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Abstract

Spontaneous symmetry breaking of interacting fermion systems constitutes a
major challenge for many-body theory due to the proliferation of new independent
scattering channels once absent or degenerate in the symmetric phase. One exam-
ple is given by the ferro/antiferromagnetic broken symmetry phase (BSP) of the
Hubbard model, where vertices in the spin-transverse and spin-longitudinal chan-
nels become independent with a consequent increase in the computational power
for their calculation. Here we generalize the formalism of the non-perturbative
Two-Particle-Self-Consistent method (TPSC) to treat broken SU(2) magnetic
phases of the Hubbard model, providing with a efficient yet reliable method.
We show that in the BSP, the sum-rule enforcement of susceptibilities must be
accompanied by a modified gap equation resulting in a renormalisation of the
order parameter, vertex corrections and the preservation of the gap-less feature
of the Goldstone modes. We then apply the theory to the antiferromagnetic
phase of the Hubbard model in the cubic lattice at half-filling. We compare our
results of double occupancies and staggered magnetisation to the ones obtained
using Diagrammatic Monte Carlo showing excellent quantitative agreement. We
demonstrate how vertex corrections play a central role in lowering the Higgs
resonance with respect to the quasi-particle excitation gap in the spin-longitudinal
susceptibility, yielding a well visible Higgs-mode.
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1 Introduction

The characterization of broken symmetry phases (BSP) in correlated quantum systems remains
a formidable challenge for many-body theory. In fact, determining the precise ground state of
spin Hamiltonians, such as the 3D-Heisenberg model with antiferromagnetic exchange, remains
an open question to this day. Even if the precise knowledge of the groundstate might remain
out of reach, it is possible to improve mean-field predicted groundstates , e.g. the Néel state,
including quantum corrections encoded in the long-range and low-energy Goldstone modes
[T, 2 B, 14l [5], e.g. spin-waves in antiferromagnets [6].

The situation becomes richer when interacting electrons in solids get strongly correlated.
A minimal model to describe correlated materials is given by the Hubbard model [7], where
electrons interact via on-site Coulomb repulsion that enhances electron localisation [§]. The
theoretical challenge with strongly correlated BSP consists in taking into account at the same
time the long-range fluctuations encoded in the Goldstone modes and localisation of electrons.

Such an ambitious task could be achieved by employing cluster [9] or diagrammatic [10]
extensions of Dynamical Mean Field Theory (DMFT) [I1], or Diagrammatic Monte Carlo
(DiagMC) [12, 13]. However, the inclusion of long-range modes for cluster theories would
be limited by the maximum size of the cluster used in the calculations. In diagrammatic
approaches, the proliferation of independent vertex components [14, [15, [16, 17, 18, 19, [20],
once absent or degenerate in the symmetric phase, strongly increases the computational power
needed for their numerical evaluation.

Hence, it is of great interest to develop efficient algorithms requiring less computational
resources but that at the same time are able to include correlation effects. In this realm,
the Two-Particle-Self-Consistent (TPSC) approach [211, 22] 23] 24, 25|, 26, 27, 28] has been
proven to be a reliable and efficient method to describe the physics of the Hubbard model
in the weak-to-intermediate interaction regime. Given its reduced computational complexity,



SciPost Physics

TPSC has already been successfully extended to multi-orbital models [25], interfaced with
ab-intio calculations [26] and applied to non-equilibrium [27]. However, TPSC formulations
available today can only treat symmetric phases, which prevents the application of the
theory to parameter regimes where materials are found in BSP. Furthermore, since TPSC
uses Moriya corrections to two-particle propagators masses [29, 30, 3], 32, 33] for including
correlation effects, a straightforward generalisation of TPSC equations could violate Goldstone’s
theorem introducing an unphysical energy gap to the Goldstone modes. In this work, we
show how to properly extend the TPSC formalism to the case of spontaneous symmetry
breaking, which correctly preserves the Goldstone modes. We apply the new formulation to
the antiferromagnetic phase of the three-dimensional Hubbard model in the cubic lattice. We
compared our results with DiagMC [I3] showing an excellent quantitative agreement for a wide
range of interaction values. We show that the degree of correlation is reduced by decreasing
temperature from the critical value, extending the range of applicability of the theory to higher
values of the interactions deep in the BSP. We demonstrate how symmetry breaking implies
a differentiation of vertex corrections in different scattering channels, which play a central
role in lowering the Higgs resonance with respect to the quasi-particle excitation gap in the
spin-longitudinal susceptibility, yielding a well visible Higgs-mode. The stage is yours. Write
your article here. The bulk of the paper should be clearly divided into sections with short
descriptive titles, including an introduction and a conclusion.

