—1,=2| = 1", =2')*
G(1',2'[1,2) ~ §(wr + @y — w1 — w2)

Green and vertex functions are collected in Table I and form
the basis for our spin parametrizations discussed in Sec. IV.

A. Action of symmetry operations on Green
and vertex functions

Symmetries of a pseudo-fermion Hamiltonian 7:lpf carry
over to the fermionic vertex functions nontrivially. Consider a
general symmetry of 7:lpf described by the symmetry operator
w; then the commutation relation

[Hor, W] =0 (6)

A

must hold. Applying the symmetry operation @ to the
imaginary-time-ordered n-particle Green function defined by
[36]

G, 2,...,d11,2,...,n)
o
= —/ dty ... dtydt ... d1,
0

X exp[i(fl’a)l’ + oy -0 — L — Tna)n)]

$ATe (Frvay (@) - firy @) f o, (@) - fil (7)) (D)

corresponds to transforming each fermion operator according
to

i@y = wfP@nt, ®)

where 7; is the time-ordering operator. Note that at finite
temperatures, the upper integral limit in Eq. (7) is 1/T,
which in our present zero-temperature considerations be-
comes infinite. Requiring that the n-particle Green functions
remain unchanged under this symmetry operation leads to
constrained functional dependencies in the variables 1, ..., n’
and 1, ..., n, which we discuss below.

Next, one needs to translate the symmetry constraints for
the Green functions into symmetry constraints for the vertex
functions ¥(1’|1) and ' (1’, 2/|1, 2) since PFFRG is formu-
lated in terms of these latter objects. This is accomplished by
the known relations between both, such as Dyson’s equation

G = (G5 — =) (', ©)

Here, the inversions (...)~! denote matrix inversions in fre-
quency, spin, and site variables. Furthermore, the fermionic
two-particle vertex I'(1’, 2'|1, 2) is related to single- and two-

particle Green functions G(1’|1) and I'(1’, 2|1, 2) via the tree
expansion [36]

G(1',2|1,2)

= — Z G(1'|13)GQ4)YGBINHG412) (3, 413, 4)
3,434

+ G'|1DHG2'12) — G2'|11)G(1']2). (10)

In our case, one finds that all symmetries transform G(1'|1)
and X(1’|1) equivalently and the same applies to G(1', 2|1, 2)
and T'(1, 2|1, 2).

In the following, we discuss the individual symmetries of
7:[pf and the resulting restrictions on Green functions more
explicitly, making use of the properties outlined here. The cor-
responding vertex function symmetries follow trivially. One
can generally distinguish between two types of symmetries,
those of the original spin Hamiltonian # and those which only
arise from the fermion mapping. The latter one corresponds
to a local SU(2) gauge symmetry of the pseudo-fermion
Hamiltonian ,}:Lpf that will be discussed first (see Sec. IIIB).
Additionally, as specified in Table I, the fermion statistics
leads to a minus sign whenever two particles are exchanged
(1 <> 2 or I’ <+ 2') and Hermiticity of ?:[pf poses restrictions
under complex conjugation.

B. Gauge symmetries of 7:Lpf

The pseudo-fermion mapping in Eq. (2) can be rewritten as

(9]

St — Ju(F " F), (1

1

N A

This expression makes it apparent that the pseudo-fermionic
mapping introduces a local SU(2) gauge symmetry w; defined
by the operation

with

F — i Fi] = FW, (13)

under which S’l“ remains invariant. Here, W; is an arbitrary site-
dependent unitary 2 x 2 matrix. In the following, we discuss
the constraints that arise in the special cases when a gauge
transformation W; is only applied on a single site j, where we
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implement it as W; = ic* with u = x, y, z. No transformation
is applied to the other sites.

We first consider a gauge transformation W; = io* under
which fermion operators of site j transform as

fif’ i f’i . (14)
Jia -/

Requiring that Green functions stay invariant under this op-
eration, the phase factor i from transforming f,-a has to be
canceled by the phase —i from transforming f?a on the same
site j. This is only possible if n-particle Green function site
arguments of incoming fermion lines {ij, ..., i,} are given
by a permutation of the site arguments of outgoing fermion
lines {iy, ..., iy}. For the single-particle Green function this
simply means G(1'[1) ~ §;,,;, while for the two-particle Green
function, this enforces the parametrization

G(1',2'11,2) = Gy (1", 211, 2)8;,,1, 81y,
+GX(1/72/|172)8i21i18i|/i2' (15)

Thus, G(1’, 2'|1, 2) can only depend on two site arguments
and i;. The application of particle exchange further reveals the
relation

Gu(1,2]1,2) = =Gy (1", 2|2, 1). (16)

Next, the gauge transformations W; = ioc* and W; = ic”
transform the fermion operators as

3 i
(’Z“) — z<aff“> 17

fja afjli

7. i
(@?>__»-_a(@ﬁ>, (18)

i fia

respectively. Here, spin variables are understood as o« = %1
(where @ = —«) which is used interchangeably with @ =1, |.
Both transformations exchange the roles of creation and an-
nihilation operators. The implied restrictions for single- and
two-particle Green functions are equivalent for both trans-
formations and are given in Table I. These restrictions are
formulated in terms of Gy(1’, 2'|1, 2), for which it is known
that iy = i; and iy = i,.

Note that since the gauge transformations are local, they
can be applied to either of the two sites i; and i, involved in
G(1',2']1, 2).

and

C. Physical symmetries of 7

Since we only consider spin systems in equilibrium, time-
translation symmetry holds. As specified in Table I, this leads
to energy conservation which implies that the sum of frequen-
cies on incoming fermion lines equals the sum of frequencies
on outgoing fermion lines.

In the absence of any global spin rotation symmetries, the
only remaining symmetries which the general spin Hamil-
tonian A in Eq. (1) may have are lattice symmetries. Their
consequences are not listed in Table I, but are explained here
in words. Lattice symmetries enforce relations between Green
functions with different site arguments. In the simplest (and

also most common case), a lattice model allows each site to be
mapped onto every other site by a combination of translation,
point group, and global spin rotation symmetry operations,
i.e., all sites are symmetry equivalent. In that case, knowing
G(1'|1) on one arbitrary reference site i, specifies it for all
other sites. Similarly, one site index of G (1’, 2|1, 2), e.g., i},
can always be set to the reference site. After fixing iy, the
set of sites i, for which Gy(1’, 2|1, 2) constitute independent
functions is further reduced by point group symmetries. If a
spin system has many symmetry-inequivalent lattice sites, the
Green functions G(1'|1) and G| (1, 2|1, 2) are independent for
each of these reference sites i;.

For spin-anisotropic Hamiltonians, the symmetry opera-
tions may consist of combined lattice and spin transforma-
tions. If such a combined lattice and spin symmetry occurs
in the presence of (site-dependent) magnetic fields, one needs
to take into account that spin rotations act explicitly on the
single-particle Green function. This property will be discussed
in more detail in the next section.

IV. PARAMETRIZATION OF SPIN DEPENDENCE OF
VERTEX FUNCTIONS

We have now collected all symmetry constraints and can
propose an efficient parametrization of the spin structure of
Green and vertex functions. Specifically, we will follow previ-
ous approaches [11,13,14] and express the spin dependencies
in terms of Pauli and identity matrices. This leads to a formu-
lation where the self-energy X (the two-particle vertex I') is
parametrized by a linear (bilinear) combination of these ma-
trices. The parametrization of the spin structure of Green and
vertex functions in previous time-reversal-symmetric PFFRG
implementations will be extended to capture components that
become finite in the absence of TRS. As will be shown, only
the parametrizations for the single-particle Green function
and self-energy have to be adjusted to incorporate the broken
TRS. The convenient property of purely real or purely imag-
inary vertex components will remain such that the numerical
effort for solving the renormalization group equations stays
moderate.

A. Self-energy parametrization

The presence of a local gauge freedom with W; = ic® [see
Eq. (13)] in combination with time-translational invariance
allows us to write the self-energy as

2D = B (@1, o, 01)8;,i,8(@r — 1) (19)

The spin dependence of the remaining function
¥i(wy, @y, ay) can be expanded as
Yi(wr, o, ap) = Z Ef(wl)%fl,a, (20)
)

—iy2(@)8aye, + Y _ Vi (@)L 4 (21)
1

with o” being either a Pauli matrix for p € {x,y, z} or the
2 x 2 identity matrix for p = 0. Here and in the following,
we use the convention that indices u, v capture the Cartesian
coordinates u, v € {x,y,z} while p and ¢ also contain the
zeroth component p, ¢ € {0, x, y, z}. The gauge freedom from
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W; = ic” leads to even or odd frequency structures of the
self-energy components

(o) = - y(~o),

V,’M (w) = Viﬂ(_w)- (22)
Finally, Hermiticity enforces y”(w) to be purely real
v (w) € R. (23)

An analogous parametrization can be applied to the single-
particle Green function G(1’|1) as follows:

G(I'N) = Z G} (01)08 4,811y 8 (@1 — 1)
P

= ( — g% (@1)8eya + Zgif(wl)oéf,al>
i

X 8[1/,‘18(0)]’ - C()l)- (24)

Equivalent symmetries for g (w) and y”(w) apply. Formu-
lating Dyson’s equation [see Eq. (9)] in terms of g¥(w) and
v/ (w) leads to

g(-)(a)) _ o+ )’io(w)
’ [0+ 2] + 3, [v @]
ok
(@) = i (@) 25)

[0+ @] + %, [ @]

The different components of g¢ and y/ have distinct trans-
formation properties under spin rotations and time reversal
[14]. The zeroth components g? and y, behave like a scalar,
thus, they remain invariant under spin rotations. On the other
hand, the Cartesian components u € {x,y, z} transform in-
verse to the components of a pseudovector. Specifically, for
a spin rotation §* — > R*SY (with an orthogonal 3 x 3
matrix R) they transform as g — > R"'g! and y/* —
>, Ry}, Furthermore, under time reversal and the fre-
quency property in Eq. (22) all Cartesian components change
sign, g — —g! and y/* — —y/, in analogy to the behavior
of spin operators S’l" under time reversal. From the transforma-
tion behavior under time reversal and Eq. (22) it also follows
that g = y/* = 0 for systems with TRS.

The transformation properties of y/* (and g!') need to be
taken into account when performing symmetry operations.
Particularly, if a TRS-broken system is invariant under a
combined lattice and spin rotation symmetry, y;* and yj“ can
be different on two lattice sites i # j, even though i and
j are symmetry equivalent. On the other hand, the zeroth
component of the self-energy is always equal on symmetry-
equivalent sites i and j, i.e., yio = yjo.

B. Two-particle vertex parametrization

The parametrization of the two-particle vertex is carried
out similarly. First, Egs. (15) and (16) in combination with
time-translation invariance imply the parametrization

F(l/a 2/|17 2) = [F”(l/a 2/|17 Z)Silrh 81'2/[2
— (1, 212, 18,6, 80,1
X §(w; + wy — wy — wy). (26)

Next, the dependence of I'j(1’,2|1,2) on spin indices is
written in the most general form as a bilinear expansion in
Pauli and identity matrices

M1, 211,2) = Y T2 (01, oy |or, )0, 4 084, (27)
P9
The functions Fi’f ‘fz (w17, wo|w1, @) fulfill various useful re-
lations. Specifically, from the gauge freedom W; = io* or
W; = io”?, combined with Hermiticity, one finds

R ifp,¢g=0o0rp, o #0,
oy
™ e {i]R otherwise. (28)

The remaining symmetries of Table I manifest themselves in
the properties

Flfol;'oz(s, tu) = Fﬁ‘i’;(—s, t,—u)* (29)
= Fgf‘ (s, —t, —u) (30)
= (=1’T%% (u,1,5). (31)

Here, to incorporate energy conservation, we have switched to
three frequency arguments, using the definitions

s=wy twy, t=wy—w, U=wy—ou. (32)

It is worth emphasizing that all components p, ¢ € {0, x, y, z}
of T'’? can already be finite when TRS is preserved [14].
In other words, the generalization to TRS-broken systems
does not generate any new components of I'’¢. However, the
breaking of TRS removes the property

%% (s, t,u) = TP (—s, —t, —u) (33)

l[iz lliz

which holds when TRS is intact [14]. The absence of this
frequency symmetry doubles the number of frequency ar-
guments for which the two-particle vertex function has to
be evaluated when solving the flow equations. However, as
will be discussed in Sec. V, the main reason for increased
numerical complexity when TRS is broken are the additional
terms y/* # 0 in the parametrization of the self-energy.

V. FLOW EQUATIONS FOR TRS-BROKEN SYSTEMS

A. Explicit flow equations

We have now finished all the preparatory work to present
the PFFRG flow equations for Eip ‘A(a)) [see Eq. (20)] and
Fﬁ‘i‘;’A(s,t,u) [see Eq. (27)] for the general Hamiltonian
in Eq. (1). These equations are obtained by inserting the
parametrizations from Egs. (19), (20), (26), and (27) into

Egs. (4) and (5). They read as

d 1
A _ o 2 :2 :
HZ,‘ (0))—47[/d0)|: 4 ] .
X Ffja’A(a) +a,0,0— a)’)S;?’A(a)/)

+ Z r*Yo+ o', 0 — o', 008" (@)

ii
abc

X tr(a“acobap)i| (34)
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and

dA iy

iy

d 1 .
_F‘pw,A(Satau) Zg_/da), Z [Ffl]lj;[\(s7 _(1)/ — Wy, Wy +a)/)FLd’A(Sa w2+(,()/,a)] +C(),)
T

abcdef

X (Gfl’A(s + w/)gi.’;"A(a)’)* + Glj.:’A (w’)*Sﬁ’A(s + o))ir(c“o oo (oo o0 ?)

inj

1]

—4 Z Yoy + o', t, 0 — a)/)F;i’A(a)z + o, t, —wy + I+ o, (o000 Y8484,
J

+ 2T My + o, 1, 01 — 0 )TNy + o, —wy + o, )T

l]iz lzig

+ 2l My + o', 0 — o, D

i iy

ab, A / / cd, A
+ T (0r —0', —or — o, W)l

X tr(obaeodcf“’)]

with
%M (w1, 02) = G2 M (@)SE (@) + GE ™ (@) ().
(36)

As already indicated below Eq. (5), the single-scale propaga-
tor S A (w) is the negative derivative of G? A (w), taking only
into account the A dependence of the cutoff function but not
of the self-energy,

_de’A(a))

A _
Sl =——g

(37)
T A=const
Furthermore, the single-scale propagator within Katanin ap-
proximation S” “*(w) is the full negative derivative of G’ Aw)
which, in the parametrization of Eq. (20), reads as

. dGoh
S.‘)‘A(a)) — _l—(a))
! dA
1 A" (w)
:SpA — — G.a’A —t -7
D (w) 2%; 7 () A
x GoM(w)tr(o“aPoa”). (38)
To make the index structure in Egs. (34), (35), and (38)
more transparent we have used roman letters a, b, c, ... €

{0, x, y, z} for internal index summations on the right-hand
sides of these equations, while external indices are denoted
p,¢ € {0, x,y, z}. For an investigation of the general Hamil-
tonian in Eq. (1), these equations have to be solved for all
four components of ¥# and 16 components of I'*? as well as
for all symmetry-inequivalent frequency arguments and site
indices.

B. Discussion of the flow equations and their efficient solution

The general flow equations in Eqgs. (34) and (35) have var-
ious characteristic properties that are worth discussing. First,
the overall structure of these equations is already well known
from previously investigated PFFRG flow equations for more
symmetric spin Hamiltonians. Particularly, the flow equa-
tion for the self-energy =7 A on the reference site i has two

(w2 + &' t, —wy + "I

(wy — &, wp + o, W

ef,A ’ / d_f _b_e_c_¢
ni, t+ o, 000’000 a")d,,
ef A (AN f b

R+ o, (o0 aal 07 P)sy,
f;;;A(u + o, &) tr(cc 5% ")

(35)

(

terms on the right-hand side, the Hartree term [second line of
Eq. (34)] and the Fock term [third line of Eq. (34)]. While the
Hartree term contains a site summation ) ;, the Fock term is
purely local in the sense that only the reference site i appears
as site argument.

The flow equation for the two-particle vertex Ffl ‘fz’A for the
pair of sites i; and i has five terms on the right-hand side [see
Eq. (35)]. In four of these five terms only the sites iy and i,
appear as site arguments. The remaining term, the so-called
random phase approximation (RPA) channel [see fourth line
of Eq. (35)], however, contains a site summation Y _ ; such that
its evaluation requires more computational effort. We note
that a reduced version of the flow equations that only takes
into account the Hartee term in Eq. (34) and the RPA term
in Eq. (35) is equivalent to a standard self-consistent spin
mean-field theory [11,19]. The other terms in the flow equa-
tions generate vertex contributions beyond mean field which
take into account important effects of quantum fluctuations.

In the RPA channel, the summation over indices a, ..., f €
{0, x, y, z} generates a smaller number of finite terms than in
the other channels of Eq. (35), as can be seen as follows.
The sum in the RPA channel over indices a, ..., f [which is
not explicitly carried out in Eq. (35)] contains a trace over
products of Pauli matrices tr(c® ...o%) and two Kronecker
deltas 8,,4,- Among the 4" possible index combinations of
tr(c® ...o%) with ay, ..., a, € {0, x,y, z}, only 4"~! traces,
or one quarter, are nonzero. Similarly, each Kronecker delta
84,4, 1s nonzero in only one quarter of the 16 combinations of
indices a; and a,. Since the RPA channel contains one trace
and two Kronecker delta, nonvanishing terms constitute 1 /43
of the number of all index combinations a, ..., f. The other
channels each have two traces, or one trace and a Kronecker
delta, which reduces the number of nonvanishing terms only
by a factor of 1/4? instead.