2 The model

In this work we will explicitly consider the single band Hubbard model in the cubic lattice,
H=—t Z cjacja + Uzﬁnﬁua (1)
(if)o i

where ¢ is the electronic hopping amplitude between nearest-neighbors and U is the local
Coulomb repulsion. In the case of the AF phase, the system loses the full translational
symmetry of the original cubic lattice and it is useful to introduce the sub-lattice index
a = A, B for specifying whether the fermionic field cjaa is evaluated at one site belonging to
the sub-lattice A or B.

3 The method

3.1 The TPSC ansatz

The starting point of TPSC consists in assuming an approximate form of the electron self-energy.
In particular, we assume the following ansatz for the self-energy:

Zﬁi’,, (z,y) =0(x — y)dap AU (5wlna5 — 505153‘_’) , (2)
where x = (R, 7) is a quadrivector containing the lattice coordinates (R) and the imaginary

. . T oo’ _ T .
time (7), Nge = <cmgcmg , 897 = (€l.0/Cia )» and:

s {ini) "
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which is the same prefactor appearing in the paramagnetic case [22] 24], [34]. In the next section,
we will see how the parameter A, or equivalently the double occupancies, can be evaluated
self-consistently together with the order parameter, by imposing specific sum rules of physical
susceptibilities.

We notice that in the AF phase the off-diagonal components of the self-energy in the spin
indices should vanish, i.e. s°7 = 0. However, it is useful to keep those terms in the expression of
the self-energy for the derivation of the Bethe-Salpeter equation in the spin-transverse channel.
Therefore, we will consider the presence of an external field that breaks spin-conservation to
compute the functional derivatives of ¥ with respect to the off-diagonal component of the
propagator evaluated in the limit of a vanishing field.

In Appendix |A| we show that the expression for ¥ in Eq. can be derived starting from
the equation of motion and by performing an approximation at the two-particle level that
preserves an exact constraint in the limit of equal times and positions.

In order to obtain self-consistency at the two-particle level, we have to calculate physical
susceptibilities and therefore we need the knowledge of the irreducible vertex function I'; which
is obtained by carrying the functional derivative of ¥ with respect to G, i.e. I'(1,2,3,4) = gggg
[35].

In the FM/AF phases the original SU(2) symmetry of the Hubbard Hamiltonian is
spontaneously broken and the two independent scattering channels to be considered are the
spin-transverse and spin-longitudinal channels [17].

3.1.1 Spin-transverse channel

The vertex function in the spin-transverse channel is defined as:

(52’” 9, T1
F%Cd(x17x27$37x4) = ig( )
0G4 (w3, 74)

= —)\U5ab5a65ad5($1 — .21?2)(5(1‘1 — .%'3)(5(.%'1 — x4), (4)
where we used Eq. and the fact that s7° = G%(z,z +07) H

Let us now define the physical susceptibility in the transverse-spin channel:
b _ _
Xog (@1, w2) = Tr (S77(21) 877 (x2)) , (5)

where S77' (z) = eHTcl-Laaciw,e*HT, with = (R;, 7). Since the vertex function in Eq. is
local and static, the BSE (see Appendix @ for the derivation) for the physical susceptibilities
is similar to the one obtained in RPA [I7] and reads:

X52(@) = Xy o5(@) + Tz, (6)

where we used the double bar to indicate 2x2 matrices, ¢ = (iwp,q) with w, = 27n/5 and q
being respectively the bosonic Matsubara frequency and crystalline exchanged momentum,

X35(q) is given by the Fourier transform of the susceptibility defined in Eq.7 [z = AU Iy
and XS% = _%ﬁ > GP(k)GZ(k + q). The Green’s function is obtained using the Dyson
equation and reads:

~—1 x . FTT

G, (k) =eco” + iv+pu— 7(71 + om)|laxa, (7)

We used the overline symbol, i.e. 1|, to distinguish this vertex component from those belonging to the
longitudinal spin channel, that are defined in the next paragraphs.
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where n is the electron density and m = nas — ny4| is the staggered magnetisation.