The number of terms to be evaluated in the RPA channel
can be reduced further as follows. The RPA channel contains
products of two-particle vertices of the form F;’ll}'AF;i’A. One
finds that for fixed indices a, b, ¢, d this product occurs
exactly four times in terms that are nonvanishing after the
evaluation of traces and Kronecker delta when the remaining
summation indices e, f, as well as the external indices p, ¢,
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take all possible values. Thus, one saves computational efforts
by evaluating this product, including the site summation over
lattice sites j, only once and reusing it in the terms where it
is needed. Additionally, one finds for systems with a global
U(1) rotation symmetry and no TRS the two-particle vertex
flow equation to simplify such (see Sec. V C) that the product
Ff}’;’AF;i’A occurs exactly twice when the remaining indices
assume all possible index combinations.

We finally comment on the role of the renormalization
group parameter A in the flow equations. If the regulator is
implemented as a sharp cutoff, G} = 6(|w| — A)Gy, as in
our results below, the single-scale propagator is proportional
to a delta function Sip A (Jw] — A) since the A derivative
in Eq. (37) only acts on the step function 6(Jw| — A). Due
to this delta function, the " integration in the non-Katanin
terms of Eqs. (34) and (35) can be evaluated analytically.
However, since most of the numerical effort stems from
the Katanin contribution (where the «' integration is un-
avoidable) the benefits of a steplike cutoff are comparatively
small.

As already mentioned, the cutoff parameter A shares some
similarities with the temperature 7. In Ref. [37] a concrete
relation between both quantities has been proposed in the
form of the simple proportionality A = 2T /x. This relation
has been derived in the RPA mean-field limit for a sharp
frequency cutoff without TRS breaking where the renormal-
ization group equations can be solved exactly and compared
to each other when either A or T take the role of the reg-
ulator. Because of its validity only in this special case, the
relation A = 2T /m should generally be used with caution.
Without TRS this proportionality is no longer valid, not even
on a mean-field level, but replaced by a more complicated
functional relation. This is demonstrated in Appendix A for
a free spin in a magnetic field and in Appendix B for a so-
lution of the Hartree self-consistent equation, both indicating
that the association of A with temperature is not a rigorous
correspondence.

C. Flow equation simplifications upon
reintroducing symmetries

The flow equations in Egs. (34) and (35) do not assume
any global spin rotation symmetry or TRS. If one reintroduces
these symmetries, the flow equations simplify. For example,
in the presence of TRS the components of £# and G* with
u € {x,y, z} vanish [14]. While TRS allows for each of the 16
two-particle vertex function components I'*? to be finite and
independent, continuous spin rotation symmetries can enforce
components to vanish or become dependent on each other. To
showcase the complexity of the PFFRG flow equations for
different types of imposed symmetries, Table II displays the
spin structure of the self-energy and two-particle vertex for
different types of spin Hamiltonians with two-body spin in-
teractions in the presence and absence of TRS. The often
considered case of a Heisenberg model without magnetic
fields only results in finite two-particle vertex components
% and I'™* = 'Y = I'?, usually referred to as I'Y and TS,
respectively [11]. In comparison, a model with global U(1)
spin rotation symmetry (with or without TRS) produces six
independent two-particle vertex components [13]. Note that,

TABLE II. Finite spin components of the self-energy X (third
column) and the two-particle vertex I'*? (fourth column) for p, ¢ €
{0, x, y, z} for different types of spin models with distinct symme-
tries. The considered spin models are characterized by their types of
two-body spin interactions or by their spin rotation symmetries (first
column), and whether they possess TRS (second column). An XYZ
interaction is of the form JXS‘I.XS‘; + JyS‘I’S'; + Jﬁlﬁj Frequency and
site arguments are omitted for brevity. Components which are equal
by symmetry are labeled identically.

Interaction TRS z r
>0 r< o 0 0
. 0 0 r o 0
Heisenberg Yes 0 0 0 0
0 0 0 0 re
>0 ro o 0 0
0 0 r~ o 0
XYZ Yes 0 0 0 ™0
0 0 0 0 r=
ZO FOO 0 0 1"01
XX Xy
U(1) symmetric Yes 0 0 r ' r 0
(about z axis) 0 0 Y™ 0
reax 0 r< o o0 I=

b)) 0 r 00 r Ox r Oy 1“02
x0 XX xy X7
Unconstrained Yes 8 ? 10 ; yx ;”, ; vz
0 r z0 r= r« =
20 re o o I%
. 0 0 l—‘X)C FX}' 0
Eii)l())ustyn‘z;lfst)rlc o 0 0 —Iv r= o
¢ Y r< o 0 TI=
b 0 r 00 r Ox r Oy r 0z
. o 1")(0 e rw rx
Unconstrained No 5y RS S ST
>z FZO r« r 2z

apart from XXZ couplings J L(S’j‘S’j + 87 S’j )+ JZS’fﬁj, a spin
system with global U(1) spin rotation symmetry around the
z axis can also contain a Dzyaloshinskii-Moriya term of the
form (S; x § )°. XYZ models with coupling terms JxS'j‘S'; +
J‘S”l‘gi + JZS’izS’j which (apart from special cases) do not ex-
hibit continuous spin rotation symmetries reduce the number
of independent finite two-particle vertex components to four
if TRS is intact.

It follows from the reduced vertex spin structures of
Table II that simplified flow equations of the above-mentioned
models are straightforwardly obtained by restricting the al-
lowed values for summation indices a, . . ., f, as well as for p
and ¢, in Egs. (34) and (35).

The symmetry-imposed simplification of vertex structures
is reflected in the number of independent and finite two-
particle vertex products I'’T"“? which appear in the RPA
channel for unconstrained indices a, b, ¢, d € {0, x, y, z}, as
summarized in Table III. As a trend, excluding the XYZ
model, the number of terms increases for each broken con-
tinuous spin rotation symmetry. However, we point out that a
U(1)-symmetric model with broken TRS still generates fewer
independent terms in the RPA channel than a model with TRS
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TABLE III. Relative number of independent and finite two-
particle vertex products I'*?T"*? in the RPA channel for unconstrained
indices a, b, ¢, d € {0, x, y, z} (frequency and site arguments are kept
implicit and differ between I'®” and I'“?). The same type of models
as in Table II are considered, i.e., systems with and without TRS.

Interactions TRS Relative number of products I'** 1<
Heisenberg Yes 1

XYZ Yes 2

U(1) symmetric Yes 6

Unconstrained Yes 32

U(1) symmetric No 10

Unconstrained No 128

and without any continuous spin rotation symmetry. Since
the numerical resources needed to evaluate the flow equa-
tions are mostly determined by the RPA channel, the relative
numbers of Table III reflect the overall effort for solving the
flow equations. Note, however, that broken TRS removes the
two-particle vertex frequency symmetry in Eq. (33) as well,
doubling the effort of evaluating the flow equations.

D. Initial conditions

Finally, to complete the discussion of the PFFRG flow
equations for TRS-broken systems, we specify the initial con-
ditions at A — oo. In this limit only the bare parameters of
the spin Hamiltonian in Eq. (1) remain [7,10], yielding the

J

initial conditions for the self-energy,

1
nATO(w) = —5h, (39)
and for the two-particle vertex
nv, A— 00 R 773Y
I (s,t,u) = 3J;; . (40)
where w,v € {x,y,z}. Note that the factors % and % in
Egs. (39) and (40), respectively, are due to the factor % in the

fermion mapping [see Eq. (2)].

E. Physical observables
The vertex functions " and I'?%"* obtained from solv-
ing the PFFRG flow equations are no physical observables
themselves but can be straightforwardly used to calculate
those quantities. A standard physical outcome in previous
PFFRG implementations (and in our extension) are static and
equal time spin-spin correlation functions xi‘;”(a) =0) and

ny

X;; (t = 0), respectively, defined by

X (@) = /0 dt e ((SI'(1)83(0)) — (S (0))($(0))) (41)
and
1 A A A A
X =0 = 5= / do il (@) = ($1'8)) = (SL)(8)) @2)

with i, v € {x, y, z}. Note that v € R is the imaginary part of
a purely imaginary frequency such that x;"(w # 0) does not
directly correspond to a physical observable. After mapping
the spin operators onto pseudo-fermions, one can express
Xi’;”’A(a)) (now equipped with an explicit A dependence) in
terms of the vertex functions as follows:

1
xi’j‘.v’A(a)) = — g&j % / do/[G M ()G (@ + o )r(oH 0% )]

1 / 1 ~a, N I\ b A 11\ e A INnod N ef A ’ ” ’ ”
- > /da)da) G (@G @+ 0")GP N (@ + 0)GTH (@[T 0 + o + 0, 0,0 — o)

abcdef

x tr(c"o‘co (o o0/ o) — 5,~_,-Ff]f’A(w +o' +o" 0 — o, w)tr(a“acaeaba"adofaa)]. (43)

In case TRS is broken one can also compute a finite magneti-
zation M!* = (8!) from the single-particle Green function,

Mt =% / dw g™ (w). (44)

VI. RESULTS: MAGNETIZATIONS OF 2D SPIN MODELS

We now present results of the TRS-breaking PFFRG for-
malism developed in the last sections by treating spin models
in the presence of finite magnetic fields. In our exploratory in-
vestigations, we focus on well-studied two-dimensional (2D)
spin models on square, honeycomb, and triangular lattices and
compare our results with existing literature. This will expose
various advantages and disadvantages of the method which
may serve as a guide for future applications.

Below, we pursue two different strategies of including
magnetic fields, that are reflected in the following Hamilto-

nian:
=7 88— n-8 —h) & @45
(ij) i i

The first term contains the two-body spin interactions, which,
for the systems considered here, are of nearest-neighbor
Heisenberg type. The second term is a small seed field
6 < |J|, which breaks the system’s symmetries (that would
otherwise be spontaneously broken) already on the Hamil-
tonian level such that the renormalization group flows can
be continued into long-range ordered phases. Unless stated
otherwise, the orientations of the vectors n; (which we
normalize as |n;| = 1) are fixed according to the expected
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(a) —— PFFRG  ==--- Mean-field
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FIG. 1. (a), (c) Magnetization M* = |M l.Al as a function of A for the (a) ferromagnetic and (c) antiferromagnetic square lattice Heisenberg
model. Full (dotted) lines correspond to PFFRG (mean-field) results. Different colors correspond to different strengths of seed fields (§/|J| = 0,
0.01, 0.02, 0.1 and 0.5) [see legend in (b) which applies to all subfigures]. Seed fields are oriented parallel or antiparallel to the z axis
according to the insets. (b), (d) Longitudinal order-parameter susceptibilities x“*(g) as a function of A for the (b) ferromagnetic and
(d) antiferromagnetic square lattice Heisenberg model where ¢ = 0 and ¢ = (i, 7 ), respectively. Full lines are PFFRG results derived from
Eq. (43) while dashed lines are derived from x* = d9M*/35. In the latter approach, § derivatives are approximated by the variation of M4

when § is increased by 10% from the value stated in the legend.

long-range orders. However, as we will demonstrate below
for the Heisenberg antiferromagnet on the triangular lattice,
the correct type of order is even generated if these vectors de-
viate from it, as long as the perturbation breaks the otherwise
spontaneously broken symmetries. We apply small seed fields
to regularize renormalization group flows (Sec. VI A) and to
compute the magnetizations for different long-range-ordered
systems in the limit § — 0 (Sec. VIB).

The third term in Eq. (45) corresponds to a uniform ex-
ternal magnetic field, which (without loss of generality) we
orient along the z axis. We consider finite 4 > 0 to investigate
the magnetization process of a spin system up to saturation.
If a system’s ground state at finite /2 exhibits a spontaneous
breaking of spin rotation or lattice symmetries not already
captured by this third term, it is necessary to introduce ad-
ditional small fields §, such that the renormalization group
flow can be continued into this symmetry-broken phase. An
example for this type of application will be presented for the
square lattice Heisenberg antiferromagnet (Sec. VIC).

The PFFRG is applied with the following specifications.
The two-particle vertex is computed on a frequency grid with
92 points (76 points for triangular lattice models) for each
frequency s, ¢, u, while the self-energy is calculated for 2000
frequencies. Our frequency grids have an exponential distri-
bution of grid points and we use a sharp frequency cutoff
G{)‘ = 60(Jw| — A)Gy. To improve the frequency resolution of
vertex functions, it is beneficial to implement the integrations

with an adaptive frequency grid [25,26,32], which, however,
we postpone to future work. Unless stated otherwise, corre-
lations of square and triangular lattice models are neglected
beyond distances of L = 5 nearest-neighbor spacings. An ex-
plicit embedded Runge-Kutta (2, 3) method with adaptive step
size is used to solve the flow equations [38].

A. Flow regularization by small seed fields §

The successful regularization of susceptibility flow break-
downs by finite fields 6 (at # = 0) is demonstrated in Fig. 1
for both the ferromagnetic and antiferromagnetic Heisen-
berg models on the square lattice. The distinct differences of
susceptibility flows with and without seed fields are shown
in Figs. 1(b) and 1(d) [see the full lines, computed from
Eq. (43)]. For 6 = 0 the onset of magnetic long-range order
is indicated by an increase of the respective order-parameter
susceptibilities ¥ (g = 0) and x%%(q = (, 7)) followed
by a characteristic kink. At cutoffs below this breakdown
feature the susceptibility no longer has any physical meaning
(as a result of the frequency discretization and sharp cutoff
function, the susceptibility flow is strongly oscillatory). Once
a small seed field 6/|J| > 0.01 is switched on, the kink and
the subsequent oscillatory behavior are replaced by a smooth
peak and the renormalization group flow can be continued
down to A — 0. Note that high numerical stability is required
because flow instabilities may reappear when choosing the
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seed field § too small. Such tendency lies in contrast to the
objective to choose the seed field as small as possible to
avoid the introduced energetic bias which favors spins to-
wards an orientation along its site-dependent magnetic field.
In our numerical implementation, a flow regularization was
always successful when applying seed fields of size §/|J| >
0.02. With increasing §, the peaks in Figs. 1(b) and 1(d)
are suppressed, broadened, and shifted to larger A. If A is
interpreted as a temperature, these observations qualitatively
resemble the expected response of a finite-temperature mag-
netic phase transition to a magnetic field. Note, however,
that the existence of a finite critical scale A, is an artifact
from the truncation of renormalization group equations [7]
since Mermin-Wagner theorem forbids a finite-temperature
(or finite-A) transition in two-dimensional Heisenberg
models.

The magnetizations M* = |M f\| = [(S;)*] as a function of
A [see Eq. (44)] for the ferromagnetic and antiferromagnetic
square lattice Heisenberg models in Figs. 1(a) and 1(c), re-
spectively, also show qualitatively correct behavior. For small
d the onset of magnetic order is indicated by a sudden increase
of M at a finite value of A which approximately coincides
with the position of the susceptibility peaks in Figs. 1(b) and
1(d). With increasing §, the curvature of the magnetization
around this upturn decreases. For comparison, Figs. 1(a) and
1(c) also show the results of a bare self-consistent mean-field
calculation (which is equivalent to only taking into account
the Hartree and RPA channels in the PFFRG flow equations)
(see dotted lines). Details can be found in Appendix B. The
onset of magnetization in the full PFFRG occurs at smaller
values of A compared to the bare mean-field calculation,
which is due to the quantum fluctuations contained in the
PFFRG but not in the mean-field approach. Furthermore, for
the antiferromagnetic model the magnetization at A — 0 is
reduced from the mean-field value M = % which will be
discussed is more detail in Sec. VI B.

One generally expects that the magnetizations M increase
monotonically with increasing seed fields &/|J|. However,
Figs. 1(a) and 1(c) reveal that this is not always the case
at small A. We interpret this unphysical observation as a
numerical artifact caused by an oscillatory behavior of the
frequency dependence of vertex functions at small A. We
therefore believe that this problem can be cured by the im-
proved numerical implementation described in Ref. [25].