In order to univocally determine single-particle and two-particle properties, we have to solve
a set of self-consistent equations that will allow us to find the chemical potential, staggered
magnetization and double occupancies (u, m, (fiyn))) as a function of the electron density,
on-site interaction and temperature. In this work we will specialize in the case of the three-

dimensional cubic lattice at half-filling , i.e. n = 1, that corresponds to fixing the chemical
-
&

potential to pu =
Since the self—energy is static and local, the gap equation for the order parameter is similar
to the one obtained in mean-field theory and is given by following expression:

1 T3] BEx
dk ——tanh | —— | =1 8
(2n)? /Bz 2B ( 2 ) ’ ®)

—\ 2
where Ex = /e + <m2”> , with ex = —2t [cos(kg) + cos(ky) + cos(k,)]. Differently from
mean-field theory however, the order parameter is not univocally determined by the gap
equation, because the double occupancies, appearing in Eq., are still unknown.
As a direct consequence of its definition in Eq., the susceptibility in the transverse
channel assumes the following limiting value » x%%(x, 2 4+ 07) = n — 2 (yn), which implies
the following sum rule for its Fourier transform:

27[- B(9-\3 Z/ qXO’O’ =n—2 <7¢LT7¢L¢> . (9)

Hence, Eqgs.(8l9) provide with a closed set of equations that must be solved self-consistently in
order to determine the order parameter and the double occupancies.

3.2 Spin-longitudinal channel

The irreducible vertex function in the longitudinal-spin channel reads:

52b (332 331)
Fabc/d ? .
oo ($1,$2,x3,x4) 6GC (.1,‘3,1'4)
~ Uaa/daa"&ab&acé‘ad 5($1 - x2)5(x1 - 1’3)5(171 - 1'4). (10)

Differently from Eq. which is an exact equality, a further approximation, similar to the one
performed in the charge channel in the paramagnetic phase [21], 24], is needed to write Eq.
in its final form (see Appendix .

Let us define the susceptibilities in the spin-longitudinal channel:

Xev (21, 22) = Tr (Nag (1) npor (22)) = (Nac) (Npor) (11)

Given the local and static form of the vertex function in Eq.7 the expression of
the susceptibilities in the charge and spin-longitudinal channel, in presence of particle-hole
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symmetry EL can be written as following:

XO,H(Q)
= 12
o) = T (12)
Xo,1(9)
) A 13
XP(Q) 1 + FpX(L” (q) ) ( )
where . = 3 Zabw (— )a+b+a+a xi?,n Xp = %E:abm, Xgl;/, =1 Eo‘a (— )a+o Loor, Tp =
3> oo Toors Xo,| = — 5 3VF Dkob G4 (k)G (k+q). Analogously for the spin-transverse channel,

we can determine the value of the vertices I'; and I', by imposing the following sum rule for
the longitudinal channel susceptibilities:

ﬁ(227r)3Z/BquXz(Q)=n—2<ﬁTm>_m2 "
6(2277)32/132 dax,(q) = n+ 2 {(pn)) — n?. 5)

Since Egs.(89) are a set of closed equations, Eqgs.(1415]) can be solved separately once the
values of m and (n4n) have been self-consitently obtained from the spin-transverse channel.

3.3 Improved one-loop self-energy

In TPSC it is possible to obtain an improved self-energy that, differently from the one appearing
in Eq., depends on both momenta and frequency. This can be achieved by computing the
TPSC vertices and susceptbilities and using them as input for the equation of motion [22] 38].
Extending this procedure to the broken symmetry phase we obtain the following expression
for the improved self-energy:

Zgb(k) - Una& = QVﬁ Z Gab k+ q Fg'axaa(q)

+3vE ZG“” k+ )T, X2 5(q), (16)

qo1

where G2(k) is given by Eq.@). In appendix |E| we show the derivation of Eq.(|16]).

4 Numerical results

Fig. a) shows the order parameter as a function of temperature for different values of the
on-site interaction. The order parameter decreases as a function of increasing temperature
until it vanishes at the critical temperature. Close to the phase transition, the order parameter
behaves like m = a|T — T.|? with critical exponent 8 = 1/2, which is consistent with the
universality class of the spherical model [23, 39]. In Fig.(1}b), we show the value of the vertex
renormalisation A = |I's7|/U as a function of temperature for different values of U. We observe

2In general, the charge and longitudinal-spin channels interact via a mixed terms Xzp |36} [37] that vanishes
only in presence of particle-hole symmetry [17]
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Figure 1: (a) Staggered magnetisation m as a function of 7' for three different values of
U/t = 3,4,5. Dashed lines are best fits of the function a|T — T,|'/? close to T,. (b) A
parameter as a function of the reduced temperature 6 = % for the three different values of
the on-site interaction. (c¢) Double occupancies D = <ﬁTﬁ¢C> as a function of @ for the three
different U values. (d) Magnetisation and double occupancies as a function of U for T'/t = 1/10.
TPSC data (open symbols) are compared to the DiagMC results (filled symbols) adapted from
Ref. [I3]. The black dashed line is the magnetisation curve obtained using Hartree-Fock.
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Figure 2: Vertex renormalisations in the density (I',/U), spin-longitudinal (I',/U) and spin
transverse (A = |[';[/U) channels as a function of the bare interaction for 7'/t = 1/7.5.

that A decreases as a function of increasing interactions, as expected, since the system get more
correlated when U increases. On the other hand, A increases by decreasing the temperature
from the critical one, which can be rationalised in the following way: when symmetry breaking
is allowed, the system can reduce the number of double occupancies (i4n)) = %(n2 —m?),
shown in Fig.(l}c), (and therefore minimize the potential energy) by increasing the order
parameter, rather than by decreasing A. Hence, our results show that the degree of correlation
of the system is reduced deep in the broken symmetry phase far away from the the critical
temperature.

In Fig.d), we show the order parameter and double occupancies as a function of U
by fixing the temperature to 7'/t = 1/10. As expected we observe that the order parameter
(double occupancies) increases (decrease) as a function of U. It is worth to highlight that
the introduction of quantum fluctuations leads to a significant decrease in the staggered
magnetization compared to its mean-field predicted value [black curve in Fig. d)] We
compared our results to the ones obtained using Monte Carlo in Ref. [I3] and we observe an
excellent quantitative agreement.

After solving Eqs. we can use the values of double occupations and staggered magneti-
sation as input for Eqs. in order to obtain the renormalised vertices in the longitudinal
channel. In Fig., we show the renormalisation factors of the vertices, i.e. I',/U, I, /U and
A as a function of U for T/t = 1/7.5. We observe that I', is highly enhanced with respect to
the bare vertex which is similar to what has been already observed in the paramagnetic phase
of the Hubbard model using TPSC [22]. Differently from the symmetric case, in the AF phase
I'; # |T'57l, and our results show that I'; > [T'g7| for all values of U and that the difference
between the two vertices increases as a function of the on-site interaction. Interestingly, while
[I57] is always lower than the bare vertex (as Us in the paramagnetic phase [22]), this is not
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true anymore for I', /U, which is also an increasing function of U and crosses the unity at
U/t ~ 5.4 for T/t =1/7.5 [see Figure[2].

In Appendix |C| we describe how the integral appearing in Eq.@ has been numerically
evaluated.