The accessibility of finite magnetizations allows for an
alternative computation of susceptibilities, namely, by directly
taking the derivative of the magnetization with respect to the
field strength x* = 0M*"/35. The two ways of calculating
the susceptibility, i.e., either via Eq. (43) or via the derivative
of the magnetization, are compared in Figs. 1(b) and 1(d)
[see full and dashed lines, respectively]. In the current one-
loop plus Katanin truncation the two methods are generally
not identical. Diagrammatic approximations which have the
property of identical response functions in both approaches
have been investigated systematically [39,40], and are known
as conserving approximations with the property of satisfying
conservation laws. Even though the one-loop plus Katanin
PFFRG is not such a conserving approximation the degree
of agreement between both approaches can be taken as a
measure for the quality of our numerical outcomes. While
the agreement becomes better upon increasing both § and A,

(a) (b)

(c) 0.50 — ===

L 0.40 o—
= —#— FM Square

0.351 —i— AFM Square
—@®— AFM Honeycomb
0.30+ —%— AFM Triangular

2 3 4 5 6 7 8
L

FIG. 2. (a) Néel order on the honeycomb lattice. (b) Three-
sublattice 120° Néel order. Different sublattices are distinguished
by different colors of the spins. (c) Magnetization M*~? in the
small-A limit as a function of maximum correlation distance L,
for the ferromagnetic Heisenberg model on the square lattice as
well as for the antiferromagnetic Heisenberg models on the square,
honeycomb, and triangular lattices. Here, L is defined as the maximal
distance of spin-spin correlations (in units of the lattice constant),
while longer-distance spin-spin correlations are treated as zero. The
magnetizations shown are obtained at cutoffs % = 0.02, except for
the square lattice ferromagnet where % = 0.01 is used. Seed fields
are of size % = 0.01 on the square lattice, and of size % = 0.02 on
the honeycomb and triangular lattices.

the largest deviations are observed for small §/|J] in the A
region around the susceptibility peak. This regime close to
a phase transition is well known to pose challenges for the
PFFRG, due to the intricate competition between ordering
tendencies and fluctuations [7]. Furthermore, the unphysical
negative susceptibilities y* = dM* /38 at small A and § are
a consequence of the aforementioned nonmonotonic behavior
of the magnetization in §.

B. Zero-field magnetizations

Zero-field magnetizations at 7 = 0 that are reduced from
saturation M = % due to quantum fluctuations are a char-
acteristic property of quantum spin systems. In PFFRG
they are obtained from M? in the limits § — 0 and A —
0. The ferromagnetic square lattice Heisenberg model [see
Fig. 1(a)] shows a saturated magnetization M = % in this
limit, demonstrating that PFFRG correctly captures the ab-
sence of quantum fluctuations in the ferromagnatic ground
state. In contrast, for the antiferromagnetic Heisenberg model
on the square lattice [see Fig. 1(c)], quantum fluctuations are
observed to reduce the magnetization at § — 0 and A — 0
compared to saturation.

To investigate the reduction of the magnetization due
to quantum fluctuations more systematically, we show in
Fig. 2(c) the magnetizations as a function of maximum cor-
relation distance L for a variety of different 2D Heisenberg
models. In addition to the square lattice, we also present
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results for the nearest-neighbor Heisenberg models on the
honeycomb and triangular lattices. The honeycomb lattice
(like the square lattice) is bipartite and exhibits a collinear
Néel ground state in the antiferromagnetic case [see Fig. 2(a)].
The corresponding seed field ~n;, hence, maintains a U(1)
spin rotation symmetry around the magnetization axis. On the
other hand, the triangular lattice antiferromagnet is known to
feature noncollinear 120° ground-state order [41-43] depicted
in Fig. 2(b). Consequently, the corresponding seed fields break
all continuous spin rotation symmetries. This increases the
computational effort and we have, consequently, refrained
from performing a calculation with L = 8 for this system [see
Fig. 2(c)].

For all considered models, the magnetization converges
at relatively small L, already around L &~ 5. At the largest
considered correlation distances PFFRG finds magnetiza-
tions M =~ 0.436 for the square lattice, M =~ 0.411 for the
honeycomb lattice, and M =~ 0.442 for the triangular lattice
Heisenberg antiferromagnets. Compared to literature values
[M = 0.3075(25) [44] from QMC for the square lattice, M =
0.22(3) [45] from QMC for the honeycomb lattice, and M =
0.205(15) [41-43] from variational Monte Carlo and DMRG
for the triangular lattice] the PFFRG overestimates the mag-
netizations significantly, i.e., underestimates the impact of
quantum fluctuations. However, we do not believe that these
results indicate a general underestimation of quantum fluctu-
ations within PFFRG since this has not been systematically
observed in previous PFFRG applications for systems with
TRS. For example, the extents of magnetically disordered
phases compare well with other methods for the J;-J, square
lattice Heisenberg model [11], the Heisenberg-Kitaev model
[12], the Shastry-Sutherland model [46], or the non-Kramers
nearest-neighbor pyrochlore model [47]. Rather, we postulate
that the overestimated magnetizations are a consequence of
the specific conditions under which they are calculated. Ac-
curate zero-field magnetizations require the correct buildup
of magnetization when the renormalization group flow passes
through the critical region at A =~ A, and small §. How-
ever, the critical region where the magnetization undergoes
an abrupt increase and the susceptibility strongly peaks is
prone to generating errors intrinsic to the method, as was
already indicated by the discrepancies between the two ap-
proaches of calculating the susceptibility in Figs. 1(b) and
1(d). Specifically, close to criticality the vertex function flow
is largely controlled by the RPA channel in our current trun-
cation scheme. This flow through a critical RPA-dominated
regime may impose a mean-field character (known to be gen-
erated in the RPA channel) on the magnetic correlations which
may possibly explain the overestimation of the magnetizations
downto A — 0.

While these observations indicate that zero-field magneti-
zations are problematic within PFFRG, we now demonstrate
that the detection of the correct types of magnetic orders can
be quite robust. For the magnetization of the triangular lattice
Heisenberg model in Fig. 2(c), the seed fields dn;, imposed
in the initial conditions, have been oriented according to the
120° Néel order in Fig. 2(b). However, the correct 120° spin
configuration is even obtained if §n; deviates substantially
from this pattern. We demonstrate this for two choices of

(a) (b)

€ 1.0
& 0.99
<=9
— 3 sublatt., 120°, Fig. 2(b)
08 — 2 sublatt., 120°, Fig. 3(a)
' — 2 sublatt., 90°, Fig. 3(b)
0 1 2 3 4 5
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0.81
06 0-50
T ol 5025
0.2 0.00, T 9 3 1 5
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0.0 - . - .
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FIG. 3. (a), (b) Two choices of seed fields én; deviating from a
120° Néel pattern on the triangular lattice. Red dots indicate van-
ishing amplitudes & on this sublattice. On the other two sublattices
with identical &, the arrows depict the directions of n; which either
enclose (a) angles of 120° or (b) angles of 90°. (c) M. defined in
Eq. (46) as a function of A for the two seed fields of the triangular
lattice Heisenberg antiferromagnet in (a) and (b) and for the perfect
120° seed field in Fig. 2(b). (d) A4, defined in Eq. (47) as a function
of A for the same seed fields as considered in (c). The inset in
(d) shows the magnetization M* of the triangular lattice Heisenberg
antiferromagnet as a function of A for the ideal seed fields illustrated
in Fig. 2(b).

deviating seed fields shown in Figs. 3(a) and 3(b). In both
cases § is nonvanishing on only two of the three sublattices
of the 120° Néel order. These two sublattices have identical &
while n; either enclose angles of 120° [see Fig. 3(a)] or 90°
[see Fig. 3(b)].

We use two quantities to characterize the structure of the
local magnetization that builds up during the renormalization
group flow under these seed fields. The first, M{5., probes the
angles between the induced magnetizations M f\ey on the three
sublattices y € {A, B, C}. It is defined by

2
A A A A A A
M5 = —|mA X Mg +Mg XM +me X m

3J3

Al (46)
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where m) =M}, /M., |. The quantity M{}, assumes the
maximum value M{%,. = 1 only when M [Aey enclose the cor-
rect angles of 120° between each pair of spins (in which
case they are coplanar). The second quantity, Aj;, probes
differences in the magnitudes of the induced magnetizations
M iAEy on the three sublattices, which in the ideal 120° Néel
order are identical, |M%,| = |[Miy| = |[M/.|. We define
AM by
MA — MA
A]{\/[ — mal);lA mm’ (47)

max

A A A A : ;
where M7 = max{IM;;,|, IM;;sl, IMjc-|} is the maxi-

mum magnetization amplitude while M2 = min{|M},],
IM2,|, IML.|} is the minimum magnetization amplitude.
With these definitions the ideal 120° Néel order is character-
ized by M{5,. = 1 and A}, = 0.

Our results for M5, and A4, are shown in Fig. 3(c) and
3(d), respectively. At large A above criticality, A > A, ~
0.33J, the reduction of A% from its largest possible value
A% = 1 indicates the generation of a finite magnetization on
the sublattice where the seed fields are zero. The criticality at
A = A, acts as a disruption of the renormalization group flow
where M}, deviates more strongly from the expected value
M{,,. = 1. This resembles our previous observation of error
generation in the critical region. However, for A < A, the
renormalization group flow of M{%. turns up again and Aj
shows a sharp decrease such that in the limit A — O the values
MBS ~ 1and A%7° ~ 0 are obtained. Note that for the seed
field choices of Figs. 3(a) and 3(b) a small but finite value
of A2~0 can be observed in Fig. 3(d). This deviation from
ALY =0, expected for a perfect 120° order, is explained
by the energy bias introduced by a finite §. We additionally
plot M* for ideal 120° seed fields in the inset of Fig. 3(d) to
indicate the A region where the magnetization builds up.