4.1 Dynamical Susceptibilities

We can use the solution of the self-consistent equations to evaluate spectral properties of
two-particle propagators. Regarding the spin-transverse channel, we observe that self-energy
and vertex corrections are both controlled by the same quantity, i.e. Fﬁ7 which substitutes de
facto the bare vertex appearing in RPA. Therefore, the spin-transverse dynamical susceptibility
defined in Eq.@, which contains the information about the Goldstone modes, calculated at a
given U corresponds to the RPA one evaluated at a lower value of the interaction, namely
Ts(U)]-

Conversely, the vertex in the spin-longitudinal susceptibility I', assumes different values
than Fﬂ because of symmetry breaking, and ', > ]Fﬂ\ as shown in Figure|2| This implies that
the spin-longitudinal susceptibility evaluated in TPSC does not correspond to any RPA one
evaluated at different effective parameters, and consequently the two methods yield qualitatively
different results for the spin-longitudinal susceptibility. In particular, since I', > |I’ﬂ| the
gap in the x, spectrum is reduced with respect to the quasi-particle gap predicted by TPSC,
ie. 2Arpsc = |Fﬂ| m, which is controlled by self-energy corrections. In Fig. a) we show a
color plot of Imy(q) that has been evaluated in the high-symmetry path of the BZ and for a
wide range of frequencies at U/t = 12 and T/t = 1/7.5. We observe that a well visible Higgs
mode appears well below the quasi-particle continuum starting at 2Arpgc, it has a minimum
at R = (m,m,m), and presents a substantial dispersion along the M-R and R-I" directions.
This is in stark contrast with the RPA predicted spectrum [shown in Fig.(3}b)], where the
Higgs resonance occurs at w/t = 2Agr and therefore is overdamped by the particle-hole
continuum [40}, 41]. Our findings agree qualitatively with recent numerical results based on a
time-dependent Gutzwiller approach showing that the Higgs resonance is shifted below the
edge of the particle-hole continuum upon increasing the interaction [42]. In Figs.c/ d) we
show Imy, evluated using TPSC and RPA as a function of the real frequencies for a fixed
momentum close to R and two values of the interactions U/t = 12,5 and at T/t = 1/7.5. It is
apparent that for both values of the interaction the Higgs resonance predicted by TPSC is
well separated from the particle-hole continuum and occurs at lower energies, while RPA does
not yield any true isolated pole.

5 Conclusions

We extended the formalism of TPSC to the case of spontaneous symmetry breaking and
employed the new method to the AF phase of the single band Hubbard model in the cubic
lattice at half-filling. Our comparison with DiagMC shows an excellent quantitative agreement
between the two methods for the order parameter and double occupancies.

We show that the differentiation of vertex corrections in the different scattering channels
due to symmetry breaking (I', # \Fﬂ\) has remarkable effects in the spin-longitudinal channel.
In particular, the Higgs resonance occurs at energies lower than the quasi-particle continuum
leading to a well visible Higgs mode for a wide range of parameters.
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Figure 3: (a) Imaginary part of x.(w + i1, q) (in log scale) defined in Eq.(12)) evaluated along
the BZ high-symmetry path and for a wide range of real frequencies, for U/t =12, T'/t = 1/7.5,
and n/t = 0.03. (b) Imaginary part of x,(w +in,q) (in log scale) calculated using RPA for for
U/t =12, T/t =1/7.5, and n/t = 0.02. (c) Imx,(w + in, q) evaluated using TPSC and RPA
at fixed momentum q = (w, 7,7+ 0.1) at U/t =12, T/t = 1/7.5 and for n = 0.03. (d) Same
as (c¢) but for U/t = 5.
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Since our data demonstrate that the level of correlation decreases by decreasing temperature
deep in the BSP, one could argue that TPSC is particularly suited to the study of BSP where
correlation are not negligible but less pronounced.

The formalism that we developed is generic and could be adapted to more complicated
multi-band models and open the possibility for efficient treatment of correlation effects in
realistic materials in BSP. Also, since TPSC already has been used as a benchmark for
cold atomic simulators [43], 44], its generalisation will provide further guidance to cold-atom
experiments exploring broken symmetry phases [45].

Generalising improved version of TPSC such as TPSC+ and TPSC+SFM [2§] to the BSP
case could lead to the partial inclusion of dynamical effects, which have been shown to be
particularly important close to the Neél temperature [46], 47], and is left to future work.
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A Equation of motion and TPSC ansatz

Let us introduce the generalised multi-flavor indices «, which for example coincide with
a = (a, o) containing both sub-lattice (a) and spin (o) indices in the AF or to spin indices in
the FM case. Then, we can rewrite the Hubbard hamiltonian in the following form:

_ i 1 -
H = 4 Z ciaHaﬂch + 5 Z Z Uag NiaTi3- (17)
(ig) afB i af
In the case of FM, we have that H*8 = —tdap and Uap = 6,3U, whereas for the AF case we
have /HO"B = —té(m/&al; and Uaﬂ = 606’5abU'
Let us define the electronic Green’s function as G*(x,y) = —T; <ca(x)cg(y)>, where

x = (R;,7;) is a four-vector containing the lattice coordinate R; and the imaginary time 7;,
and ¢, (z) = ef7ic, e7H7i. Then, the equation of motion of the Green’s function reads:

0-,G* (2, y) = dapd(x —y) — H (2, 5) G (7,y)
- Ua’yG(Q)”B/g(yal'+0_7$+0+7$)7 (18)

where a summation over repeated indices is intended, H* (x,y) = 7—[%’8 §(r; — 1), and G®@ is
the two-particle Green’s function, that is defined as following:

2
G ):g(aﬁl, xo,x3,24) = T <CL(ml)cﬁ(a:g)ciy(aﬁg)c(;(x4)> .
Let us introduce the self-energy ¥ through the Dyson’s equation:

2z, 7) G (G, y) = Gy (2, 7) G (7, y)
+ Sapd(z — y). (19)

11
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If we substitute the last equation into Eq.(18]), we obtain the equation of motion in the
following form:

S (2, 7) G0 (9, y) = Uan GP%(y, 2+ 07,2+ 0, ), (20)

Due to the presence of G2, Eq. is not closed for the self-energy and single-particle
Green’s, and in order to obtain an explicit expression for 3 further approximations must be
carried on. In mean-field theory the two-particle Green’s function is replaced by its disconnected
part, that is a valid approximation only at weak coupling. In TPSC [21], 22| 24] 25|, in order
to take into account of correlation effects, and at the same time to reduce the complexity of
Eq., the following assumption is considered:

£ (2, )G (G, y) ~
X Uy |G (), — 577G )] (21)

where ng = (Njq), 8 = <czﬂcm>, and \*P is an extra-coefficient that must be determined

self-consistently and contains correlation effects. When A*? = 1 mean-field theory is recovered.
The parameter A can be determined by requiring that the equal-time/position limit of Eq.,
i.e. y=x 4 0", is preserved exactly when 8 = a )| by imposing:

o = Aafty) (22)
NNy — S¥7 Y7
From Eq., we can isolate the self-energy that reads:
2z —y) =d(z —y) ((5%5»)\0‘7U0fy71v - )\O‘ﬁUaﬂso‘ﬁ) . (23)

In the FM/AF phase of the Hubbard model, the expression for the A parameter simplifies as
following:

G (24)
nqymny
which is identical to the one in the paramagnetic case [22], 24]. Since in the FM/AF phase
Eq. does not depend on the spin/sub-lattice indices, we omitted those indices in the
expression of A\, and therefore we need to optimize only one parameter even within the broken-
symmetry phases under scrutiny. Hence, in the AF phase the expression of the self-energy can
be written as:

Egl;/ (x,y) = d(z — y)5abUﬁ ((menaa — 5(,5/526) , (25)

where Uﬁ = AU, a,b are sub-lattice indices. We notice that in a AF phase the components of
the self-energy off-diagonal in the spin indices should vanish, i.e. s7? = (0. However, it is useful
to keep those terms in the expression of the self-energy for the derivation of the Bethe-Salpeter
equation in the spin-transverse channel. Therefore, we will consider the presence of an external
field that breaks spin-conservation and eventually compute the functional derivatives of X
with respect to the off-diagonal component of the propagator in the limit of a vanishing field.