A possible reason for the robustness of the 120° Néel order
despite the observation of large errors in the magnetization
amplitude M2~ is that information on the spin pattern is
not only contained in the magnetizations M ,A (which follow
from the self-energy) but also in the spin-spin correlations
Xil} (which follow from the two-particle vertex). The correct
spin-spin correlations of the 120° Néel order in the antiferro-
magnetic triangular Heisenberg model have previously been
obtained in an application of the PFFRG with TRS above the
critical A scale [48], where correlations are short range. In
other words, while an accurate result for M40 requires the
proper buildup of magnetization in the error-prone critical re-
gion, the correct spin configuration is already captured above
A, and the criticality only induces an intermediate error in the
magnetization pattern.

C. Magnetization process of the square lattice Heisenberg
antiferromagnet

As a last application of the PFFRG with magnetic fields,
we calculate the magnetization curve of the square lattice
Heisenberg antiferromagnet where (in contrast to the appli-
cations in Secs. VIA and VIB) a homogeneous magnetic
field & is considered [see Eq. (45)]. This system has been
studied in a variety of previous works [29,49-51], including

0.5
- PFFRG .
J Y/
041 o MC P
° | == classical %
i 0.3 - -
™ 7
=02 - Rl N/
0.1 2 ~ 7
Z - —
0.05 1 2 3 4
Wiy

FIG. 4. Blue squares show the magnetization M>*~% from PF-
FRG of the antiferromagnetic Heisenberg model on the square lattice
as a function of the homogeneous field strength £, linearly extrapo-
lated to zero seed fields, 8 — 0. For comparison, red diamonds are
QMC results from Ref. [49]. The dashed black line is the linear
classical magnetization curve. The inset illustrates the magnetization
process schematically, where red and blue arrows depict spins on the
two sublattices in a field & that increases from bottom to top.

QMC [49]. At h <« J the spins order antiferromagnetically in
a direction perpendicular to the magnetic field, which, here,
we apply along the z direction. As & increases, the spins
continuously cant towards the z axis, until they are ferro-
magnetically aligned at 4 > 4J with a saturated longitudinal
magnetization M* = % The inset in Fig. 4 illustrates the mag-
netization process schematically. A characteristic property of
the magnetization curve is its nonlinear behavior, where a
small upward curvature results from a gradual suppression of
zero-point fluctuations [51]. This is in contrast to the magneti-
zation curve of the corresponding classical spin model which
is strictly linear, M3, . = h/(8J), up to saturation.

To regularize PFFRG flows and to calculate the longitudi-
nal magnetization M =A=0 two fields need to be implemented,
the homogeneous field # and a staggered seed field n; L
(0,0, 1) that generates the perpendicular antiferromagnetic
spin order. The obtained magnetization curve, plotted in the
main panel of Fig. 4, shows good qualitative agreement with
QMC. Particularly, we find the expected upward curvature,
which, however, is somewhat less pronounced than in QMC.
This overestimation of M%2~ is possibly related to the
overestimation of zero-field antiferromagnetic order on the
square lattice in Sec. VIB. However, the errors in MEA—0
in Fig. 4 are considerably smaller than those of the sponta-
neous magnetizations at # = 0 in Sec. VIB. Specifically, the
deviation of the magnetization from saturation, i.e., 1/2 — M
in the antiferromagnetic square lattice Heisenberg model at
h = 0 calculated with PFFRG is only 33% of the exact qMC
result for 1/2 — M. This can be compared to the extent to
which PFFRG captures the deviations from the linear classical
magnetization curve. In this context, PFFRG finds 71% of the
QMC rresult for M§, . — M* at h = 2J [49]. The more accurate
description of quantum fluctuations at & = 2J compared to
h = 0 is possibly a consequence of the fact that at A = 2J the
PFFRG can already benefit from its perturbative error control
at small J/h. More precisely, the PFFRG is known to be exact
up to second perturbative order in the interaction strength J

[7].
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We also note that PFFRG finds saturation M>A~0 = %
very accurately at the expected field strength & = 4J which
may, similarly, be a consequence of the perturbative error
control.

VII. DISCUSSION

We have extended the PFFRG to treat spin Hamiltonians
with finite magnetic fields and demonstrated its numerical fea-
sibility. Our investigations of Heisenberg models on square,
honeycomb, and triangular lattices either in the presence of
small magnetic seed fields generating finite magnetic order
parameters or in the presence of homogeneous magnetic
fields, provide important insights about the types of appli-
cations for which the method is best suited. If a physical
observable does not require a renormalization group flow in
A through a critical regime close to a critical point we ob-
serve that it may be captured rather accurately. An example
is the 120° Néel order on the triangular lattice which is cor-
rectly generated even if the seed fields have a very different
structure. A possible explanation is that (short-range) spin-
spin correlations of magnetic ordering patterns are already
included in the two-particle vertex above the critical A. On
the other hand, if the precise value of a physical observable
crucially depends on its generation at a critical A, it may
be subject to large errors in the PFFRG. We observed this
for the zero-field magnetizations of aniferromagnetic spin
models which are significantly overestimated in the limit of
vanishing seed fields. The renormalization group flows in the
critical A regions where the magnetizations build up are dom-
inated by the RPA channel of the two-particle vertex. When
considered alone, this channel generates the order-parameter
susceptibility of a bare spin-mean field theory. This induces
a mean-field bias in the critical A region that may explain
the overestimation of the amplitudes of magnetizations. In the
future, it will be interesting to investigate whether multiloop
PFFRG approaches [23-26] can mitigate this problem. Such
schemes include additional vertex contributions beyond mean
field, possibly reducing the mean-field bias near criticality.

Since our extended PFFRG has proven to be robust in
detecting spin patterns, the investigation of complex mag-
netic orders which, e.g., often occur in magnetization plateaus
represents a promising endeavor for future applications. How-
ever, the flow regularization in such applications could require
large computational resources since the numerical efforts in-
crease with each spontaneously broken symmetry of a ground
state. Therefore, ground states with large magnetic unit cells
pose a challenge due to their broken translation symmetries
and the resulting symmetry-inequivalent sites for each of
which the flow equations have to be solved after applying the
seed field. A further difficulty is that the PFFRG is intrinsi-
cally unable to find the spin configuration of a magnetization
plateau in an unbiased manner. It can only detect those spin
states whose broken symmetries are explicitly assumed by
small seed fields. On the other hand, our present studies
show that the seed fields do not need to closely match the
spin orientations in the actual ground state. We therefore still
consider it worthwhile to investigate magnetization plateaus
within the PFFRG, but we defer this to future work. The need
to resolve complicated spin patterns via flow regularizations

is eliminated when studying field-induced quantum spin lig-
uids [30,31], which represents another promising direction for
future applications.

Finally, we mention that several code extensions might be
important for obtaining accurate results in these future ap-
plications. This includes, e.g., a continuous frequency cutoff
function, better resolution of characteristic features in the fre-
quency dependence of vertex functions, consideration of their
asymptotic frequency structure, or improved frequency inte-
grations [25]. When applied to spin systems and observables,
where the PFFRG can unfold its strengths, these methodolog-
ical efforts could pay off and provide interesting insights into
complex quantum phenomena.
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APPENDIX A: COMPARISON OF T AND A FOR A FREE
SPIN IN A MAGNETIC FIELD

In this Appendix, we consider a free spin-% in a magnetic

field described by the Hamiltonian
A = —h§, (A1)

and compare the analytical expressions for the magnetization
and susceptibility when either the temperature 7 or a sharp
frequency cutoff A act as a regulator. The calculation of these
quantities does not require the solution of a renormalization
group equation but only knowledge of the free Green function.
The results will reveal qualitative differences between 7' and
A and specify the expected flow behavior of interacting spin
models at high magnetic fields.

The free pseudo-fermion Green function obtained from the
Hamiltonian in (A1) is given by

GM1'|1) = GH (')
h —1
= 0(|lw1| — A)d(wr — a)1)<ia)100 + EUZ)

apag

(A2)

Using the parametrization in Eq. (24) and inserting the Green
function into Eq. (44) yields the A-dependent magnetization

A 1 1 2A
M*(T =0) == — —arctan| — ). (A3)
2 7« h
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FIG. 5. Magnetization M of a free spin in a magnetic field i
either as a function of the temperature 7 or as a function of the
sharp frequency cutoff parameter A, both represented by the variable
u € {T, A}. The explicit functions are given in Egs. (A3) and (A4).

In contrast, the temperature-dependent magnetization is given
by
A0 1 h
M*=(T) = 2tanh<2T>. (A4)

Both functions are plotted in Fig. 5 which demonstrates qual-
itative differences between T and A. While the 7" dependence
of MA=9(T) has a vanishing slope at T = 0, the A depen-
dence of M (T = 0) has a finite slope at A = 0. Particularly,
T and A are not related by the simple relation A = 27T/ that
was proposed in Ref. [37] for h = 0.

The corresponding susceptibilities x** of the free spin are
obtained by taking the derivative of the magnetization with
respect to the external field, and are given by

1 1

XM =0)= — 55—, (A5)

AT =) ! | 2 t 24 (A6)
’ =0)= —|1— —arctan{ —

X wm|l T x n)l
1

XM = ————, (A7)
Achosh(%)2

xA=(T) = L tanh( 22 (A8)
2h 2T )

These functions are shown in Fig. 6 which reveals similar
differences between T and A as in Fig. 5.

APPENDIX B: MEAN-FIELD MAGNETIZATION
AS A FUNCTION OF A

Here, we solve the self-consistent mean-field equation for
the magnetization in a magnetic field 4 where, in contrast
to the usual formulation in terms of the temperature 7', we use
the sharp cutoff parameter A. When only keeping flow equa-
tion terms in Eqgs. (34) and (35) that contain an internal site
summation ) j» the Hartree and RPA approximation is repro-
duced [19]. In the absence of magnetic fields, the self-energy
vanishes for any A. In this case, the RPA can be obtained
by solving the two-particle vertex flow equation [Eq. (35)]
only in the RPA channel or, equivalently [24], by solving
the Bethe-Salpeter self-consistency equation (the former is
obtained from the latter by taking a derivative with respect

0.61
— )(ZZ,Azo(T)
K= ax, A=
\‘\ = AN
1 N -
< 04 \\ \\ — }(‘Z’A(T=O)
§ \\\ \\\ — }(XXsA(Tz 0)
>’< ~ \\\
0.2’ \\\ \~~~

040 0.5 1.0 15 2.0
ulh

FIG. 6. Susceptibilities x"* for uw =x,z of a free spin in a
magnetic field 4 along the z axis. Shown is either the dependence
on the temperature 7 or on the sharp frequency cutoff A, both
represented by the variable u € {T', A}. The explicit functions are
given by Egs. (A5)—(A8).

to A). Finite magnetic fields enable the computation of the
RPA susceptibility by taking the derivative of the Hartree
magnetization with respect to the external magnetic field. In
this approach, knowledge of the two-particle vertex is not
needed.

For simplicity, we assume a nearest-neighbor Heisenberg
model with a site-independent self-energy, exposed to a uni-
form magnetic field along the z axis, i.e.,

H=7>8-8-n) §. (B1)
(i) i
After the mapping to a pseudo-fermion Hamiltonian, the self-

consistent equation for the Hartree self-energy [53] is given
by

A 1) =

> WGAQQ’), (B2)

2,2
with
B 2102 =Ty, Y 0k 0L
"

x 8wy + wy — w1 — 02)8;,,i, 81y, (B3)

Inserting the parametrizations of the self-energy and the
Green function [see Egs. (21) and (24)], one finds

1 0 .
yih = i ZJ,,/ do g3 (). (B4)
- S
Comparison with Eq. (44) yields
JMA
WA= (BS)

where c is the coordination number of the lattice. Inserting this
relation into the Green function of Eq. (44) and evaluating the
integral leads to the self-consistent equation for the Hartree
magnetization

MA—ls h— JM"—l B6
=3 gn( c ) narctan (B6)

2A
h—cIMA )
This equation allows to calculate the mean-field magne-
tizations in Figs. 1(a) and 1(c), dotted lines. For a free
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spin J = 0, the equation becomes identical to Eq. (A3).
As mentioned before, at finite magnetic field & the mean-
field solutions formulated either in terms of T or A

are qualitatively different. The corresponding self-consistent
equation in 7 involves a tanh function instead of an arctan
function.

[1] C. Broholm, R. J. Cava, S. A. Kivelson, D. G. Nocera, M. R.
Norman, and T. Senthil, Quantum spin liquids, Science 367,
eaay0668 (2020).

[2] J. Knolle and R. Moessner, A field guide to spin liquids, Annu.
Rev. Condens. Matter Phys. 10, 451 (2019).

[3] L. Savary and L. Balents, Quantum spin liquids: a review, Rep.
Prog. Phys. 80, 016502 (2017).

[4] R. Ords, Tensor networks for complex quantum systems, Nat.
Rev. Phys. 1, 538 (2019).

[5] I. I. Cirac, D. Pérez-Garcia, N. Schuch, and F. Verstraete, Ma-
trix product states and projected entangled pair states: Concepts,
symmetries, theorems, Rev. Mod. Phys. 93, 045003 (2021).

[6] W. von der Linden, A quantum Monte Carlo approach to many-
body physics, Phys. Rep. 220, 53 (1992).

[7] T. Miiller, D. Kiese, N. Niggemann, B. Sbierski, J. Reuther, S.
Trebst, R. Thomale, and Y. Igbal, Pseudo-fermion functional
renormalization group for spin models, Rep. Prog. Phys. 87,
036501 (2024).

[8] A. A. Abrikosov, Electron scattering on magnetic impurities in
metals and anomalous resistivity effects, Phys. Phys. Fiz. 2, 5
(1965).

[9] 1. Affleck, Z. Zou, T. Hsu, and P. W. Anderson, SU(2) gauge
symmetry of the large-U limit of the Hubbard model, Phys. Rev.
B 38, 745 (1988).

[10] W. Metzner, M. Salmhofer, C. Honerkamp, V. Meden, and
K. Schonhammer, Functional renormalization group approach
to correlated fermion systems, Rev. Mod. Phys. 84, 299
(2012).

[11] J. Reuther and P. Wolfle, J,—J, frustrated two-dimensional
Heisenberg model: Random phase approximation and func-
tional renormalization group, Phys. Rev. B 81, 144410
(2010).

[12] J. Reuther, R. Thomale, and S. Trebst, Finite-temperature phase
diagram of the Heisenberg-Kitaev model, Phys. Rev. B 84,
100406(R) (2011).

[13] M. Hering and J. Reuther, Functional renormalization group
analysis of Dzyaloshinsky-Moriya and Heisenberg spin inter-
actions on the kagome lattice, Phys. Rev. B 95, 054418 (2017).

[14] F. L. Buessen, V. Noculak, S. Trebst, and J. Reuther, Functional
renormalization group for frustrated magnets with nondiagonal
spin interactions, Phys. Rev. B 100, 125164 (2019).

[15] L. Gresista, D. Kiese, and S. Trebst, Moments and multiplets in
moiré materials, Eur. Phys. J. B 95, 119 (2022).

[16] B. Schneider, D. Kiese, and B. Sbierski, Taming pseudofermion
functional renormalization for quantum spins: Finite tempera-
tures and the Popov-Fedotov trick, Phys. Rev. B 106, 235113
(2022).

[17] J. M. Luttinger and L. Tisza, Theory of dipole interaction in
crystals, Phys. Rev. 70, 954 (1946).

[18] J. M. Luttinger, A note on the ground state in antiferromagnet-
ics, Phys. Rev. 81, 1015 (1951).

[19] M. L. Baez and J. Reuther, Numerical treatment of spin systems
with unrestricted spin length S: A functional renormalization
group study, Phys. Rev. B 96, 045144 (2017).

[20] F. L. Buessen, D. Roscher, S. Diehl, and S. Trebst, Functional
renormalization group approach to SU(N) Heisenberg models:
Real-space renormalization group at arbitrary N, Phys. Rev. B
97, 064415 (2018).

[21] N. Niggemann, B. Sbierski, and J. Reuther, Frustrated quantum
spins at finite temperature: Pseudo-Majorana functional renor-
malization group approach, Phys. Rev. B 103, 104431 (2021).

[22] N. Niggemann, J. Reuther, and B. Sbierski, Quantitative func-
tional renormalization for three-dimensional quantum Heisen-
berg models, SciPost Phys. 12, 156 (2022).

[23] F. B. Kugler and J. von Delft, Multiloop functional renormaliza-
tion group that sums up all parquet diagrams, Phys. Rev. Lett.
120, 057403 (2018).

[24] F. B. Kugler and J. von Delft, Derivation of exact flow equations
from the self-consistent parquet relations, New J. Phys. 20,
123029 (2018).

[25] D. Kiese, T. Miiller, Y. Igbal, R. Thomale, and S. Trebst, Mul-
tiloop functional renormalization group approach to quantum
spin systems, Phys. Rev. Res. 4, 023185 (2022).

[26] J. Thoenniss, M. K. Ritter, F. B. Kugler, J. von Delft, and
M. Punk, Multiloop pseudofermion functional renormalization
for quantum spin systems: Application to the spin—% kagome
Heisenberg model, arXiv:2011.01268.

[27] M. Salmhofer, C. Honerkamp, W. Metzner, and O. Lauscher,
Renormalization group flows into phases with broken symme-
try, Prog. Theor. Phys. 112, 943 (2004).