3In the case of the AF phase that we address in this work, spin conservation implies that <clﬁﬂ,cﬁ> =0 at
zero field. when a # (8, and therefore we shall introduce the A-correction only for the two-particle Green’s
functions that do not vanish in the limit of zero external field.

12
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B Irreducible vertices

In this section we shall give some details about the derivation of the expression for the
irreducible vertices in the spin-transverse and spin-longitudinal channels.

B.1 Spin-transverse channel

It is worth to note that the expression for the irreducible vertex in the spin-transverse channel
presented in the main text is an exact equality. In fact, even if A is a functional of the Green’s
function, it does not appear in the expression of the irreducible vertex function because its
functional derivative with respect to the off-diagonal propagator vanishes, i.e.

P

— = 0. 26
(5GiCTl(a?3,(L'4) ( )

In fact, from Eq. we can derive the following formula for the double occupancies:

~ N 1 / — / _
(facfiaz) = 55800/ (2,9)Goro (7, 2). (27)
Let us now compute the functional derivative of the double occupancies:

d <ﬁ'aTﬁa¢>

5GH(1: ~” x 0(x — x4)5ad§lgi(x4,x3)+
cd 3y 44

6ETU: xT, Yy ’
0 0) Gt g, (25)

oG cd (.%3, .CC4)
where we can now easily see that the LHS does not conserve the spin along the z-axis and
therefore vanishes at zero external field.

B.2 Spin-longitudinal channel

On the other hand the expression for the irreducible vertex in the spin-longitudinal channel
given in the main text is not an exact equality. Here we shall clarify where the extra
approximation comes from. The irreducible vertex function in the longitudinal-spin channel
reads:

5Eab (m‘g 371)
T2 (21, 29, 13, w4) = —— 27220
oo ( 1, 42,43, 4) (SG?/ZO_,(I‘?,,IELL)
= Us7005' 0abOacOaad (z1 — 22)0(21 — 3)d(21 — 24)
U g O L S (29)
Naz 0(T1 — T2)0abh w .
0G< (x3,24)
Therefore, the irreducible vertex in the spin-longitudinal channel acquires non-local and
dynamical corrections, which would complicate the expression of the Bethe-Salpeter equations
and further approximations are needed. In practice, one approximates the extra dynamical
term to a constant deviation from the value obtained in the spin-transeverse channel, i.e.
Fp/z ~ —Fﬂ‘F 5Up/z.

13
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C Numerical evaluation of integrals

Integrals in the Brillouin zone have been numerically calculated employing the trapezoidal rule
in three dimensions and using grids of Ny x N x N points with N up to 32. A particular
numerical strategy has been employed for the numerical integration of the spin-transverse
susceptibility evaluated at zero frequency, i.e. [dq., Xo5(q,0). In fact, since this function
diverges at q = II, we have excluded that point from the grid of integration. We evaluated
the integral for different values of N = 21,24, 28,32 and then we extrapolated the integral
value by fitting the function I + h/Ny, where I is the extrapolated value.

D Bethe-Salpeter Equations

Let us define the generalized susceptibility as:

_6G(21)
X1234 = 5h(34) )

(30)

where G(12) = -1 <ca(:1;1)c;(x2)> is the propagator, x = (R, 7), 1 = (o, 1) and h(12) is the
perturbing field whose action reads:

Sewt = — / d1d2 h(1,2)7(1)c(2), (31)

where in the last equations ¢ and ¢ are Grassmann variables, and [d1 =>"_>" 5 foﬁ dr, with
B =1/kpT. Given the form of the external perturbation, the inverse of the non-interacting
propagator reads:

Gy '(12) = [0; + p — Hol2 + h(12). (32)

We now want to obtain a closed equation for yi234 by explicitly performing the functional
derivative in Eq.(30). For doing so we first note that:

(m 34 //dl d2' G(2,2) 5ih(é4) )G(l’, 1). (33)

We can further develop Eq. by making use of the Dyson equation, that reads:
G71(12) = G, ' (12) — B(12). (34)
In fact, by substituting Eq. into Eq. and using Eq., we obtain the following identity:

X1234 = —G(2, 3)G(4, 1)

4
+/Hdz"G(Q,Q’)G(l’,1)F1'2/3/4'X4’3/347 (35)

14
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where we defined the two-particle irreducible (2PI) vertex function I'j934 = %. Let us
express the last equation in Fourier space. For this purpose let us expand the propagators and

vertices in terms of their Fourier components, i.e.:
1

f1234 = 753

(VB)?