[28] R. Gersch, C. Honerkamp, D. Rohe, and W. Metzner, Fermionic
renormalization group flow into phases with broken discrete
symmetry: charge-density wave mean-field model, Eur. Phys.
J. B 48, 349 (2005).

[29] A. Honecker, J. Schulenburg, and J. Richter, Magnetization
plateaus in frustrated antiferromagnetic quantum spin models,
J. Phys.: Condens. Matter 16, S749 (2004).

[30] I. Zivkovié, V. Favre, C. Salazar Mejia, H. O. Jeschke, A.
Magrez, B. Dabholkar, V. Noculak, R. S. Freitas, M. Jeong,
N. G. Hegde, L. Testa, P. Babkevich, Y. Su, P. Manuel, H.
Luetkens, C. Baines, P. J. Baker, J. Wosnitza, O. Zaharko, Y.
Igbal et al., Magnetic field induced quantum spin liquid in the
two coupled trillium lattices of K;Ni»(SO,);, Phys. Rev. Lett.
127, 157204 (2021).

[31] A. Banerjee, P. Lampen-Kelley, J. Knolle, C. Balz, A. A. Aczel,
B. Winn, Y. Liu, D. Pajerowski, J. Yan, C. A. Bridges, A. T.
Savici, B. C. Chakoumakos, M. D. Lumsden, D. A. Tennant,
R. Moessner, D. G. Mandrus, and S. E. Nagler, Excitations
in the field-induced quantum spin liquid state of «-RuCls,
npj Quantum Mater. 3, 8 (2018).

[32] M. K. Ritter, D. Kiese, T. Miiller, F. B. Kugler, R. Thomale, S.
Trebst, and J. von Delft, Benchmark calculations of multiloop
pseudofermion fRG, Eur. Phys. J. B 95, 102 (2022).

[33] I. Hagymasi, V. Noculak, and J. Reuther, Enhanced symmetry-
breaking tendencies in the S = 1 pyrochlore antiferromagnet,
Phys. Rev. B 106, 235137 (2022).

[34] J. Krieg and P. Kopietz, Exact renormalization group for quan-
tum spin systems, Phys. Rev. B 99, 060403(R) (2019).

174414-16


https://doi.org/10.1126/science.aay0668
https://doi.org/10.1146/annurev-conmatphys-031218-013401
https://doi.org/10.1088/0034-4885/80/1/016502
https://doi.org/10.1038/s42254-019-0086-7
https://doi.org/10.1103/RevModPhys.93.045003
https://doi.org/10.1016/0370-1573(92)90029-Y
https://doi.org/10.1088/1361-6633/ad208c
https://doi.org/10.1103/PhysicsPhysiqueFizika.2.5
https://doi.org/10.1103/PhysRevB.38.745
https://doi.org/10.1103/RevModPhys.84.299
https://doi.org/10.1103/PhysRevB.81.144410
https://doi.org/10.1103/PhysRevB.84.100406
https://doi.org/10.1103/PhysRevB.95.054418
https://doi.org/10.1103/PhysRevB.100.125164
https://doi.org/10.1140/epjb/s10051-022-00373-2
https://doi.org/10.1103/PhysRevB.106.235113
https://doi.org/10.1103/PhysRev.70.954
https://doi.org/10.1103/PhysRev.81.1015
https://doi.org/10.1103/PhysRevB.96.045144
https://doi.org/10.1103/PhysRevB.97.064415
https://doi.org/10.1103/PhysRevB.103.104431
https://doi.org/10.21468/SciPostPhys.12.5.156
https://doi.org/10.1103/PhysRevLett.120.057403
https://doi.org/10.1088/1367-2630/aaf65f
https://doi.org/10.1103/PhysRevResearch.4.023185
https://arxiv.org/abs/2011.01268
https://doi.org/10.1143/PTP.112.943
https://doi.org/10.1140/epjb/e2005-00416-8
https://doi.org/10.1088/0953-8984/16/11/025
https://doi.org/10.1103/PhysRevLett.127.157204
https://doi.org/10.1038/s41535-018-0079-2
https://doi.org/10.1140/epjb/s10051-022-00349-2
https://doi.org/10.1103/PhysRevB.106.235137
https://doi.org/10.1103/PhysRevB.99.060403

PSEUDO-FERMION FUNCTIONAL RENORMALIZATION ...

PHYSICAL REVIEW B 109, 174414 (2024)

[35] R. Goll, D. Tarasevych, J. Krieg, and P. Kopietz, Spin functional
renormalization group for quantum Heisenberg ferromagnets:
Magnetization and magnon damping in two dimensions, Phys.
Rev. B 100, 174424 (2019).

[36] J. W. Negele and H. Orland, Quantum Many-particle Systems
(Advanced Books Classics) (Westview Press, Boulder, CO,
1998).

[37] Y. Igbal, R. Thomale, F. Parisen Toldin, S. Rachel, and
J. Reuther, Functional renormalization group for three-
dimensional quantum magnetism, Phys. Rev. B 94, 140408(R)
(2016).

[38] M. Galassi, J. Davies, J. Theiler, B. Gough, G. Jungman, P.
Alken, M. Booth, and F. Rossi, GNU Scientific Library Refer-
ence Manual, 3rd ed. (Network Theory Ltd., Surrey, UK, 2009).

[39] G. Baym and L. P. Kadanoff, Conservation laws and correlation
functions, Phys. Rev. 124, 287 (1961).

[40] G. Baym, Self-consistent approximations in many-body sys-
tems, Phys. Rev. 127, 1391 (1962).

[41] S. R. White and A. L. Chernyshev, Ne€l order in square and tri-
angular lattice Heisenberg models, Phys. Rev. Lett. 99, 127004
(2007).

[42] J. Huang, X. Qian, and M. Qin, On the magnetization of
the 120° order of the spin-1/2 triangular lattice heisenberg
model: a dmrg revisit, J. Phys.: Condens. Matter 36, 185602
(2024).

[43] L. Capriotti, A. E. Trumper, and S. Sorella, Long-range Néel
order in the triangular Heisenberg model, Phys. Rev. Lett. 82,
3899 (1999).

[44] K. J. Runge, Quantum Monte Carlo calculation of the long-
range order in the Heisenberg antiferromagnet, Phys. Rev. B
45,7229 (1992).

[45] J. D. Reger, J. A. Riera, and A. P. Young, Monte Carlo sim-
ulations of the spin-1/2 Heisenberg antiferromagnet in two
dimensions, J. Phys.: Condens. Matter 1, 1855 (1989).

[46] A. Keles and E. Zhao, Rise and fall of plaquette order in the
Shastry-Sutherland magnet revealed by pseudofermion func-
tional renormalization group, Phys. Rev. B 105, L041115
(2022).

[47] D. Lozano-Gémez, V. Noculak, J. Oitmaa, R. R. P. Singh, Y.
Igbal, J. Reuther, and M. J. P. Gingras, Competing gauge fields
and entropically-driven spin liquid to spin liquid transition in
non-kramers pyrochlores, arXiv:2310.16682.

[48] J. Reuther and R. Thomale, Functional renormalization group
for the anisotropic triangular antiferromagnet, Phys. Rev. B 83,
024402 (2011).

[49] A. W. Sandvik, Stochastic series expansion method with
operator-loop update, Phys. Rev. B 59, R14157(R) (1999).

[50] M. S. Yang and K. H. Miitter, The two dimensional antiferro-
magnetic Heisenberg model in the presence of an external field,
Z. Phys. B: Condens. Matter 104, 117 (1997).

[51] M. E. Zhitomirsky and T. Nikuni, Magnetization curve of a
square-lattice Heisenberg antiferromagnet, Phys. Rev. B 57,
5013 (1998).

[52] www.nhr-verein.de/unsere-partner.

[53] A. L. Fetter and J. D. Walecka, Quantum Theory of Many-
particle Systems (Dover, New York, 1971).

174414-17


https://doi.org/10.1103/PhysRevB.100.174424
https://doi.org/10.1103/PhysRevB.94.140408
https://doi.org/10.1103/PhysRev.124.287
https://doi.org/10.1103/PhysRev.127.1391
https://doi.org/10.1103/PhysRevLett.99.127004
https://doi.org/10.1088/1361-648X/ad21a8
https://doi.org/10.1103/PhysRevLett.82.3899
https://doi.org/10.1103/PhysRevB.45.7229
https://doi.org/10.1088/0953-8984/1/10/007
https://doi.org/10.1103/PhysRevB.105.L041115
https://arxiv.org/abs/2310.16682
https://doi.org/10.1103/PhysRevB.83.024402
https://doi.org/10.1103/PhysRevB.59.R14157
https://doi.org/10.1007/s002570050427
https://doi.org/10.1103/PhysRevB.57.5013
http://www.nhr-verein.de/unsere-partner