Z ei[kxl*(k+Q)z2+(kl+q)137k/m4]f,%ﬂ(k? k?/, q),
kk'q

1 ,
G(l, 2) = TB Z e—zk(l’l-ﬂ?Z)GgB . (36)
k

We first note that:

~GOHEM) = (g St
kk'q

X X():;g(k;, kl? q)’ (37)
where we defined the bubble terms as:

Xoﬁ;g(k‘a klv q) = _(VB) 6]6’6/ Gia Gflq

The final equation in Fourier space reads:
Q Q 1 «a o' B! &y
X»y?(kk/Q) = Xowlg(kak/aq) N W Z Z Xoﬁ’g’(k?klaq) ny’(?: (k17k27q) X"/’g (kg,k/,Q) '

kiko o B'~'5"
(39)

E Improved one-loop self-energy

Let us note that from its definition the generalised susceptiblity is related to the two-

particle Green’s function in the following way: X:§($1,ZE2,$3,$4) = G(2)3§(x1,x2,x3,x4) —

GB (29, 11)G (24, x3). Hence, we can rewrite the RHS of Eq. in the following way:
1 —ik(x— e}
VB > e Mo, G
ky
1 —ik(z—y) . af /
+ BV Z Z Uaye VX5 (kK q). (40)
kk'q v
If we substitute Eq. into the second term of last equation we obtain the following expression:
1 ik(x— a~f
~ g 2 2T U GG,
kk'q v

1 / / 1l
T 2 Uarn GfY G T8 (k)
kk'qk1 yo! By 8

< X1 (k1K q). (41)

The last equation is quite generic and valid for the exact case. Now we shall specialize to the
antiferromagnetic phase of the Hubbard model, and approximate the vertex function to a local

15
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a | (a,0)

B (ba")

7 | (e0")
o | (ay,01)
B (612, 02)
7 | (a3,03)
5/ (a4, 0'4)

Table 1: Relation between indices expressed in the compact and extended notations.

quantity that does not depend on the crystalline momenta. In order to do so it is useful to
explicitly express the spin-orbital indices in sub-lattice and spin indices as shown in Table

Furthemore, if we assum spin-conservation we can express the irreducible vertex function
as following;:

ai1a2 (0102 al
Fa3a4 o304 5a1a26a1a35a1a4 (F01026010250304

+25190152005040010) (42)
where we used the following notation I' , = I'3¢|97 , and I‘L — raa| . Substituting Eq.

oo
in Eq. we obtain the following expression for the equatlon of motion in momentum space:

U

ab —Un.- =
S2E) ~ Unas =

s Y Gk + T, (v w)xy s (k1K q). (43)
k1k’qo

We notice that in this representation the self-energy is expressed in terms of the longitudinal
scattering channel only. It is possible to obtain an equivalent expression where the transverse
vertex and susceptibility appear by using the following crossing relation:

G )gz‘(y,$+07,x+0+, x) = G(Z)BW(y,x r+0T, 2z 4+07). (44)

Plugging the last equation into the equation of motion in Eq. 18)) and following similar passages
to the ones we did for obtaining Eq.@ we obtain the following expression for the self-energy:

s Y Gk + )T (v w) X (k1 K q). (45)
kik'q

ab —Un,~ =
R

In TPSC the irreducible vertices are local and static, i.e. they do not depend on the Mastubara
frequencies and further simplification arise. In particular, if we assume static and local
vertex functions, if we average Eqs. we obtain the following expression for the one-loop
improved self-energy:

YOk) = Ungg = ——= Y G2(k re. G%(k
2 (k) = Un MZ + 55X MZ + T, X515 (4)-

qo1
(46)
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